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Approaching Standardization: Mechanical Material Testing
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Two-photon polymerization (2PP) is becoming increasingly established as
additive manufacturing technology for microfabrication due to its
high-resolution and the feasibility of generating complex parts. Until now, the
high resolution of 2PP is also its bottleneck, as it limited throughput and
therefore restricted the application to the production of microparts. Thus,
mechanical properties of 2PP materials can only be characterized using
nonstandardized specialized microtesting methods. Due to recent advances
in 2PP technology, it is now possible to produce parts in the size of several
millimeters to even centimeters, finally permitting the fabrication of
macrosized testing specimens. Besides suitable hardware systems, 2PP
materials exhibiting favorable mechanical properties that allow printing of
up-scaled parts are strongly demanded. In this work, the up-scalability of
three different photopolymers is investigated using a high-throughput 2PP
system and low numerical aperture optics. Testing specimens in the cm-range
are produced and tested with common or even standardized material testing
methods available in conventionally equipped polymer testing labs. Examples
of the characterization of mechanical, thermo-mechanical, and fracture
properties of 2PP processed materials are shown. Additionally, aspects such
as postprocessing and aging are investigated. This lays a foundation for
future expansion of the 2PP technology to broader industrial application.

takes advantage of the nonlinear nature
of two-photon absorption to reach high-
resolution features.'*] By focusing a
pulsed laser with a microscope objective
and scanning the focal point, solid poly-
mer is cured from photopolymer resin
only within the laser focus.[* This distinct
volume is called the polymerization voxel.
The dimensions of the voxel determine
the achievable feature resolution and
the throughput, which is defined as the
polymerized volume per time. Those two
characteristics show a reciprocal correlation
and need to be balanced in accordance with
the targeted fabrication quality. The size of
the polymerization voxel depends on the
numerical aperture (NA) of the objective,
the processing parameters and the reactiv-
ity and nature of the 2PP resin.[*’! Further,
the field number and magnification of
the objective define the field of view (FoV),
which can be scanned at a time.l] By choos-
ing an adequate objective, the focal spot
size and FoV can be adapted to match the

1. Introduction

Two-photon polymerization (2PP) is a powerful high-resolution
additive manufacturing technology that covers a broad range of
dimensions, including the nano-, micro-, and mesoscale. 2PP

targeted part dimension as well as feature

resolution. In general, the throughput can

be increased in reducing the amount of

scan operations by increasing the voxel spacing or scanning fewer
FoVs.

Since the introduction of 2PP in the 1990s,?! mainly,

three process development and research trends can be ob-

served. While some studies focus on advancing resolution and
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precision,”"!!l others aim to improve the reactivity of the printing
materials>12714 or increase the writing speed and throughput of
the technology.[1>-¢] Especially the latter is a substantial prereg-
uisite for industrial relevance and promotes the persistent mar-
ket presence of this relatively young technology. Initially, most
academic research was conducted on experimental setups. Now,
several commercial systems are available that operate either at
a wavelength of ~520 nm (green light, Microlight3D,") Multi-
photon Optics,[?’! Femtika/?®!) or ~#780 nm (near infrared light,
UpNano,??! Nanoscribel*).

With the increasing availability of commercial 2PP systems
and with regard to industrial applications, the mechanical char-
acterization of 2PP materials becomes crucial. So far, in liter-
ature, experimental approaches to determine the mechanical
properties of 2PP produced parts have almost always been re-
ported on the microscale due to the low achievable throughput
of 2PP in the past. For example, compliant microbeams were
bent by calibrated AFM cantilevers(3'32] or optical tweezers.33]
Tensilel**3¢] and compression tests!***’] were performed using
special Xor piezo microtesting equipment, often as optional up-
grades of nanoindentation devices. Further, nanoindentation de-
vices were used for the conventional determination of modu-
lus and hardness by indentation of compact specimens,[3¢3842]
but also for compression testing of bulk3*363743] and lattice
structures,[***8] or for bending of relatively stiff microbeams.[*’!
Even nanodynamic-mechanical analysis was performed at room
temperature at constant®" or varying frequency.’’) Moreover,
AFM-based indentation was often applied to characterize 2PP
printed soft biomaterials.[>5°] Besides these rather common test-
ing methods for 2PP structures, very customized methods can
be found, ranging from tensile tests of nanosprings,*®! oscilla-
tion of drum-like structures,®’] and microbeams,*®! bending re-
covery of nanowires®®! to the determination of the critical length
of collapse under capillary drying forces.[®®) Even a microparti-
cle impact test on lattice carbon structures!®! or tensile tests on
woven structures!®?) were demonstrated. Recently, laser-induced
resonant acoustic spectroscopy (LIRAS) has been presented for
nondestructive measurement of dynamic material properties.[*]
In all of those cases, suitable microtest equipment is needed, and
often the data analysis seems relatively complex. Moreover, mi-
cromechanical testing is quite sensitive to thermal fluctuations
and accessing thermo-mechanical properties is hardly possible.

Besides high-precision printing, the latest generation of com-
mercial 2PP systems also allows high throughput production and
thus permits the fabrication of large structures of up to several
cm.[**%7] This is achieved by the use of appropriate optics (10x or
even 5x magnification), high-power lasers, high-speed scanners,
adaptive resolution, and optimized scanning strategies. Scanning
speeds of up to meters per second, voxel rates of several million
per second, and building rates of several tens to more than hun-
dred mm? h~! are now possible (Table 2). These substantial im-
provements of 2PP permit to close the gap to other additive man-
ufacturing or conventional fabrication technologies in the meso-
and macrorange.

The advances in 2PP technology demand materials suitable
for up-scaled 2PP fabrication. A literature overview of photopoly-
mers suitable for rapid 2PP processing was given by Kiefer et al.
in late 2020.1"3] Additional developments have been shown in
the meantime.!'*126869] Al] these studies target the improvement
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of processability by examining and evaluating novel photoini-
tiator systems or resin systems that go beyond (meth)acrylate
chemistry, as Barner-Kowollik et al.l’%! suggested. However, be-
sides the general processability, the mechanical performance of
2PP materials is a critical aspect for up-scaling. In particular, the
strength and fracture behavior should be in focus for meso- and
macroscale applications. Not all photopolymers that work well
for nano- and microscale 3D printing, which requires high cross-
linking density, can be printed at a larger scale. Due to substantial
shrinkage stress, such highly crosslinked material systems will
very likely exhibit warping or even cracks when being used for
realization of large structures.

Those challenges, along with some studies,/”*’?] point to the
importance of performing mechanical testing of 2PP-processed
materials at larger scales. In ref. [73], microtensile tests on
stitched log-pile specimens were used to create a base to further
optimize the mechanical behavior of lattice structures with larger
dimensions. Two publications deal with the up-scalability of mi-
crotension and microcompression tests by comparison to the be-
havior of bulk macroscopic material.[3*3¢] While the strain rate
and temperature dependence of the commercial acrylate-based
photopolymer IP-Dip (Nanoscribe) were compared to literature
data of PMMA by Rohbeck et al.,[*® Bauer et al. compared mi-
crotest results with casted and subsequently UV-cured bulk sam-
ples made from the same photopolymer.?*l The strain rate de-
pendency of the compressive yield strength of micropillars and of
PMMA at the macroscale was comparable. In ref. [34], a decrease
in double bond conversion, Young’s modulus, and compressive
yield strength was observed when increasing the edge length of
the compression specimens from 20 to 50 pm. Still, the values
are in the range of conventionally UV-cured molded macroscopic
specimens. Bending tests on millimeter-sized 2PP specimens
(7 mm X 0.65 mm x 0.25 mm) from a shape-memory thiol-vinyl
material, fabricated with a 25x objective and 14 mm s~! scan-
ning speed were shown,[”#! building time ~17 h.”* The obtained
mechanical values were in the range of microsized objects.

Nevertheless, to the best of our knowledge, the mechanical be-
havior of 2PP-fabricated bulk specimens in the mm- to cm-range
has not been thoroughly investigated so far. However, the appli-
cation of standardized test procedures for 2PP materials would
be especially important to advance the industrial use of the tech-
nology. Upscaling 2PP test specimens is crucial for developing
reliable 2PP materials for the manufacturing of high-resolution
parts in the mm- to cm regime. The mechanical behavior cannot
be presumed or extrapolated from miniaturized microscale test
experiments alone. It is unknown how the cross-linking density
and inhomogeneities within the polymer network influence the
mechanical properties of larger volume parts. For example, poly-
merization shrinkage and resulting intrinsic stresses can nega-
tively affect the behavior of thick-walled objects, leading to cracks
warpage (see ETA/TTA below).

Moreover, for the generation of larger parts that exceed the
size of a FoV, several FoV need to be stitched together. The
influence of these stitches on the mechanical behavior of a part
has to be considered as well. Furthermore, the stability of the
2PP system as well as the fabrication process can influence
the test results. Moreover, to assess the 2PP process stability,
the specimen strength under tensile and bending conditions
is particularly useful. Compared to results from compression
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or indentation testing, these parameters are more sensitive to
specimen imperfections such as microbubbles, microcracks,
surface roughness, and notches, which strongly depend on the
system stability and processing parameters.

At the moment, itis still unclear, if photopolymer resins, which
are used for 2PP 3D printing of microsized parts at low process-
ing speeds, can be translated to larger-scale 2PP printing and if
these resins are suitable for generating meso- and macrosized
parts. Hence, several questions need to be answered

1) Is the processing window of the 2PP resin large enough to
guarantee relatively easy and robust processing?

2) Are the processing parameters required suitable for produc-
ing large bulk parts?

3) Can the same material be used on different size scales with
different objectives?

4) What are the mechanical properties after processing and can
they be translated from one objective to the other?

5) Does the stitching overlap affect the mechanical properties of
a 2PP part?

In this work, we explore these questions and provide an in-
sight into the scalability of 2PP by comprehensively studying the
mechanical properties of meso- and macroscale 2PP-produced
test specimens. For the first time, [SO-standardized tests for 3D
printed specimens were performed on 2PP fabricated specimens.
The applied high-resolution 3D printing system NanoOne allows
a built height of up to 40 mm using vat polymerization, mak-
ing it possible to fabricate standardized mechanical tensile test-
ing specimens (size 5B according to ISO 527-2:2012: length of
35 mm,”®! which represents z-height in our processing case).
Due to the exceptionally high throughput provided by the coarse
mode, in which the width of the voxel can be increased by a fac-
tor of up to 10 (Figures S1 and S2, Supporting Information),®4
these for 2PP fabrication quite large specimens can be produced
in batches in feasible build times. The latter is necessary for fabri-
cating a sufficiently high number of samples to provide statistical
relevance, as well as to perform quality assurance or optimization
of process parameters by screening.

Figure 1a,b gives a rough overview of relevant studies in the
field of mechanical testing of 2PP materials regarding the di-
mensions of the tested specimens, used objective magnifica-
tions, applied scanning speed, and loading types. For compar-
ison, the parameters of the present work have been included,
showing both scanning speed and specimen dimensions are in-
creased by at least five times here. Note that the indicated scan-
ning speeds represent the processing parameters applied in these
cited works, not the maximum speeds of the respective 2PP sys-
tems. Figure 1c summarizes the processing conditions used in
this work in more detail. Based on a preliminary study conducted
a decade ago,*! we accelerate the printing process using a high
NA objective (40x / NA 1.4). In screening peak power intensi-
ties I, we identified ideal polymerization conditions regard-
ing resulting mechanical properties. These I, were then used
to translate the power increments onto parameters that can be
used for low NA objectives (10x / NA 0.4 and 5x / NA 0.25).
Following this principle allowed us to investigate the scalability
of the 2PP process. Moreover, this approach facilitated translat-
ing microscopic testing methods to macroscopic and standard-
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ized testing methods for the first time. [ISO 527-2:2012,1°) ISO
868:2003,17¢1 ISO 2039-1:2003.177]

2. Experimental Section

2.1. Materials

2-Propanol (IPA) and acetone, both in synthesis grade, were
purchased from Carl Roth (Germany). The UV-photoinitiator
TPO-L (ethyl (2,4,6-trimethylbenzoyl)phenyl phosphinate, CAS:
84434-11-7) was purchased from Carbosynth Limited (UK). Acry-
late resins trimethylolpropane triacrylate (TTA, SR351, CAS
15625-89-5) and ethoxylated-(20/3)-trimethylolpropane triacry-
late (ETA, SR 415, CAS 28961-43-5) were received from Sartomer
Europe (France). All substances purchased from commercial
sources were used as received without further purification. The
two-photon initiator BMOA-1T (4,4'-(2,5-thiophenediyl)bis[N,N-
bis(4-methoxyphenyl)benzenamine], CAS: 2093164-71-5) was
synthesized following a procedure described in literature.[”” The
respective 2PP reference resin ETA/TTA was formulated by dis-
solving BMOA-1T (10 pmol g1, 0.69 wt%) in a 1:1 w/w mixture
of ETA and TTA. Acetone was used as a cosolvent and later re-
moved in vacuum. The commercial 2PP resins UpPhoto and Up-
Draft, as well as borosilicate glass substrates were provided by
UpNano GmbH (Austria). For UV-casting and LCD stereolithogr-
pahy, formulations of TPO-L (32 umol g!, 1 wt%) in the respec-
tive base resin (ETA/TTA, UpPhoto, UpDraft) without 2PP initia-
tor were provided by UpNano GmbH. Glass substrates were sur-
face modified with methacrylate groups prior to use by silaniza-
tion chemistry.[*! Silicone substrates were cleaved from a CZ-Si
waver (500 um thickness, p-type), purchased from MicroChemi-
cals GmbH (Germany), after scoring with a glass cutter. Si sub-
strates were surface modified using a procedure described by
Helmer et al.l®] Clear Resin V4 was purchased from Formlabs
Inc. (MA, USA).

2.2. Specimen Preparation
2.2.1. Two-Photon Polymerization

Figure 2 illustrates the fabrication process of 2PP 3D printed
specimens. The specimens were fabricated using a NanoOne
1000 high-resolution 3D printing system (UpNano GmbH, Aus-
tria) in vat mode. Here, the laser (80 MHz repetition rate, 90 fs
pulse length, and 780 nm wavelength) is focused through a high-
precision cover glass into a resin vat and maintained at a con-
stant height above the bottom of the vat. Similar to continuous
liquid interface production (CLIP), where a photopolymerization
“dead zone” is created by controlled oxygen inhibition via dif-
fusion through an oxygen-permeable window between the sub-
strate and the bottom of the material reservoir,®! a persistent
liquid interface is present in vat mode. Continuous part produc-
tion via optical photopolymerization is possible as no polymer-
ization occurs outside the voxel boundaries. Although the voxel
can be freely moved within the resin in 2PP, technically, a part is
printed layer-by-layer. Similar to stereolithography, a galvanome-
ter scanner positions the beam along the x,y-planes. At the same
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Figure 1. Overview of the state-of-the-art and scalability of 2PP processing, based on publications focusing on the mechanical testing of 2PP fabricated
structures. The studies have been classified regarding specimen size and a) objective magnifications or b) scanning speed used. The applied loading
types are highlighted as pictograms in (a) and the respective insets. c) Details of the processing conditions of the present work. By translating the peak
power intensities /., between the different objectives, comparable processing conditions could be provided for different voxel sizes. The depicted voxel
dimensions are estimated based on the FWHM, assuming a 2PP wavelength A of 780 nm and a resin refractive index n = 1.486.7°]
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Figure 2. Illustration of the 2PP fabrication process of the test specimens. a) In vat mode the laser is focused through a high-precision cover glass into
a resin vat and maintained at a constant height in the 2PP resin. Polymerization only occurs within the voxel boundaries. A liquid resin film between
part and vat bottom is continuously maintained and no separation forces affect the part. Due to the 2PP inherent optical polymerization limit no light-
absorbers need to be added to the resin. b) The structures are printed in a layer-wise manner. A galvanometer scanner scans the voxel along the xy-planes,
while the objective and the vat are lowered along the z-axis. If the footprint of a part exceeds a FoV, the part is printed in consecutive blocks.[#%] Blocks
are defined in x,y-direction by the size of the field of view (FoV) and in z-direction by the height, which still allows printing directly next to an existing
block without shadowing at the interface. In the stitching region the FoVs are slightly overlapped to increase the interconnection. c) Fine mode enables
high resolution printing, whereas the voxel is enlarged in coarse mode to allow higher throughput, as the line spacing can be further increased (Figures
S1and S2, Supporting Information). d) Overview of the 2PP printed tensile and bending test specimens T1, T2, B4, and B10. Using the 5x objective and
coarse mode a batch of six B10 specimens is printed in less than 15 min, a batch of six T1 specimens in 530 min. Grid spacing in mm. Additionally, a
microsized tensile specimen is shown for comparison. Scale bar 100 um.

time, the objective and the vat are lowered along the z-axis using  hardness test specimens with dimensions of 20 mm x 20 mm X
a piezo-stage (Figure 2b) for layer-wise 3D printing.[®?] 4 mm (Figure S39, Supporting Information) were printed using

The following microscope objectives were used: a 40X oil im-
mersion objective (NA 1.4, UPlanXApo 40x, Olympus), a 10x air
objective (NA 0.4, UPLXAPO 10x, Olympus), and a 5x air ob-
jective (NA 0.25, Fluar 5x/0.25, Zeiss). Methacrylized borosili-
cate glass was used as substrate. Depending on the objective dif-
ferent laser powers, scanning speeds, line distances (d,,), and
layer spacings (d,) were applied (see Table 1). Tensile test spec-
imens as well as notched bending specimens were imported as
computer-aided designs (CAD) in STL-file format to the user soft-
ware Think3D (UpNano GmbH). The tensile specimen T1 was
designed as specified in the standard ISO 527-2 (2012) (Spec-
imen 5B)”°! using NX 12 CAD software (Siemens, Germany).
Specimen T2 was scaled down from T1 by reducing the dimen-
sions of the narrow parallel part by a factor of 2 (Table 2; and
Figure S36, Supporting Information). The microcuboids as well
as the 3-point bending specimens B4 and B10 were designed di-
rectly in Think3D using the parametric cube element. Each mi-
crocuboid had a lateral length of 50 um and a height of 80 pm.
B4 and B10 stand for reduced dimensions of the preferred spec-
imen given in ISO 178,18 by a factor of 4 or 10, respectively, i.e.,
B4 has the dimensions 20 mm x 2.5 mm X 1 mm, B10 has the
dimensions 8 mm X 1 mm X 0.4 mm (Figure S37, Supporting
Information). All tensile and bending specimens were printed in
batches of at least 6 pieces to ensure statistical relevance. Macro-
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a 5x objective at 350 mW. For development, printed specimens
were washed in isopropyl alcohol (IPA) twice and then removed
from the substrate using a razor blade, whereas the microcuboids
were directly analyzed on the glass substrates after development.
To investigate postcuring effects of 2PP fabricated specimens the
samples were UV-cured following the protocol described in Sec-
tion 2.2.2.

Table 1. Fabrication parameters and objectives used for the 2PP printed
test specimens. If not otherwise stated, the specimens were tested after
development without any postcuring treatment. For each parameter set-
ting, at least six samples were fabricated.

Printing parameters 40x 10x 5X
Scanning speed [mm s~] 50, 100, 150 600 750
Mode fine coarse coarse
dy, [um] 0.17 4 8
d, [um] 0.3 5 10
Laser power [mW] 4.9-12.9 60-140 150-350
Power step [mW] 1.6 20 50
Specimen type Microcuboids, T2,B10 T1,T2, B4,B10

microtensile

[9.7 mW]

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Table 2. Printed volumes and fabrication times per macroscopic specimen for tensile and 3-point bending specimens using 5x or 10x objectives. Each
batch of tensile and bending specimens consisted of at least 6 specimens. Macro hardness specimens were printed once.

Geometry T1 T2 B4 B10 Hardness
Dimensions of one specimen 5B acc. ISO Reduced parallel 20x2.5x1 mm? 8x1x0.4 mm? 20x20x4 mm?

(see also Figure 2; and 527-2 part of 5B:

Supporting Information)

thickness 1 mm 6x1x0.5 mm?

Volume [mm?3] 150 60 50 3.2 1600
Time using 10X [min] - 221 - 1.7 -
Time using 5x [min] 88 61 26 2.4 850

2.2.2. UV-Curing of Reference Samples

For UV-polymerized reference samples (T1, T2, B4, B10), the UV-
versions of the respective photopolymers were filled in a silicon
mold. Air bubbles enclosed in the material were removed using
a pipette. UV-curing was performed in two steps. The samples
were first polymerized in a UV-flashlight-chamber with a rect-
angular shape (NK-OPTIK 280 N,-box), equipped with two light
sources (100 W each) with a spectrum of 280-700 nm (maxi-
mum between 400 and 500 nm). The flashlight frequency was 10
flashes s~!. Curing was performed in N,-Atmosphere with 1000
flashes. The samples were then demolded, turned, and cured
again with 1000 flashes on the other side. To ensure complete cur-
ing, the sample-specimens were then illuminated in an Intelli-
Ray 600 UV chamber (Uvitron, MA) for 5 min on each side at the
maximum intensity of 600 W. A metal halide lamp (600 W) with
a spectrum of 250-675 nm (maximum between 315 and 400 nm)
was used as light source. After curing, the samples were finished
with 800-grit sandpaper using an Ecomet V polishing and grind-
ing machine (Buehler, Germany).

2.2.3. LCD 3D Printing

Liquid crystal display (LCD) 3D printing reference samples were
produced from the UV-reference resins using a Photon Mono
X LCD 3D printer from Anycubic (Shenzhen, China). The print
jobs were created using the software Lychee Slicer (Vers. 5.4.3)
(Mango3D, France). The following print settings were used: layer
thickness 50 um, exposure time 12 s, off time 2 s, bottom ex-
posure time 60 s, bottom layers 5, Z lift distance 5 mm, Z lift
speed 0.83 mm s~!, Z retract speed 3 mm s~!. All specimens
were printed upright oriented. Half of the specimens were tested
in green state within a week after printing, while the other half
was postcured for 30 min at 60 °C using a Form Cure UV oven
(Formlabs Inc.) before testing.

2.2.4. Stereolithography

Commercial reference specimens were printed on a Form 3 stere-
olithography printer from Formlabs Inc. (MA) using Clear Resin
V4. The specimen-STL-files were uploaded to the operating soft-
ware Preform (Ver. 3.31.0), oriented upright and support struc-
tures were created automatically using the One-Click Print fea-
ture. Layer spacing was set to Adaptive mode and Default v2.1
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print settings were used. Half of the specimens were tested in
green state within a week after printing, while the other half was
postcured for 30 min at 60 °C using a Form Cure UV oven (Form-
labs Inc.) before testing.

2.3. Voxel Line Measurements

Free hanging voxel lines were polymerized between printed walls
using the 5% / 0.25 NA and 10x / 0.4 NA objectives in fine and
coarse mode. Samples on borosilicate glass substrates were gold
sputtered (Cressington sputter coater 108 auto), then mounted
onto SEM stub holders (0°, 45°) using Carbon conductive tabs
(PELCO Tabs, Ted Pella) and imaged with a Hitachi FlexSEM
1000 using the SE detector. The lines were measured directly
from top view (lateral size) and at a 45° angle for side view. The
axial voxel dimensions were calculated by multiplying the mea-
sured height with 1/2 (Pythagoras’ theorem).

2.4. Surface Characterization

Scanning electron microscopy (SEM) was performed using Zeiss
EVO 10 and Sigma 500 in high-vacuum mode. Fracture surfaces
were gold-sputtered prior to observation. The double bond con-
version was analyzed by infrared spectroscopy using an ATR-
FTIR Bruker Tensor 27 equipped with a SensIR DuraSamplIR II
ATR unit at a resolution of 4 cm™!. Every spectrum was averaged
from four measurements, two in parallel and two in the perpen-
dicular orientation of the y-z-plane to the beam path, while every
measurement was averaged from 32 single scans. After normal-
ization with the help of the carbonyl peak at 1720 cm™! the am-
plitudes A of the peaks around 810 cm™ were used for calculating
the double bond conversion DC by DC =1 - A, / A, whereas
the indices m and p refer to the unpolymerized and polymer-
ized state. Micro-ATR was conducted using a Bruker Hyperion
2000 FTIR microscope coupled to the Bruker Tensor 27 FTIR-
spectrometer.

2.5. X-Ray Computed Tomography
The X-ray microscopes ZEISS Xradia 620 Versa at a resolution of
370 nm and ZEISS Xradia 810 Ultra at a resolution of 128 nm

were used for volumetric imaging of parts of the macroscopic
specimens to evaluate the homogeneity in the submicrometer
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range. For NanoCT-imaging a parallel beam with a quasi-
monochromatic energy of 5.4 kV was used to examine the sam-
ples. The 180° tomography was performed with 901 projections,
each with an exposure time of 20 s per projection. Utilizing the
large field of view objective resulted in a pixel size of 128 nm with
afield of view of 64 x 64 um? in the case of Xradia 810 Ultra. 360°-
microCT (Xradia 620 Versa) was done with cone beam at 40 kV,
20 s exposure time and 801 projections. Here, the pixel size was
370 nm and the field of view 370 x 370 pm?.

2.6. Microtensile Tests

In situ microscale uniaxial tension experiments were conducted
with a custom nanoindentation setup inside a scanning electron
microscope (InSEM, Nanomechanics Inc.; FEI Quanta 200F) on
dog bone specimens printed with rectangular gauge sections of
dimensions 50 x 10 X 7.5 um?. Using a nominal strain rate of
1073 s71, the specimens were strained to fracture unless pre-
cluded by severe postyield deformation outside the gauge section,
in which case the tests would be terminated after load drops in-
dicative of slipping or failure of the specimen grip. Frames of the
in situ videos were analyzed with Image] to determine the pro-
portion of deformation within the gauge section relative to the
total measured extension. The corrected deformation as well as
the raw load measurement were converted to engineering strains
and stresses using the initial length (50 ym) and cross-sectional
area of the gauge section. Then, the Young’s modulus was esti-
mated as the slope of the linear regime.

2.7. Macroscopic Mechanical Testing Methods

The strain rate for determining Young’s modulus was 1% min™"
for tensile and bending tests and increased after that region. Dif-
ferent force sensors were used on a Zwick/Roell Z050 to best cap-
ture the applied loads and the applied loading devices, i.e., 2.5 kN
for T1, 100 N for T2, and 20 N for bending tests. The sizes of the
test specimens are given in Table 2 and Figures S36-S38, (Sup-
porting Information). Prior to the measurements, each specimen
was examined for defects such as enclosed air or cracks caused
by shrinkage or poor handling, and sorted out if necessary. Only
specimens that were broken in the test area were considered for
data analysis.

2.7.1. Tensile Tests

T1 specimens were tested with standard parallel screw grips. T2
specimens were tested with custom-made clamps that combine
form fit and parallel screw clamping. Tensile strain measure-
ments were performed with the help of digital image correla-
tion (DIC). Therefore, a speckle pattern was applied on the spec-
imen’s surface by spraying it with acrylic paint (Adler GmbH,
Austria). The specimens were filmed with an EOS 700D cam-
era (Canon, Japan) equipped with a macro-objective (Canon EF
100 mm £/2.8L Macro IS USM). Postprocessing of the recorded
movies was performed with Adobe Premiere Pro and Image].[¢]
Data were analyzed with NCorr®! and NCorr post, Excel, and
Origin Pro.
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2.7.2. Bending Tests

The flexural testing tools were proportionally reduced regarding
the dimensions given in ISO 178.34 For example, the support
span was 16 and 6.4 mm, and the support radii and the radii of
the related loading edges were 1.25 and 0.5 mm for B4 and B10,
respectively.

2.7.3. Dynamic-Mechanical Thermal Analysis

Dynamic-mechanical thermal analysis (DMTA) was performed
on a TA Instruments DMA Q850 (Waters) in three-point bend-
ing mode with a dynamic strain amplitude of 0.05%. The ratio
between static and dynamic load was 1.25. A standard 10 mm
and a custom-built 6.4 mm support span were used for specimen
sizes B4 and B10, respectively. Also, short-time creep tests were
carried out on this DMTA device. The specimens were loaded at
5 MPa and held for 10 h.

2.7.4. Notch Sensitivity

Notch sensitivity was evaluated in 3-point bending mode on spec-
imen geometry B4 (thickness B = 1 mm, width W = 2.5 mm),
produced with a rectangular notch (depth a = 0.5 mm and width
b = 0.2 mm, Figure S38, Supporting Information) at 350 mW. A
span width s of 10 mm was used at a Zwick/Roell Z050 testing
machine equipped with a 100 N load cell.

2.7.5. Hardness Measurements

The microhardness of the polished cross-sections and the mi-
crocuboids were measured using a nanoindentation device
(Hysitron TI 750L Ubi, Bruker) in load-controlled mode. Loading
time was 20 s, followed by a holding time of 30 s at maximum load
and an unloading time of 10 s. Shore D hardness (ISO 868)7°]
was determined with a Hildebrand durometer fixed in a stativ,
ball indentation hardness measurements (ISO 2039)””) were per-
formed on a Kégel HPK 4/20B. In both cases, the specimens had
dimensions of 20 mm X 20 mm X 4 mm (Figure S39, Supporting
Information).

2.7.6. Density
The density of 2PP fabricated B4 specimens (laser power

350 mW) was determined by buoyancy method with a Sartorius
BP211D analytical balance using a density determination kit.

3. Results and Discussion

3.1. Fabrication of Specimens by 2PP

Three different acrylate-based 2PP photopolymer materials were
thoroughly investigated. Two of these resins have been devel-
oped with upscaled 2PP in mind and are commercially avail-
able (UpPhoto,!%*7878] UpDraft), whereas the third one is a
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custom mixture of triacrylates (ETA/TTA) frequently used in
2PP studies.[1*667989-91] The commercial materials are based on
a mixture of mono-, di-, and trifunctional acrylate monomers
and oligomers with aliphatic and ethoxylated backbone (Up-
Photo) or a mixture of di- and trifunctional acrylate monomers
and oligomers with aliphatic and polyester backbone (UpDraft).
In contrast to ETA-TTA, which is highly-crosslinked and thus
more brittle consisting of a mixture of two triacrylates, Up-
Photo, and UpDraft also contain urethane functional groups
(Figure 3b; and Figure S3, Supporting Information). Urethans in-
crease the toughness of brittle, highly-crosslinked (meth)acrylate
photopolymers by adding noncovalent intermolecular hydrogen
bonds between urethans and other functional groups, such as es-
ters and ethers.[92-%]

Specimens were fabricated using three different objectives
(5%, 10x, 40x) with distinctively different voxel sizes (Figure 1c;
and Figures S1 and S2, Supporting Information) and conse-
quently required different printing parameters for fabrication.
Various printing parameters and specimen sizes were compre-
hensively tested with the different objectives. The dimensions of
the specimens, as well as the printing parameters and resulting
built times of a specimen for the different objectives, are shown
in Tables 1 and 2. All macroscopic specimens were fabricated in
vat mode using the proprietary adaptive resolution coarse mode,
optimized for fast production (Figure 2).1°+%7] Individual speci-
mens were printed at constant power without using any special
method to improve surface roughness or generate a gradient be-
havior. Also, the orientation of the scanning direction to the ap-
plied loading direction during the different test methods was cho-
sen unfavorable, i.e., scanning the laser along the x-axis but ap-
plying the load during material characterization perpendicular to
the xy-plane. These two constraints ensure that the observed me-
chanical behavior and the measured values represent the lower
limit, especially regarding strength and toughness. If not other-
wise stated, no postcuring was applied, and the specimens were
measured directly as printed.

3.2. Basic Characterization

To check the performance and process window on the microscale,
a set of microcuboids (50 X 50 x 80 um?, Table 1) were printed
using a 40X objective (NA 1.4). Cuboids are a typical geometry for
fast screening of processing parameters.l'*! While often only the
shape or general appearance is evaluated, mechanical properties
can also be tested. The focus here was laid on applying reason-
able high scanning speeds (50-150 mm s7!), and the quality was
evaluated by both the appearance and indentation hardness of
the resulting cuboids. Figure 3a; and Figures S4-S6, (Supporting
Information) show the results of the nanoindentation measure-
ments. While the indentation hardness does vary significantly for
ETA/TTA (Figure 3a; and Figure S6, Supporting Information),
it is relatively constant for UpDraft (Figure 3a; and Figure S5,
Supporting Information) and UpPhoto (Figure 3a; and S4, Sup-
porting Information). The lowest hardness values in the observed
processing range are only 11% and 23% lower than the maxi-
mum values for UpPhoto and UpDraft, respectively, and occur at
low energies and high scanning speeds. These results indicate a
good dynamic range, i.e., processing window, of these two mate-
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rials. In the case of ETA/TTA, it was not possible to achieve proper
cuboids at 4.9 mW and 100 and 150 mm s~!, and the dependency
of hardness on the processing conditions is higher. Interestingly,
there seems to be an optimum hardness at medium laser powers
for ETA/TTA.

Figure 3b—d shows the results of a basic characterization of
macroscopic samples fabricated using the 5x objective at a power
of 350 mW. A SEM analysis of cryo-fractured surfaces of B4
specimens revealed that the parts were dense, without pores or
fabrication-caused inhomogeneities for UpDraft and UpPhoto,
whereas sub 400 nm irregularities are visible at the voxel line
interfaces for ETA/TTA (Figures S7c, S8c and S9c, Supporting
Information). B10 specimens from ETA/TTA printed with the
10X objective show also such irregularities that are about 100 nm
in size but randomly distributed (Figure S11, Supporting Infor-
mation). It is not clear where these come from, maybe from
segregation. In the case of UpPhoto the cryo-fractured surfaces
show parabola like structures which could result from the influ-
ence of segregations on the crack growth even in the cryo-cooled
state (Figures S14 and S15, Supporting Information). Occasion-
ally, large bubbles up to 70 pm are also visible at the ETA/TTA
T2 fracture surfaces (Figure S16, Supporting Information). The
presence of these irregularities does not seem to influence the
cryo-fracture surface formation. Furthermore, and most impor-
tant, there was no indication that the stitching areas or block
overlaps had an impact on the formation of the fracture sur-
faces. The fracture surfaces are comparable to those typical for
brittle polymers, not following stitching areas (Figures S7-S16,
Supporting Information). Sub-um X-ray microscopy also revealed
good homogeneity in the examined volume with the exception of
some larger inclusions of unknown origin in the examined Up-
Photo volume (Figures S17 and S18, Supporting Information).
Microhardness measurements across the xy-plane of polished
cross-sections demonstrated the absence of significant gradients
of indentation moduli along the entire specimen cross-section
(Figure 3d). However, a slight reduction of modulus near the edge
of the sample could be observed. This effect can be explained
by the diffusion of inhibiting oxygen. In the course of polymer-
ization, dissolved oxygen is consumed and oxygen from the sur-
rounding unpolymerized resin diffuses through the edges of the
structure. However, due to the larger diffusion distance to the
center of the FoV, the oxygen concentration is diminished there,
resulting in a higher relative polymerization efficiency and thus
cross-linking density than at the edges of the structure.”*%”! The
absolute numbers of indentation modulus are somewhat higher
(UpPhoto, UpDraft) and somewhat lower (ETA/TTA) compared
to the values obtained by indentation testing of microcuboids
(Figures S4-S6, Supporting Information), but in the same range.
This indicates a comparable degree of cross-linking at this differ-
ent size-scales (micro and macro) and processing conditions (40x
/ 1.4 NA vs. 5x / 0.25 NA).

A double bond conversion between 89% and 96% for 2PP pro-
duced specimens (B4, 350 mW) can be calculated from ATR-
FTIR (Figure 3b). A more detailed view of the FTIR spectra is
given in Figure S3, (Supporting Information). Additionally, re-
sults from micro-ATR-FTIR are presented in Figures S19 and S20
(Supporting Information), showing the same double-bond con-
version in the B4 and B10 specimens fabricated with 5x and 10x
objective, respectively, and a lower double-bond conversion in the
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Figure 3. Basic characterization of 2PP printed specimens: a) Microcuboids were fabricated using the 40x / NA 1.4 objective to measure the relative
indentation hardness in dependence on the processing conditions. Macroscopic bending specimens: b) FTIR-spectra of the uncured resin (thin lines)
and 2PP processed photopolymers (thick lines). c) DMTA: storage modulus E’ versus temperature of macroscopic 2PP specimens (full lines) compared
to UV-casted reference specimens of the same base resins (dotted lines). E’ is slightly higher for 2PP samples compared to UV-cured specimens.
d) SEM images of cryo-fractured cross-sections of 2PP fabricated macroscopic bending specimens showing a dense morphology. e) Indentation modulus
from nanoindentation on polished cross-sections of 2PP fabricated macroscopic bending specimens in thickness (top) and width direction (bottom).
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micro tensile specimens fabricated with 40x. A gradient of dou-
ble bond conversion over the cross-section with lower values in
the edge region was detected, which tends to follow the trend of
the microhardness results. Besides the already mentioned differ-
ences in oxygen concentration also variations of chain orientation
at the free surfaces can influence the double-bond conversion.
Dynamic mechanical analysis (DMTA) was used to compare 2PP
specimens to UV-cured reference specimens of the same base
resins (Figure 3c). Interestingly, DMTA revealed that the temper-
ature dependencies of the storage moduli E’ show higher values
for 2PP fabricated samples when compared to UV-cured sam-
ples, indicating a higher cross-linking density for 2PP samples.
The general visco-elastic behavior varies significantly between
the materials. A more detailed view of the behavior of the mod-
uli and damping can be found in the Supporting Information
(Figures S21-S23, Supporting Information). The observed differ-
ences in thermo-mechanical behavior need to be considered for
applications at the respective temperatures.

3.3. Tensile Testing

Next, the effect of various production parameters and possible
size effects on the tensile properties were examined. T2 sam-
ples were fabricated using the 10x and 5x objective, while T1
were produced with the 5x only due to the larger volume and
hence significantly longer built time (Table 2). For comparison,
tests on microsized tensile specimens fabricated with the 40x
objective were carried out (Figure 4a). It is obvious that the mi-
crospecimens reach larger elongation at break and maximum
stresses, whereas the modulus and strength according to ISO
527-1 is comparable for UpDraft and UpPhoto at the investi-
gated sizes. The higher elongation at break should be the well-
known effect of statistically reduced occurrence of imperfections
in small volumes in combination with an expectable higher ho-
mogeneity when printing with higher magnification objectives
and lower scanning speeds. In the case of ETA/TTA, a soften-
ing was observed on the microscale, following the trend observed
for ETA-TTA micro cuboids, which show a larger dependency on
printing conditions. Furthermore, the dependency on the double-
bond conversion seems to be higher in case of ETA/TTA. In gen-
eral, it should be noted that the strain rate was lower in the mi-
crotests after the modulus region, i.e., at strains >0.25%, and
the double-bond conversion was also lower in the microtensile
specimens. This could be a further reason for a higher elonga-
tion at break but, not for such a large difference. The stress—
strain curves of the macroscopic specimens of all tested ma-
terials and parameters, including UV-cured samples as refer-
ence, can be found in Figure S24, (Supporting Information).
The material properties of ETA/TTA showed a high dependency
on the objective and fabrication parameters. While it was possi-
ble to fabricate T2 samples from ETA/TTA using the 10x objec-
tive at various power settings, tensile specimens fabricated with
the 5x objective at laser powers below 300 mW exhibited ten-
sion cracks. Consequently, it was only possible to produce T1
samples from ETA/TTA at 300 and 350 mW using the 5X ob-
jective. T1 samples fabricated at lower powers, and all of the
thinner T2 samples either broke during the printing process or
in course of development, or had pronounced cracks and de-
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fects. 2PP photopolymers with a high-crosslinker content such
as ETA/TTA are typically designed to manufacture microscopic
free-standing structures using high NA objectives.[**8] However,
when up-scaling such materials, extensive shrinkage stress can
occur due to the high crosslinking density and resulting brit-
tleness, leading to warpage or even cracking of the part. Look-
ing at the fracture surfaces of T1 and T2 specimens it stands
out that the surfaces of UpDraft and UpPhoto are much more
rugged than the very smooth surfaces of ETA/TTA (Figure 4b;
and Figures S7-S9, S26-S28, Supporting Information). This
should be an indication for more energy dissipation during frac-
ture of these two materials. Nevertheless, there is no indication of
plasticity visible, which is not surprising for highly cross-linked
materials.

Notably, 2PP specimens produced at higher powers showed
comparable mechanical behavior to UV-cured reference speci-
mens immediately after printing, without the need for postcur-
ing. The stress-strain curves of the T2 specimens (10x) of all
resins show a dependency on the fabrication power, indicating
that samples produced at higher powers were more brittle but
had a higher tensile strength. However, the strength was compa-
rable between T1 and T2 specimens. In contrast, the UV-cured
samples showed a lower strength for the larger T1 specimens.
This difference is most likely caused by the different fabrication
approaches leading to a higher number of defects in the UV-
cured T1 samples, indicating that 2PP allows the production of
relatively homogenous samples.

Figure 4c shows the Young’s moduli of all tested materials
and parameter settings. The Young’s moduli are increased for T2
specimens compared to T1 for all materials and fabrication pow-
ers. However, the magnification of the objective has no impact
on the Young’s moduli of the T2 samples. The Young’s moduli
of UpDraft and UpPhoto do not vary significantly with the fab-
rication power. In the case of the T1 specimens fabricated using
the 5X objective, the values are constant, while a small step oc-
curs for the T2 specimens when the laser peak intensity is in-
creased from 600 to 800 GW cm~2 before reaching a plateau. An
increase in the Young’s moduli with fabrication power can be ob-
served for T2 specimens produced with ETA/TTA. A dependency
of the mechanical properties of 2PP specimens on the structur-
ing parameters was already previously reported for acrylate-based
resins.[?*°357] In those studies, it was shown that key parameters,
such as writing speed and layer- and line-spacing impact the me-
chanical properties and influence the double bond conversion.
Increased power resulted in a higher double bond conversion and
higher Young’s moduli, indicating the formation of a stronger
polymer network. The moduli of the 2PP printed macroscopic
specimens from UpDraft and UpPhoto reach the values of UV-
casted specimens and the 2PP microtensile specimens. In the
case of ETA/TTA, it can be seen that the modulus of elasticity of
the microspecimens is lower than that of the macroscopic speci-
mens.

3.4. 3-Point Bending Testing
Figure 5 shows the results of the 3-point bending tests for B4

and B10 specimens. Under 3-point bend loading, the influence
of the processing conditions on the materials’ stiffness is small,
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Figure 4. Tensile testing: a) Stress—strain curves of the microscopic (40%, 9.7 mW) and macroscopic (5%, 350 mW,; 10x, 140 mW) 2PP fabricated
specimens show comparable stiffness and strength behavior but strongly different elongation and stress at break for UpDraft and UpPhoto. The strength
of ETA/TTA in the case of T1 (5x) is extremely low due to occurring shrinkage cracks. A more detailed view on the tensile behavior of the macroscopic
specimens can be found in Figure S24 (Supporting Information). b) SEM images of fracture surfaces of tested T1 specimens. The transition region
from the initiation region to crack growth indicates stronger rugged surfaces of UpDraft and UpPhoto compared to ETA/TTA. c) Young's moduli of all
tested sample variations and power settings. UV-casted macroscopic and microscopic 2PP samples were tested for comparison. d) Image of T1 2PP
specimens fabricated with UpPhoto using different power settings. Here, the sample color became darker with increasing fabrication power, which was
not the case for UpDraft and ETA/TTA.
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Figure 5. 3-Point bending tests. Test results of B4 and B10 specimens show the influence of the laser intensity and objective used for 2PP fabrication.
a) Conventional flexural strength at 3.5% strain according to 1ISO 178 versus fabrication laser intensity. Depending on the objective and the fabrication
power UpDraft and UpPhoto exhibit opposing behavior regarding the flexural strength. ETA/TTA has less favorable properties than the other two materials
but shows a slightly broader processing window than observed in the tensile tests. In the case of B10 specimens, only the lowest fabrication powers
(10x: 60 mW; 5x: 150 mW) failed right after printing. However, due to bubbles and low cross-linking density at 150 mW, and microcracks resulting from
internal stresses at 350 mW the strength drops dramatically for these two power settings limiting the working range of ETA/TTA from 200 to 300 mW.
For all materials the 2PP B10 specimens fabricated at higher laser powers show higher strength than the respective UV-cured specimens. b) Exemplary

image of B4 and B10 test specimens fabricated from UpPhoto.

and differences are more pronounced in the higher-loaded re-
gion. The flexural stress plotted against the flexural strain for all
tested specimens can be found in (Figure S29, Supporting Infor-
mation). Figure 5a shows the measured flexural strength of all
tested materials and parameter settings. Interestingly, UpDraft
and UpPhoto exhibit opposing behavior. Samples printed with
the 10x objective from UpDraft show no dependence of flexu-
ral strength on fabrication power in the investigated range but
a clearly visible dependence when printed with the 5x objective.
Here, the strength increases with higher laser power. In contrast,
in the case of UpPhoto, the fabrication power dependency was
highest for samples printed with the 10x objective and specimen
size B10. As observed in tensile testing, ETA/TTA has less favor-
able properties than the other two materials. However, the pro-
cessing window is slightly broader than for the tensile specimens
of the same material.

All the results presented so far (FTIR, DMA, tensile, and bend-
ing behavior) indicate a high double bond conversion of speci-
mens fabricated with 2PP immediately after printing, without the
need for postcuring. Next, the possibilities of modifying the prop-
erties by postcuring were investigated. Therefore, B10 bending
specimens were exposed to thermal treatment (1 h at 160 °C) or
UV irradiation. Practically no influence on the maximum bend-
ing stress, but an indication of a slight softening effect in the
postcured samples at higher loads could be observed (Figure 6).
This is possibly the result of entropy relaxation effects. For Up-
Draft, a relaxation peak in the DSC heating curve of the initial
printed state is absent in the postcured state (Figure S30, Sup-
porting Information). To evaluate possible aging effects and long-
term stability of 2PP printed parts, a set of B10 samples was
stored at room temperature for over a year in a polyethylene bag
in the absence of light. Interestingly, no significant change in the
bending behavior of UpPhoto and ETA/TTA could be observed
after a year. In the case of UpDraft, a slight increase in stiffness
and strength was measured (Figure 6; and Figure S31, Support-
ing Information).

Adv. Mater. 2024, 36, 2308497 2308497 (12 of 19)

Using the macrosized 2PP specimens B1, conducting short-
time creep tests over several hours is now straightforward. In con-
trast, this is relatively difficult on the microscale due to often oc-
curring long-time instabilities of microtesting devices due to ther-
mal drift. In the case of macrosized specimens, these influences
are negligible compared to the overall deformation. ETA/TTA
shows more than two times higher values than UpPhoto and Up-
Draft at a creep compliance of 5 MPa bending stress (Figure 7a).
This behavior could be expected due to the significantly lower
stiffness of ETA/TTA. Overall, the creep compliance | and the
creep modulus follow the order found for the modulus of elas-
ticity, i.e., UpDraft shows the lowest creep compliance and the
highest creep modulus. All compliance curves could be fitted by
the simple exponential law defined by Findley,®™! J (t) = J, + mt®,
with the initial creep compliance J, and the constants m and n.
The stress-independent Findley creep parameter n allows a very
good differentiation of the materials (Figure 7b). Especially the re-
sults of UpDraft and UpPhoto highlight the importance of creep
tests. While both materials perform comparably regarding stiff-
ness and strength at room temperature, they show significant dif-
ferences in their creep behavior, with UpDraft giving better per-
formance. For short times it can be simplified that the product
m*n determines the slope of the creep curve, which is lower for
UpDraft. Looking back to Figure 3c, the stronger drop of stor-
age modulus of UpPhoto compared to UpDraft in the room tem-
perature region already indicated this behavior, which is a good
representation of the time-temperature superposition rule. But it
is obvious that with increasing time the exponent n dominates
the behavior reflected by a beginning stronger drop of the creep
modulus (Figure 7c).

In many applications 2PP fabricated parts are of complex
geometries, e.g., containing notches. For this reason, knowledge
about the influence of notches on the materials behavior is of im-
portance. A relatively easy approach is the characterization of the
so-called notch sensitivity. Mainly investigated for fatigue load-
ing, it can also be determined for quasistatic loading.l'%! As an

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 6. Effects of postcuring and aging. The influence of postcuring by thermal treatment (160 °C, 1 h), UV-radiation or long-term storage (>1year at
room temperature) of B10 specimens fabricated with the 5x or 10x objectives was investigated via the 3-point bending behavior. No significant change
in the bending behavior was observed for UpPhoto and ETA/TTA, whereas UpDraft showed a slight variation in stiffness and strength after 1 year of

aging.

often application driven test, it is a simple comparison between
the performance of unnotched and notched specimens, often
with varying notch types. An example is shown in Figure 8. Here,
a B4 specimen with a rectangular notch was fabricated. Such a
notch geometry can be found in microfluidic devices or casting
molds. All of the investigated materials show brittle behavior in
the notched state (Figure 8), but it is clearly visible that UpPhoto
shows the lowest notch sensitivity of the three materials. The
reduced stiffness results from the reduced cross-section in the

notched area and is not taken into account. Interestingly, thermal
treatment and, therefore, a homogenization of the polymer struc-
ture and internal stresses does notlead to an improvement. These
results are of significant interest since many small-sized parts
made by 2PP contain relatively sharp notches due to geometric
restrictions or as a requirement for the intended application.
Obviously, the results of such a test depend on the materials in-
trinsic properties, the printing process and the resulting quality
of the bulk, the geometry of the notch and the fabrication strategy
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Figure 7. Short-time creep behavior under 5 MPa bending stress. a) Creep compliance versus time. The dotted lines represent the application of Findley's
model. b) Creep parameter m (light) and n (dark) for the short-time behavior derived from the creep compliance curves and c) creep modulus.
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Figure 8. Notch sensitivity in 3-point bending mode with rectangular notch: a) Load-deflection curves of un-notched and notched B4 specimens, edge-
wise testing. b) “Notch sensitivity” as the ratio between maximum load of the unnotched to the notched state without taking into account the influence
of stiffness reduction by reducing the cross-section area. The dotted lines and the light bars represent thermally annealed (1 h at 160 °C) samples.

of the notch. To exclude the influence of the printed notch and to
get a more general statement about a 2PP printed material, also
B4 specimens with a cut notch were analyzed, which offers the
possibility to apply fracture mechanics testing and to compare
the obtained values with values of molded bulk specimens
(Figure S32, Supporting Information). In a first approach, short
notches of 120 um have been introduced in the best performing
material UpPhoto by razor blade cutting in B4 specimens result-
ing in a very short crack length a to width W ratio (a/W) of 0.045.
If one ignores the typical requirements for a larger (a/W) ratio
and calculates approximately the fracture toughness K, a value
of about 1.3 MPam'!/? can be obtained, which is in a range with
epoxy, 101 PS,[12] PMMA,[19%] porcelain, or MgF. In literature,[1%]
a K. 0f 0.57 MPam!/? was found for microsized 2PP specimens
with a sharp, printed notch made of IP-Dip (Nanoscribe), a
widely used commercial acrylate-based 2PP photopolymer.

3.5. Macroscopic Indentation Hardness Tests

Even specimens suitable for macrohardness testing are now ac-
cessible with suitable 2PP photopolymers and high-throughput
2PP systems. Figure 9 shows an example of large-scale speci-

mens having the dimensions 20 mm X 20 mm X 4 mm, fulfilling
the requirements for ball indentation hardness testing [ISO 2039-
1:2001] and Shore D testing [ISO 868:2003]. Despite their simple
rectangular shape, fabricating such specimens by 2PP is quite
challenging due to the large bulk volume. It was not possible to
build specimens of this dimension from ETA/TTA due to mas-
sive shrinkage-induced deformation and cracking. Moreover, the
fabrication time should be minimized because only one (or two,
if both sides of the plate are used) measurement can be done on a
plate of this geometry to meet the criteria given in the standards
for minimum distances from the edges. The test results are listed
in Table 3.

3.6. Comparison of 2PP to Other Additive Manufacturing
Technologies

As demonstrated so far, no postcuring is obviously required for
the 2PP materials investigated, since parts possess their full me-
chanical properties right after printing. This is a significant ad-
vantage over other resin-based 3D printing technologies (DLP,
SLA, LCD), which only deliver green parts and thus require
postcuring, as even fragile geometries can be cleaned in solvents

Figure 9. Hardness tests. a) 2PP-printed specimens (20 x 20 x 4 mm?) appropriate for macrohardness testing from UpPhoto and UpDraft and a
resulting Shore D indent (inset). b) Shore D testing according to ISO 868 and c) ball indentation testing according to ISO 2039.
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Table 3. Summary of the tested material characteristics determined on 2PP printed macroscopic specimens made from UpPhoto, UpDraft, and ETA/TTA
using the 5% objective (NA 0.25) at 350 mW or the 10X objective (NA 0.4) at 140 mW. Microtensile specimens (TM) have been fabricated using the 40x

objective (NA 1.4) at a laser power of 9.7 mW.

UpPhoto UpDraft ETA/TTA
Density [g cm ™3] 1.21 1.22 1.235
Tensile tests
T15x T25x T210x TM40x T15x T2 5% T210x TM40xT15x T25x T2 10x TM 40x
Young's Modulus [GPa] 28 35 3.2 3.6 3.1 3.4 3.4 3.7 12 - 1.5 0.73
Tensile strength [MPa] 85 95 90 77 80 89 92 107 4 - 51 -
Elongation at break [%)] 12 18 6 74 4 10 12 49 04 - 8 (> 40)
Bending tests
B4 5x B10 5% B10 10x B4 5x B10 5x B10 10x B4 5x B10 5x B10 10x
Conventional flexural strength at 3.5% 95 110 108 127 118 118 44 46 47
strain® [MPa]
Maximum calculated stress during the 132 142 137 158 148 147 63 66 69
test?) [MPa]
Hardness tests
Shore D 85 86 -
Ball Indentation hardness [N mm~2] 174 181 -
Dynamic — mechanical thermal analysis (1 Hz)
E’ at 23 °C [MPa] 4100 4240 1750
E’ at 37 °C [MPa] 3590 4140 1480
E" at 80 °C [MPa] 2080 1770 850
E’ at 120 °C [MPa] 1150 570 600

2 According to ISO 178; ® Taken from the load maximum, calculated without correction for large deflections.

without special care. For example, for the production and subse-
quent postprocessing of delicate structures, complex parts, and
microfluidic devices that have overall dimensions in the mm
or even cm range, but contain thin (<100 um), long channels
(>1 mm) that require extended development time in solvent or
even the use of pumps to flush such microchannels, a high de-
gree of cure right after printing is essential.[**%®7] With a tech-
nology that only provides semicured green parts, such condi-
tions might result in swelling or even fracture of the part, while
postcuring by UV or heat is not applicable before microchannels
and cavities are cleared to avoid clogging. To illustrate the typical
UV-based 3D printing process, we have printed the same set of
specimens (T1, B4) using a commercial Formlabs Form 3 plat-
form with the Formlabs resin Clear V4 and the corresponding
postcuring chamber Form Cure according the manufacturer’s
instructions. The different mechanical behavior between green
parts and postcured parts is obvious (Figure S33, Supporting In-
formation). When producing testing specimens directly by 2PP,
the real mechanical properties of the 2PP resins can be accessed.
The 2PP resin formulations usually differ from DLP or SLA
resins as different photoinitiators are used and no light absorbers
are necessary."*! In addition, direct testing of 2PP printed spec-
imens allows to evaluate the 2PP printing process itself, e.g.,

Adv. Mater. 2024, 36, 2308497 2308497 (15 of 19)

whether the chosen print settings yield parts with anticipated ma-
terials properties. A direct comparison with DLP or SLA printed
specimens of the same base resin is not useful due to the neces-
sary postcuring step. For comparison, we produced testing spec-
imens (B4, B10, T1, T2) from UV-resins using an LCD-based 3D
printer (Anycubic Photon X Mono, 405 nm) and an LED chamber
for postcuring (Formlabs Form Cure). Since UV-based 3D print-
ing produces green parts that need to be postcured, the results of
the LCD specimens differ from those produced by 2PP (Figures
S29 and S34, Supporting Information), most probably due to in-
sufficient postcuring of the LCD 3D printed parts. However, for
2PP users, it is not necessary to take the detour via UV-based 3D
printing with modified resins. The macroscopic specimens can
be directly produced and the mechanical properties can be deter-
mined using conventional testing equipment.

When comparing 2PP to other high-resolution additive manu-
facturing technologies, high-throughput 2PP 3D printing, when
using a material vat, resembles a CLIP process with an opti-
cal dead zone.!®! This is a great advantage over projection mi-
crostereolithography (PuSLA), as parts do not have to be delam-
inated from the bottom of the vat after every layer, which can
damage fragile parts and adds a time delay of typically 4-5 s per
layer.1%] However, it is reasonable to compare high-throughput
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2PP to single-digit-micrometer-resolution CLIP, where an oxy-
gen diffusion layer is used to inhibit polymerization at the bottom
of the vat. Joseph M. DeSimone and co-workers have recently pre-
sented this high-resolution CLIP technology, claiming to achieve
10° times faster print speeds than a Nanoscribe 2PP system and
25-100 times faster print speeds than DLP and PuSL.[1%! Within
this paper they showcased printing of a twisted lattice bar de-
sign, which was produced using high-resolution CLIP as well as
a Nanoscribe Photonics GT 2PP system equipped with a 25x ob-
jective using unspecified print settings. The structure is 20 mm
high and seems to have a 5 X 5 mm? base area with a minimum
feature size of 100 um. The authors stated a print time of 1.5 h
with their system, whereas the print with the Nanoscribe system
was aborted after 200 um height and 48 h of print time. Due to
unavailability of the STL data set of the twisted lattice bar for di-
rect comparison, we printed an octet truss structure with similar
complexity using the NanoOne equipped with either the 5x or
the 10x objective in coarse mode (Figure S35, Supporting Infor-
mation). When using the 5x/NA 0.25 objective on the NanoOne,
the octet truss bar could be printed within 2 h which is quite
comparable to high-resolution CLIP!'%! (when the 2x objective
is used). With the 10x objective the dimensions of the structure
were scaled down by a factor of 2. The size of the minimal fea-
ture was reduced to 50 and 25 pm, respectively. Both structures
could be fabricated in 1.1 h independently of the minimum fea-
ture size, as galvo scanning was used. Consequently, the upscaled
part (5 pm X 5 um X 20 000 pm) with equal resolution would be
printed with the 10x objective in ~9 h.

In the case of high-resolution CLIP (equipped with a light en-
gine with a 2560 x 1600 array of pixel), the twisted lattice bar
seems to be written using a 2x objective with 3.8 um pixels size.
In contrast, the higher resolution 5x objective with 1.5 um pixel
size would require stitching, which was not possible with the pre-
sented setup. In comparison, the resolution tests in the same pa-
per were conducted using the 5x objective. The print speed of the
5x objective is estimated to be 6.4 times slower than that of the 2x
objective, if the same area is printed with the same z-layer height
(pixel area (2x)/pixel area (5X) = 6.4). Hence, the print speed
of high-resolution CLIP equipped with a 5x objective is compa-
rable to a 10x 2PP print (=%9-10 h). Due to the low dead zone
thickness of #3-5 pum in high-resolution CLIP, the print time is
also highly dependent on the resin viscosity, which influences the
time a resin requires to reflow after a layer has been polymerized
and the stage has been moved. With 2PP, resin viscosity is not so
critical as the optical dead zone can be set within the working dis-
tance of the objective (typically up to several 100 pm, in the case
of the 5% even several mm). Moreover, for low NA objectives, a
refractive index mismatch between the immersion medium and
the resin is less critical for the voxel shape.['71%] Consequently,
the resolution in this case is less affected by depth-dependent op-
tical aberrations. In general, high-throughput 2PP with low NA
objectives is a quite versatile technology for a broad material port-
folio.

4. Conclusion

For the first time, a wide range of mechanical properties, from
classical mechanical tests, such as tensile, flexure, and hardness,
to creep and even fracture behavior, was determined for 2PP pro-
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cessed materials on the macroscale. Additionally, the thermo-
mechanical behavior of 2PP materials was also investigated. This
is a crucial step to further establish 2PP as an additive manufac-
turing technology for industry and expand the field of applica-
tions of this technology. It could be shown that the new genera-
tion of commercially available 2PP 3D printers is capable of pro-
ducing macroscopic testing specimens in the centimeter range
at an acceptable built time using low NA objectives and 2PP
resins that are processable at very high volumetric built rates of
up to more than hundred mm? h=! and that are therefore suit-
able for upscaling. Those are essential requirements to close the
gap toward larger additive microfabrication technologies such
as high-resolution CLIP,[1%] micro-SLA,['%] and volumetric 3D
printing.[11®111] Notably, all macroscopic mechanical characteri-
zation could be performed with standard testing devices. This
is particularly useful for translating from a mostly lab-based
(micro-)testing process of highly specialized facilities to a more
conventional and standardized industrial environment. Addi-
tionally, investigating the fracture areas showed that the stitch-
ing, which is crucial for large-scale 2PP printing, is not creating
any weak points in the test specimens. This indicates that the
process of up-scaling 2PP did not negatively influence the me-
chanical properties of the created specimens.

Furthermore, the importance of the mechanical characteriza-
tion of 2PP materials with specimens on various size scales was
demonstrated since mechanical characteristics cannot simply be
translated from the microscale to the macroscale. ETA/TTA, a
material that had been widely used experimentally for generating
microsized parts, turned out to be not suitable for high scanning
speed rates and up-scaling to the macrosize range due to a com-
parable small process window, the occurrence of microcracks as
aresult of internal stresses, and generally its very low toughness.
The small process window of ETA/TTA was already indicated
during manufacturing of the microcuboids using the high res-
olution 40x objective. To develop and improve materials for up-
scaled 2PP, such as UpDraft and UpPhoto, and characterize their
material performance using standardized methods on the meso-
and macroscale is crucial. On the one hand, this is necessary due
to the already discussed different mechanical material behavior
when scaling up. On the other hand, methods to analyze the effi-
ciency of 2PP resins are currently mainly based on threshold tests
where printing parameters are used that often do not reflect real
fabrication scenarios, as we have discussed recently.[' Standard-
ized material testing on all size scales helps to understand the
true potential for the application of newly developed 2PP mate-
rials. Moreover, standardized characterization protocols are also
necessary for evaluation and control of the manufacturing pro-
cess stability. Considering the short time needed to produce a
batch of six B10 samples (<15 min) and the fact that these sam-
ples can be immediately measured by flexure tests and DMTA,
the macroscopic 2PP testing approach allows quality control not
only of the material but also of the printing process and compar-
ison of different systems of the same production model.

Comparing the three investigated materials (Table 3),
ETA/TTA, UpDraft, and UpPhoto, it could be shown that
only the latter two are suitable for upscaling due to their large
processing window and well-balanced mechanical properties.
The modulus of elasticity and the hardness are similar to mi-
croscale specimens fabricated using the high magnification 40x

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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objective at lower scanning speed but the same mean laser inten-
sity. The properties of the 2PP produced macrosized specimens
without postcuring are at the level of or even better than bulk
UV-cured specimens made from the same base resins using a
UV-photoinitiator. Further, it was shown that compared to other
light-based 3D printing processes, 2PP has the advantage that
highly cured and thus robust parts are received immediately
after printing. Consequently, UV or thermal postcuring can be
avoided. This is a unique feature and especially a great advantage
for the removal of uncured resin from microchannels in complex
3D printed microfluidic devices.

The results of this work highlight the importance of optimized
and, in the best case, standardized testing procedures for 2PP
materials on the meso- and macroscale, and shows the poten-
tial that lies within upscaled 2PP enabled by a new generation of
high-throughput 2PP devices. With the new generation of 2PP
systems and materials, the gate is opened for the future devel-
opment and manufacturing of reliable, commercial functional
parts and devices using 2PP and the establishment of novel func-
tional materials.['!?] Based on the results of this work first appli-
cations of the investigated materials in the cm scale could already
be realized.[6+06.67:88]
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