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Two-photon lithography (TPL) enables the design of novel micromechanical specimens, down to sub-micron
resolution, thus extending the possibilities for device and material characterisation and pushing the bound-
aries of a broad range of miniaturized technologies such as optics, analytics, and medicine. Employing a push-to-
pull geometry, incorporating double edge notched tension specimens loaded in mode I, the specimen
manufacturing and testing can be automated to a large extent. This allows for the use of large parameter space
characterisation methods as the essential work of fracture, with an experimentally simpler to realize compression
testing setup. Within this work, a methodology is outlined for automated specimen direct laser writing with a
TPL-device and subsequent testing via a nanoindenter. In total, 2100 specimens were manufactured, of which
1997 could be used for evaluation. Estimations for the essential work of fracture of the used photoresist is
presented, with regards to influencing parameters such as testing displacement rate and laser writing power. A
discussion of its statistical robustness and validity considerations is included. This will act as a basis framework
for further statistical fracture evaluation schemes for other resin materials, as well as for probing thin film

systems.

1. Introduction

Direct laser writing via two-photon lithography (TPL) is a promising
key technology for manufacturing of small-scale devices in various ap-
plications. Due to the utilization of established photo resin formulations,
a broad range of printable polymers is already available, not limited to
common photoresists. Polymers with tuned optical properties enable the
direct writing of optical wave guides [1-5] or the coupling of optical
fibres [6-9] to photonic circuits made from semiconductors [10-14],
including common 2D lithographic technology and breaching the gap
towards integrated photonic circuits [15]. Furthermore, diffractive and
refractive optical parts [16-19] can be directly printed on top of optical
fibres, opening new possibilities for small-scale analytical [20-24] and
minimally invasive medical devices [25]. Additionally, the nontoxic or
even biocompatible character of photopolymers comes into consider-
ation, since it allows the direct contact of printed parts with body tissue
[26-28] or cells [29-31]. These combined properties are vital for lab-on-
a-chip applications, [32,33] for example where very small liquid flows
are pumped through micro fluidic channels [34-36] and operative de-
vices [37] for analysis and in vivo studies. Recently, even more advanced
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testing devices for heart tissue [38,39] were developed, where besides
the biochemical environment even the mechanical stimulus could be
applied to living and growing cells.

However, many applications deal with a mechanical load to a certain
extent due to thermal mismatches between adjacent materials, pressure
gradients, direct straining, or shrinkage by ageing, to name a few. The
resulting stress will induce deformation due to comparably low Young’s
modulus or might lead to a failure if yielding or fracture takes place
within critical parts manufactured by direct laser writing. As a coun-
termeasure, the design could be optimized to avoid stress concentra-
tions. Finite element (FE) analysis might also be helpful in special cases,
as common in larger scale manufacturing, since the digital model is
already available from the print job. In any case, knowledge of the basic
mechanical properties such as Young’s modulus and yield strength is
vital. As these values are strongly dependent on the processing param-
eters [40], it is necessary to probe them in the motive processing con-
ditions. For more advanced considerations also fracture related
properties are of interest, especially if material failure should be pre-
vented and reliability is of importance. Notably, the testing procedure
might be more demanding. The relation of basic mechanical properties
to the environmental history - meaning UV-radiation [41], humidity,
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Nomenclature

TPL Two-photon lithography

FE Finite element

PTP Push-to-pull

DENTI Double edge notched tension specimen in mode I
EWF Essential work of fracture (method)
DC Degree of conversions

SEM Scanning electron microscope

FIB Focused ion beam

CAD Computer aided design

We Total work of fracture

We Essential work of fracture

Wy Non-essential work of fracture

l Ligament length

t Ligament thickness

B Fracture geometry parameter

W Specific work of fracture

We Specific essential work of fracture

Wp Specific non-essential work of fracture
Sk1 Standard error of the y-intercept

Sks Standard error of the slope

ty Student’s factor

n Statistical sample size

a Probability level (here a = 5%)

E Young’s modulus

oy Yield strength

™ Plastic zone radius

Ji J-integral at critical crack initiation

Krg Stress intensity factor for mode I fracture (by FE
simulation)

Kye Stress intensity factor translation of w, values

Ko rE Conditional fracture toughness (mean value of multiple
Kgg)

w; Elastic strain energy density

€ Strain

w; Initially present strain energy

L Length of the specimen

w Width of the unnotched specimen

oN Cross-sectional net stress at maximum force

Frax Maximum force

and most prominently elevated temperature, adds additional challenges
for comprehensive material characterisation.

With small-scale material testing techniques [42], fundamental me-
chanical properties [43] can be accessed and the quantitative determi-
nation of post-curing, aging, and degradation effects [44] is enabled,
directly on material samples produced by TPL [45], therefore avoiding
correlative estimations based on e.g. polymer chemistry and cross-
linking density. With miniaturized standard bending [46], tension
[47,48] or compression [49-53] tests, Young’s modulus and yield
strength are obtained, whereas the determination of Poisson’s ratio [46]
and fracture properties [54-57] require dedicated geometries. In the
case of fracture mechanical specimen, there are many methods avail-
able, reaching from basic notched tension specimens to cantilever
bending or pillar splitting. Since direct laser writing enables the manu-
facture of relatively complex shapes, testing geometries are not limited
to the cuboidal or cylindrical shapes commonly obtained by small-scale
milling processes. Thus, the geometry can be designed directly for the
specific needs of testing, in contrast to the usual approaches. In fact, a
specific push-to-pull (PTP) specimen geometry based on classical theta
specimen was developed [58,59], enabling to perform mechanistically
preferred tension experiments with an experimentally less demanding
compression loading setup. In principle, a kinematic relation is utilized,
where the compression force (and displacement) on top is translated to
symmetrical outside bending of struts, thereby tensioning the actual
specimen geometry in between. Other authors already used original
theta geometries on a small-scale for films deposited on silicon [60] or
differently adapted PTP geometries for testing coated specimens [61], as
even thin coatings with stiff materials considerably improve the stability
of the structures [62,63].

The aim of this work is to establish an equally simple, but slightly
tuned version incorporating a double edge notched tension specimen in
mode I (DENT I) for compression loading. The DENT I geometry is a
well-documented specimen shape with all relevant fracture mechanical
formulation developed [64]. A key advantage of the DENT I specimen
geometry is its symmetry, which leads to confinement of the plastic zone
and all potentially crack associated zones between the two notches.
Furthermore, due to the pure tension loading, criticality within the
ligament region can be maintained during formation of a crack or plastic
zone. For the presented specimen geometry such a DENT I shape is
positioned inside a PTP frame in a way to perform high fidelity in situ
experiments within a scanning electron microscope (SEM) as well as for

high throughput ex situ testing via a nanoindenter devices, as depicted in
Fig. 1(a). A preliminary design and successful initial testing were
already presented in a previous publication [65]. Otherwise, a reduction
scheme, as sketched in Fig. 1(b), must be applied for subtracting the PTP
frame contribution (in terms of force) to the initial force vs. displace-
ment data (described in detail later). With this information, an elas-
tic-plastic fracture-energy-based J-integral evaluation can be performed
already.

Through this work, the possibility of specimen production by direct
laser writing is extended to perform a comprehensive material charac-
terization in terms of the essential work of fracture (EWF) approach
[66-68]. The EWF evaluation, originally developed for thin sheets of
steel [69], gained much attention for testing of thin polymer sheets [70].
It is an energy-based multi-specimen approach and requires specimens
with different initial ligament sizes, exhibiting plane stress dominated
crack growth. In principle, the fracture zone is divided into two parts as
depicted in Fig. 1(c) the inner fracture process zone, where the energy
for driving crack growth and creation of new surface is consumed, and
the outer fracture process zone, where the non-essential work of fracture
is dissipated. For ductile metals, the non-essential work is mainly
consumed by plastic deformation, whereas for polymeric materials,
different mechanisms such as disentanglement of the polymer network,
crazing, and/or chain-bridging, can operate depending on the micro-
structure [71]. Starting from the total work of fracture, Wy, obtained by
integration of the force vs. displacement graph as sketched in Fig. 1(d),
of specimens with various ligament lengths [, the fracture area specific
work of fracture w is derived. If wis plotted against [ as in Fig. 1(e), the
essential and non-essential work of fracture, we and pwy, is obtained by
linear regression in a final step.

In order to apply the EWF approach, specimen variations with
different ligament sizes were constructed and automatically manufac-
tured by a TPL-printer via a writing script, which enabled to back the
results by a statistically relevant number of specimens. To the best
knowledge of the authors, new aspects of this small-scale high-
throughput testing scheme presented to the scientific community for the
first time. A large amount of complex shaped specimen is utilized, which
would not be possible to manufacture without TPL in a reasonable way.
Furthermore, a general evaluation framework for such PTP specimens is
derived. The testing was performed in an automated manner with the
use of nanoindentation over a specified grid. In the future the method-
ology can be conveniently extended to further resists, specifically aged
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Fig. 1. Schematic sketch of (a) compression testing a PTP frame (lighter green) incorporating a DENT I specimen geometry (obtained by TPL, darker green) via a flat-
punch indenter tip. With (b) idealized force vs. displacement graph consisting of specimen and frame contribution, including the fracture event. Via force correction
for the frame contribution, the pure specimens signal is obtained. For evaluation an EWF approach is utilized, (c) discriminating between inner and outer fracture
process zone. (d) The force vs. displacement graph of specimens with increasing ligament sizes shows an increasing total work of fracture, which is (e) plotted
normalized via the geometry over the ligament length to finally obtain the essential and non-essential work of fracture by linear regression. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Digital model (a, b) and print (c, d) of a push-to-pull device incorporating a double edge notched tension specimen. (a) Overview with rounded top face,
where the force is applied, (b) DENT I fracture specimen with corresponding dimensions. The values depend on writing parameters and ligament type (see sup-
plementary Table T1). (c) and (d) SEM images under corresponding viewing angles. Specimen imperfections are visible in (d), especially near the notch regions, as
small steps or rounded edges due to the laser writing process.
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specimens or to other similarly processed materials. Also, variation of
environmental conditions in terms of humidity or temperature presents
a rather straight forward future task.

2. Experimental methodology
2.1. Specimen design

The specimen design was inspired by previous realisations of push-
to-pull concepts on silicon [60], but slightly adapted for direct view
on the incorporating testing geometry. The present design, shown in
Fig. 2(a) as a 3D model and (c) as a real print, consists of a base and a
rounded top-block, connected by struts. These bend out during
compression loading from the top and translates the force to tension
inside the specimen geometry through a kinematic relation. Here, a
common DENT I shape was used (see Fig. 2(b)) to promote symmetric
failure in the very centre of the whole device. In a previous work [65], a
linear elastic FE analysis revealed a slightly higher stress intensity on the
upper notch. However, the minor deviation is negligible with respect to
the overall fracture parameter evaluation as shown herein.

A slight inclination of 2° on faces facing downwards was found to
eliminate printing artefacts originating from large overhanging layers.
This taper is introduced on all horizontally depicted faces (see Fig. 2(b))
to preserve specimen symmetry. Slight printing deviation led to a taper
of 3.5° as shown in Fig. 2(d). Further details on the designing approach,
as well as an estimation of geometry factors for a basic linear elastic
fracture evaluation can be found in a previous publication [65]. As the
EWF approach requires different ligament sizes, five versions of the
specimen geometry were designed (I = 3, 4, 5, 6, 7 um), with symmet-
rically decreasing notch depths. For the digital construction, the CAD
software FreeCAD (version: 0.18, Debian GNU/Linux) was used.

2.2. Specimen writing via two-photon-lithography

For specimen fabrication, the TPL system PPGT 2 (Photonic Profes-
sional GT2, NanoScribe GmbH & Co. KG, Eggstein, Leopoldshafen,
Germany) with the associated small features solution set was used,
consisting of a 63x Objective (Plan-Apochromat 63x N.A. 1.4 Oil DIC,
Carl Zeiss AG, Oberkochen, Germany), the negative-tone photoresist IP-
DIP (Nanoscribe GmbH & Co. KG, Eggstein-Leopoldshafen, Germany)
and 1" x 1°” fused-silica substrates.

For the special case of SEM in situ experiments, the substrates were
prepared to allow for perpendicular imaging as follows. Pre-cuts with a
diamond wire saw (type: 6234, well Diamantdrahtsagen GmbH, Man-
nheim, Germany), were applied to a depth of about 300 um, to which
edges of the specimen were later printed. After the printing procedure
(described in more detail below), a hard metal scribing tool was used to
make scratches within the sawing grooves, which act as pre-cracks for
manual splitting of the substrate into 5 x 5 mm? plates.

A silanization procedure was applied to enhance the adhesion of the
printed polymer to the substrate surface [72]. Therefore, the substrates
were subjected to corona-plasma activation (custom built, Ahlbrandt
System GmbH, Lauterbach, Germany), directly followed by submersion
in a silane solution (27 ml ethanol (100%), 3 ml distilled water, 5 drops
of glacial acetic acid and 300 ul 3-(Trimethoxysilyl)propyl acrylate
(CAS:4369-14-6)) in a tape-sealed glass Petri dish for 24 h at 70 °C.
Subsequently, the already hydrophobic plates were rinsed with ethanol,
dried, and baked at 180 °C for another 8 h. The substrates were drily
stored at room temperature within a desiccator until usage.

For the preparation of the print files via the printer’s associated
software, a slicing distance of 100 nm was used with hatching of 200 nm
and with a shifted scanning direction of 90° between each printed layer.
For the scanning speed the standard of 10 mm/s was kept, but the
writing laser power parameter was adjusted to 50, 55 and 60 for specific
specimen sub-sets, corresponding to 25, 27.5 and 30 mW, respectively.
After writing, the standard development procedure with submersion in
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propylene-glycol-methyl-ether-acetate for 20 min and isopropyl alcohol
for 5 min was applied. Additionally, a gold coating was applied via a
sputter coating machine (Sputter Coater 108auto, Cressington Scientific
Instruments Ltd., Watford, UK) to enhance surface conductivity and
improve SEM imaging quality before in situ testing. For the ex situ case,
the coating process was performed after testing to minimize possible
modification of the polymer by plasma ultra-violet light emission or the
necessary chamber vacuum.

All specimen dimensions were determined via SEM (FIB/SEM 1540
XB, Carl Zeiss AG, Oberkochen, Germany) with 3 kV acceleration
voltage pre- or post-testing in the respective cases. As an increase in
writing laser power is associated with an increase of the voxel size
during printing, every geometry dimension had to be determined indi-
vidually for the respective laser power levels. For determination of the
printed specimen dimensions, each specimen type was printed once, side
by side onto a pre-grooved fused silica substrate, which was further split
and coated to enable perpendicular imaging and direct measurement of
the dimensions of the DENT I part within the SEM [65]. Equally, a full
specimen was prepared for the in situ experiment. To access the thick-
ness directly under top view, each geometry was printed on a flat sub-
strate and the prints were aborted just above the DENT I part as shown in
Fig. 3(a) with 45° tilt to visualize the ligament section. All dimensions
used for the evaluation can be found in the supplementary Table T1.

For ex situ testing, a statistically relevant number of specimens was
desired. This is especially uncommon for complex shaped specimens in
the field of micromechanics, as considerable fabrication time is
commonly involved to produce specimens one by one. But since the
specimen manufacturing is automated, only a suitable tradeoff between
validity considerations and writing time must be found. For a proper
linear regression, as required by the EWF evaluation, 5 ligament lengths
were chosen, with 20 specimen repetitions each as a reliable numeric
base. So, 20 equivalent specimens of each version (see Fig. 3(a)) were
printed in two rows, by taking advantage of the scripting option of the
TPL system, resulting in a grid of 100 individual PTP devices, as shown
in Fig. 3(b), fabricated in one run with equal laser power. For the later
surface finding on top of the PTPs during the testing procedure, a simple
cube of equal height was added, as well as specimen labels and cross-
shaped alignment markers for adjusting the rotation of the substrate
towards the axis of the nanoindenter stage. The manufacture of one
specimen array as such took roughly 8 h (excluding position and
handling time) but chaining of print jobs allowed unattended operation.
As the applied methodology yields one value for each whole array, du-
plicates of equal arrays were manufactured to assess their repeatability.
In total, 21 specimen arrays on 3 substrates were fabricated. Supple-
mentary Table T2 shows additional information about printing and
testing times, as well as a comprehensive overview of applied
parameters.

For accessing the fracture surface area after testing, the effect of local
post-curing of the photo resin through e-beam irradiation is utilized as
shown in Fig. 4. As the green box (indicated in Fig. 4(c)) on one half of
the broken DENT I specimen is scanned through imaging under 45° tilt
within the SEM, local shrinkage is induced, leading to a strain gradient
along the ligament thickness. The resulting bending of about 10-20°
towards the irradiated face was sufficient to enable the view on the
fracture surface, as shown in Fig. 4(e), where one of the smallest liga-
ment lengths used is depicted for demonstration. One PTP DENT I
specimen of every size and writing laser power was selected and sub-
jected to the described procedure to acquire an image of the complete
fracture surface and to measure the respective area. A tilt correction to
the area is applied afterward.

Since post-mortem determination of the fracture surface area re-
quires this special procedure, just a few specimens can be treated and
imaged feasibly. Geometry determination on just a few representative
specimens seemed to be sufficient for all equal geometries, as equal
objects (obtained by TPL) originated from the exact same print file.
Thus, geometrical uncertainties are negligible compared to uncertainties
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Fig. 3. (a) Overview of all DENT I versions used for the experiments. (b) A SEM micrograph of one PTP-DENT I specimen grid after ex situ testing and gold coating,
showing well positioned specimens which could be repeatedly tested via the automated nanoindentation.

of SEM imaging. Major factors of uncertainty are surface charging dur-
ing e-beam scanning (including possible e-beam shrinkage), visual
defining borders on rounded edges (especially if the objects were
printing at the resolution limit of the printer) and corrections which
must be applied regarding the specimen tilt. Therefore, the finally pre-
sented fracture surface areas are mean values over a few surfaces and
various image scanning conditions. All obtained data can be found in the
supplementary Table T1. The fracture surface areas were used for the
EWF evaluation as such, and the ligament lengths were derived from
these areas by dividing through the thickness. This way, the deviation
from an ideal rectangular shape of the fracture surface was compensated
for and a potential misinterpretation of printing-proximity effects within
the notch was avoided.

2.3. Compression testing in situ

The in situ SEM testing was performed via a displacement controlled
nanoindentation system (FT-NMTO04, FemtoTools AG, Buchs,
Switzerland) within an SEM (LEO 1525, Carl Zeiss AG, Oberkochen,
Germany) with a 10 pm circular tungsten carbide flat punch tip and a
200 mN force sensing probe. The loading and unloading were applied
with a displacement rate of 100 nm/s in two cycles, where the first one
went up to a maximum displacement of 3.3 ym and the second to 4.75
um. The force acquisition was conducted at 200 Hz and the SEM images
(acceleration voltage: 3 kV) were recorded continuously. Force and
displacement readings obtained through the testing device were used
unaltered.

2.4. Compression testing ex situ

The substrates were glued to an iron disk and mounted onto the
sample holder stage of the ex situ nanoindenter (TS 77 Select Nano-
indenter, Bruker, Eden Prairie, USA) directly after specimen printing.
Loading was performed by a self-made diamond flat punch, made by
cutting a Berkovich indenter tip (Synton MDP, Nidau, Switzerland) via
femtosecond laser processing to be nearly flat [73]. Respective 3D im-
ages taken by laser confocal scanning microscopy (LEXT OLS 4100,
Olympus Europe SE & Co. KG, Hamburg, Germany) are shown in

supplementary Fig. S1. The displacement-controlled loading consisted
of two cycles, with a maximum displacement of 3.3 ym, and 4.75 um on
the first and second cycle, respectively. The general displacement rate
was varied between 10, 100, 300 and 1000 nm/s, with 1 s hold time at
the maximum displacement before unloading. The force and displace-
ment data were obtained directly through the testing device and used as
such for the evaluation demonstrated in Fig. 6. The temperature and
humidity within the testing chamber were monitored during the ex-
periments and varied slightly between a temperature of 25.1 and 26.6 °C
and between 42 and 50% relative humidity.

For the combined testing of a whole PTP specimen field a grid-
function was used along the x- and y-axes of the nanoindenter stage,
which were aligned manually with the substrate. Starting from one
corner, all specimens were tested line-wise and the data were auto-
matically saved afterwards. In general, fracture occurred spontaneously
on the first loading cycle before the maximum displacement was
reached, producing a drop in force and displacement as the indenter
hardware required a certain time to react to the changed compliance. If
the load- displacement curve did not show such a distinct force drop
(fracture), the individual experiment was regarded as an outlier.
Equally, loading curves showing a non-continuous force-displacement
curve, caused for example by relative sliding motion between the tip and
the PTP specimen, were excluded from further evaluation steps. The
second loading step serves for stiffness analysis of the broken PTP.

2.5. Evaluation and data processing

From an experimental viewpoint the EWF scheme enables straight-
forward calculation of the fracture parameter from the load-displace-
ment curve if dimensions are known. Several hundred files of data can
therefore be evaluated automatically via python script (Python 3.8.8).
But before the EWF evaluation can be applied a compensation of the
individual PTP frame stiffness is required. Firstly, a force of 15 uN was
specified as a stable force noise threshold, defining an initial point of
contact between the flat punch and the PTP top surface. Secondly, a
cubic polynomial with the constant parameter set to zero was applied to
the loading portion of the second cycle (after fracture) up to a
displacement of 3.5 um. Finally, the fit was subtracted from the first



A. Jelinek et al.

Fig. 4. Illustration of using e-beam post-curing to obtain the area of the frac-
ture surface by bending one half of the DENT I specimen. (a) Post-mortem PTP
DENT I specimen with (b) a magnified DENT I section directly after testing.
With e-beam scanning (by imaging) at the green marked area for about 5 min,
one half of the DENT I specimen is bent out as can be seen in (c) at equal
magnification. (d) With suitable microscope stage rotation the fracture surface
can be imaged. The blue frame indicates the magnified section in (e). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

cycle to finally obtain the load-displacement curve of the pure indi-
vidual DENT I specimen without the surrounding PTP frame. On the
processed data the force drop corresponding to failure of the specimen
was marked and used as an end point for all further processing.

The total work of fracture W¢ consists of the essential work of fracture
We and the non-essential work W), as depicted in equ. (1) [66]. Area
specific values can be defined by normalization with the shape of the
initial ligament, with [ being the ligament length and ¢ the thickness.
Since the plastic zone is associated with a volume around the inner
fracture process zone, a fracture geometry parameter f is introduced
along with the additional dimension of I, which is dependent on the
shape of the plastic zone around the ligament.

W = W, + W, = wlt+ pw, 't @

For the actual evaluation, the specific work of fracture wy is plotted
against the ligament length [ for all specimens tested, to which a linear
fit is applied, as shown in equ. (2). The fitting parameters yield the
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specific essential work of fracture w, at the y-intercept, and the specific
non-essential work of fracture wj, times g, as the slope [74].
wp = % = W, + fw,l 2)
According to equ. (2), the total work of fracture Wr was determined
by numerical integration up to the point of fracture, and with the
associated ligament length [ and thickness t, the specific work of fracture
we was derived. Results of multiple equal specimens are represented as a
conventional boxplot, where all data within a single PTP field of
approximately 100 measurements give five boxplots with respect to the
specimens’ ligament length L. Data points outside the higher or lower
boxplot whisker (defined by 1.5 times the respective inter quartile
range) are counted as outliers and excluded from the subsequent eval-
uation steps. For the remaining data points, the EWF fit is applied via
two standard methods for linear regression to obtain w. and pwy,
respectively. First, a least-square fitting is applied via an appropriate
python library (SciPy, version 1.8.1), and the data are plotted with the
Seaborn library (version 0.11.1). A confidence band of 95 % was added
to cover the statistical scatter within the data set. Furthermore, 95%
confidence intervals for the fitting parameters are derived based on the
standard errors of the interception Sg; and the slope Sgs by equ. (3) and
(4), where n represents the sample size t, represents the Student’s factor
from Student’s t-distribution. The latter is a function of the probability
level a, which was set to 5% in the current case, and of the number of
degrees of freedom, which is n - 2.
Wt = W &ty 2o @

N

(o) = Py £ 1,272 )

For further calculations, Young’s modulus E and yield strength ai,
dependent on the laser writing power and for a strain rate of 1x10™7 s~
were considered. For 44 mW an E of 2.6 GPa, as well as a oy of 67 MPa
was reported at a slightly decreased writing speed of 8 mm/s, together
with strain rate and temperature dependency [43]. Another source [40]
reported 3.5, 3.7, and 3.8 GPa for E and 72, 75 and 78 MPa for oy, for the
exact same writing speed of 10 um/s and laser power levels used and
based on the degree of conversions (DC) achieved. With 25, 27.5 and
30 mW a DC of about 43%, 44.5% and 46% was estimated, with a
maximum DC of about 47% for the used photoresist and system. How-
ever, the complex-shaped strain field around the notch is neglected in
such discussion, so the authors chose the plain E and oy values (3.5, 3.7,
3.8 GPa and 72, 75 and 78 MPa) relative to the applied laser writing
power) as baseline values for internal comparison.

The evaluation procedure outlined up to this point was applied
equally to all 21 PTP-fields, enabling a comparison of the parameters
obtained by the EWF evaluation with regards to laser writing power and
testing rate in the following section. For completeness, possible de-
pendencies due to post-curing after fabrication were also investigated,
because previous studies revealed a change in mechanical properties
such as Young’s modulus or hardness within days, even after UV flood
exposure [75], or through water uptake [76]. However, as no distinct
trends between short (1 day) and long (10 days) times between testing
and processing were evident, the results of these experiments are
included in the supplementary material Fig. S4, but not discussed in
detail here.

The essential work of fracture approach further suggests that the
plastic zone radius r, can be estimated from we using equ. (5) [74].

nEw,
2r, = £
802

()

It was shown in prior works [77] that the geometry and size inde-
pendent EWF results are connected to J-integral values. The non-
essential work pw), was related to the tearing modulus of the Jg-curve
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and the essential work w, to the J-integral at critical crack initiation J;
for plane stress conditions. However, slightly higher values might be
obtained by EWF [78,79].

2.6. Finite element modelling

The overall influence of the specific PTP sample geometry and
printing-related features was addressed in a previous work [65].
Therefore, the new FE modelling stage aimed at determining the influ-
ence of experimental misalignment between the nanoindenter tip
(which was not ideally flat) with the rounded top section of the PTP
samples. This FE model was created and processed with the use of
Abaqus (version 2019, Dassault Systemes, France) code and python
scripting (version 2.7.3).

For this purpose, the specimen geometry presented previously (with
the DENT I section thickness of 1 pm) was adapted as a baseline ge-
ometry imported from the stl 3D model. In order to observe a change in
the fracture parameters, a symmetrical crack was introduced in the
model, resulting in a ligament size [ = 5 um, mimicking the real geom-
etry of the sample with the crack. Since a non-symmetrical positioning of
the indenter tip was modelled, the full specimen (without any symmetry
plane) had to be modelled. The loading was modelled in two ways: in the
first case, as a reference, an ideally flat plane was used to compress the
PTP, resulting in reference J-integral and stress intensity factors values.
Secondly, a 3D model of the real, non-ideal tip was created as outlined in
the supplementary Figure S1. Only a minor simplification assuming the
symmetry of the tip geometry along the curved edge was used to keep
the FE modelling stage within a reasonable time. The model of the non-
ideal tip was subsequently positioned in a grid pattern over the top of the
PTP by + 20 um and + 10 pm in the length-wise and thickness-wise
direction (according to the rectangular PTP base dimensions), respec-
tively, to assess the possible misalignment of the tip with respect to the
centre of the PTP. Additionally, since the tip rotation cannot be tech-
nically aligned with the stage axis, the rotation of the tip in a range
between 0° and 90° in relation to the main PTP axis was considered. For
the details on the material model properties, the reader is referred to our
previous work [65].

Since the full model would be not fine enough for the precise eval-
uation of fracture parameters at the crack front, a sub-modelling pro-
cedure was used. The deformation field obtained by the global model
(meshed with 138,000 3D-stress linear C3D8R elements with reduced
integration and using the smallest edge size of 30 nm at the crack tip
area and 14 elements through the ligament thickness) was used as a
boundary condition for a smaller model, which encompassed only the
notched portion of the DENT I part of the PTP. This smaller model could
be meshed more finely with pie-like arrangement of the 315,000 3D-
stress linear C3D8 elements with full integration and using the small-
est edge size of approximatelly 1 nm at the crack tip area and 30 ele-
ments through the ligament thickness.

As results, the J-integral and stress intensity factors calculated with
the sub-model and the contour integration method (a built-in feature of
Abaqus code) were used and the value for the real tip shape in each
position was compared to the results from the ideal planar tip model. To
keep consistency between all the results, the values of the J-integral and
stress intensity factors for an external loading force of 1 mN were always
used.

3. Results

For a general demonstration of the testing procedure, one PTP
experiment is presented via SEM in situ mechanical testing (see Fig. 5).
The standard evaluation is showcased on a representative ex situ tested
specimen, from which a combination of the results of a whole PTP-field
yields an EWF description of the incorporated DENT I specimens (see
Fig. 6). Finally, the overall results of 21 specimen fields, covering 1997
equally processed PTP specimens, are shown (see Fig. 7) to demonstrate
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the high-throughput aspect of the applied methodology and the poten-
tial influences of laser writing power during production, as well as of
displacement rate during testing, on the EWF of the used photopolymer.

3.1. SEM in situ testing

For demonstration, one specimen was tested within the SEM to
observe the fracture event of the DENT I specimen and the deformation
of the PTP-frame in detail (see Fig. 5). The load-displacement data are
shown in Fig. 5(a), along with corresponding SEM graphs in (b) to (i) at
specific points during the two applied loading cycles.

After establishing contact between the indenter tip and the PTP, the
force increases linearly until the first deviation occurs (b), quickly fol-
lowed by crack initiation at point (c). Afterwards, fracture occurs
rapidly and only one data point can be captured between (c) and (d),
where the specimen halves are held in place by the outer PTP-frame.
Thereafter, the loading is continued up to the specified tip displace-
ment, followed by unloading until point (e). For capturing the force vs.
displacement graph and the stiffness of the PTP-frame, the second
loading cycle is applied equally, but up to a higher displacement.
Starting from the unloaded PTP device at point (f), the displacement on
top is transferred to bending of the struts and further to a nearly parallel
increase of the gap between the crack flanks at point (g). Near the
maximum displacement at point (h), a slight rotation of the geometry
becomes evident, which is already described in terms of an FE simula-
tion within a previous work [65]. Changes in contrast originate from
surface charging with or without indenter tip in contact. Throughout
different SEM images (see Fig. 2(c) and (d)), this charging pattern
changed with respect to viewing angle or scanning conditions,
respectively.

3.2. Ex situ testing via nanoindentation

Starting from compression experiments on a single PTP specimen,
the evaluation path to finally obtain EWF values from a whole PTP array
is presented in Fig. 6. Fig. 6(a) shows a raw force vs. displacement graph
of one representative PTP experiment. The first loading cycle (indicated
by blue bold markers) shows a nearly linear elastic loading section until
a maximum is reached, around when crack initiation takes place, fol-
lowed by a decrease in force corresponding to crack extension. As the
used indenter is inherently force controlled for this case, the force-drop
at final fracture also results in a jump in displacement until a stable point
is recovered again. Following the evaluation procedure as described in
the experimental section, and individually shown in Fig. 6(b), a force-
threshold is applied to redefine the contact point on the second
loading cycle and to enable the calculation of the polynomial fit (dashed
line). After the subtraction of the polynomial fit from the first cycle, the
numerical integral of force over displacement (blue area) up to the point
of fracture (last force reading before the jump occurs) can be considered
as the total work of fracture Wy. The derived values of specific work of
fracture w of a whole PTP-array are plotted as statistical boxplots with
respect to the ligament length and shown in Fig. 6(c). The numbers
beside the individual boxplots depict the absolute number of successful
experiments, including outliers (round markers). To obtain the essential
and non-essential work of fracture, a least-square regression is applied,
indicated by the full trendline. Additionally, a 95% confidence band is
derived and the y-axis offset as well as the slope errors are determined
with a confidence level of 95%. Equivalent graphs of all remaining PTP
specimen arrays can be found in the supplementary Figs. S2 and S3.

3.3. Summarized data

In Fig. 7, the results of all PTP arrays are shown comprehensively,
grouped by applied parameters. In Fig. 7(a) the specific essential work of
fracture we and in Fig. 7(b) the non-essential work of fracture pw;, of all
DENT I specimen arrays, written with a constant laser power of 25 mW,
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Fig. 5. (a) Force vs. displacement graph of a representative PTP experiment with two loading cycles (first: blue, second: orange). The marked points correspond to
the sub-figures (b) before, (c) directly at and (d) directly after the fracture of the incorporated DENT I specimen as well as (e) fully unloaded. On the second loading
cycle the response of the PTP-frame is captured, (f) before loading, (g) at about the half the maximum displacement, (h) at maximum displacement and (i) for the
fully unloaded state. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Representative evaluation and results of one ex situ PTP experiment including (a) initial load- displacement curve of the first and second loading cycle, (b)
offset data with polynomial fit (applied to the second loading cycle) to be subtracted from the first loading cycle and thereby obtaining the data of the pure DENT I
specimen. Integration until the point of fracture (shaded area) yields the total work of fracture W¢. (c) Summarized results of derived specific work of fracture we
values of 100 PTP DENT I specimens containing grid (excluding 8 outliers). Specimens of equal ligament length 1 are depicted as boxplots (number indicated included
entities). The black line shows the EWF regression (least-square method) applied, including 95% confidence band (light grey region).

but tested with varying displacement rates are shown. In Fig. 7(c) and
(d) the EWF evaluations for PTP-arrays tested with constant displace-
ment rate, but written with different laser power, are shown, respec-
tively. Data for 25 mW and 100 nm/s are included redundantly. For
summarizing the results, inverse variance weighted average values were
calculated, but datapoints with strongly negative mean values (below
—10 J/m?) were omitted due to their unphysical characteristic. Possible
reasons for obtaining negative w, will be discussed later in detail. The
weighted average value of w,, obtained with laser writing power of
25 mW, yields —1.5, 8.5, 8.2 and 12.1 J/m? for 10, 100, 300 and 1000
nm/s displacement rate, respectively. For fw, and equal displacement
rates, the values 14.7, 14.3, 15.2 and 15.6 MJ/m? were obtained.
Regarding writing laser powers of 25, 27.5 and 30 mW, w, values of 8.5,
7.6 and 26.3 J/m? and fw;, of 14.3, 10.1 and 10.6 MJ/m?* were obtained,
respectively. Based on the shown data, only a very weak correlation
between testing displacement rate and w. or fw, seems to be present,
buried within the scatter between separate measurements. Further, the
we values show a slightly increasing trend towards highest writing laser
power.

3.4. FE modelling

Since no direct information about the local rotation of the indenter
tip or contact point position between the real flat punch and specimen
shapes exists, FE simulations were carried out with different tip rota-
tions and positioning, as shown in schematically in Fig. 8. The contour
plots show the relative calculated J-integral values on the uncracked
ligament with respect to a perfectly flat and centred contact. Each plot
corresponds to a 30° increment of tip rotation and the individual x and 2
correspond to the lateral offset between specimen- and tip centres.

For the case of physical experiments, the actual tip rotation is un-
specified, but will not change during the experimental session, which is
not the case for the lateral offsets. As relative positioning errors are
present during stage movements upon fabrication and testing, the exact
point of contact will change within the positioning precision, which is on
the order of 10 pm as a rough estimation over about 1 mm travel within
the PTP field. However, the simulation can rationalize the magnitude of
misorientation error, which seems to lie within 10% for most of the
cases. It should be noted that due to the use of one symmetry plane of the
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Fig. 7. Comprehensive summary of parameters obtained from regression of all 21 EWF fits (1997 single PTP DENT I specimens) including 95% confidence intervals
as error-bars. For better readability, random spacings were introduced between discrete dimensions on the x-axis. (a) The specific essential work w, and (b) non-
essential work of fracture fw, plotted against the individually applied displacement rate during testing (10, 100, 300 and 1000 nm/s), of specimen arrays pro-
cessed with constant laser power (25 mW). Similarly, (c) and (d) depict results with respect to different laser writing power (25, 27.5 and 30 mW), but at constant
loading displacement rate (100 nm/s). Variance weighted mean values are depicted with black markers, connected by a dashed line. Data points with strongly
negative w, values (below —10 J/m?) were excluded before averaging (indicated by transparent symbols).
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tip model, the resulting contour plots for 0° and 90° tip rotations are
symmetrical along the x = 0 um and z = 0 um lines, respectively. The
real, slightly unsymmetrical tip can, on the other hand, introduce small
asymmetry in such results. However, since the tip shape asymmetry is
almost negligible, the deviation of the results would be negligible as
well. Additionally, due to the symmetry of the PTP specimen, only the
cases of 0° to 90°, with 30° increments in tip rotation, were modeled and
presented.

4. Discussion
4.1. PTP methodology and parameter influence

For demonstrating the high throughput nature, versatility and
straightforward application of the presented method, specimens were
manufactured and tested with two significant experimental parameter
variations. The laser writing power corresponds to the intensity of light
used during specimen fabrication and therefore increases the crosslink-
density with increasing writing power. This subsequently results in a
change of mechanical response, as both the yield onset and the Young’s
modulus increase with increasing laser processing power [40]. Thus, an
increase of w, with laser writing power parameter (see Fig. 7(c)) is
plausible.

Young’s modulus and yield strength are also intrinsically influenced
by the applied strain rate, as common for polymer type materials [43].
Up to this point, all results were presented as a function of the
displacement rate of the indenter tip on top of the PTP-frame, and not
directly as a function of the strain rate of the DENT I specimen. Starting
from the assumption that only elastic deformation occurs along the PTP-
frame, energy conservation would suggest that the strain rate is constant
over the frame, and only changes at plastically deformed regions located
near the notch for the present case. The translation of displacement to
strain through the PTP-frame to the DENT I is less straightforward. For a
direct approach, traceable features on the specimen could be added,
which would allow visual determination of the displacement shift and
subsequent calculation of the strain. This is a common approach in
small-scale testing, where the displacement cannot be accessed directly
[80-82]. For an even more advanced case, digital image correlation
could be employed to track specific surface features over the whole
ligament and thus obtain a 2D strain map for every imaging step. This
approach could be very promising for future works, as such features
could be easily added to the printed specimen. For estimation of 3D
strain information, shape correlated FE simulations could be employed,
even capturing the strain rate field around the notch with high precision.

However, for the present work, a first order direct observation of
displacement on top of the PTP-frame and crack opening in the DENT I
region was performed by manually tracking the decrease of the crack
flank distance during unloading in in situ experiments (see Fig. 5). A
relation between crack flank closing and retraction displacement was
measured, suggesting a direct translation of displacement on top of the
specimen and crack opening. Consequently, the testing displacement
rate on top of the PTP-frame gives a good estimation of the local
displacement rate of the DENT I specimen, considering initial linear
elastic assumptions. With a 38 ym long DENT I specimen, the engi-
neering strain rate is roughly between 3x10# s~! for 10 nm/s and 3x10°
2571 for 1000 nm/s.

Obviously, experiments within selected PTP arrays show some
scattering. The total work of fracture values scatter within a group of
equal specimens or within the whole array (see Figs. S2 and S3),
although unreasonable load-displacement data (as cause by out of plane
bending or slipping) were already excluded in the evaluation routine.
The inconsistent load vs. displacement behavior might be also related to
the displacement shift between the first and second loading cycle (see
Fig. 6(a)). After offsetting the load-displacement curves of the first and
second loading cycle (see Fig. 6(b)), overlapping regions underline the
assumption that no significant yielding of the PTP-frame occurred up to
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the maximum displacement of the first loading cycle. Therefore, the
non-linearity is reproducible to a large extent and is therefore assumed
to be visco-elastic and thus recoverable. If not considered, the non-
constant shift of the contact point would lead to over- or underestima-
tion of the total work of fracture after subtraction of the values obtained
by the PTP-frame-compliance fit and introduction of scatter. For a few
experiments where the time between first and second loading cycle was
increased (in situ SEM experiment) this systematic offset towards a
slightly higher displacement was less pronounced or even diminished
entirely. This leads to the assumption that incompletely recovered visco-
elastic deformation might be the origin. Detailed investigations of the
influence of visco-elastic contributions will be the focus of future work.

The lateral offset is mainly determined by the manual positioning via
the nanoindenter optics on the first PTP specimen (as further positions
are pre-programed) and with slight imprecision due to the resolution
levels of the stage controls of the indenter and TPL-printer. Slight un-
avoidable clearance in the printer and indenter stage might therefore
influence the testing results systematically, as the position misalignment
could sum up. The imperfect rounded shape of the indenter tip is likely
to enhance this issue, as position dependent errors are introduced.
Furthermore, the nanoindenter’s optical magnification is fixed, limiting
the initial optic-to-tip calibration accuracy to the order of micrometers.
With FE modeling and simulation, the effect of actual indenter shape and
misorientation errors along testing can be captured, as detailed in Fig. 8.
The simulations showed a maximum J-integral decrease in the range of
10%, when ideal and non-ideal tip at various positions and rotations are
compared for the same load level.

Although the introduced error changes the stresses at the crack front
for the same loading level, it is not affecting the work of fracture eval-
uation used in the results assessment. The different position and contact
between the tip and PTP have an effect not only on the J-integral value,
but also on the overall PTP stiffness response. Both phenomena are
embedded in the measured load-displacement curves, resulting in a
theoretically unchanged area beneath the curve until the point of frac-
ture, since the work of fracture depends only on the material itself and
the loading regime, which did not change with tip misalignment.
Therefore, the change in J-integral associated with the tip misalignment
can be considered to have negligible impact on the experimental results
as long as the tip remains in rigid contact with the PTP during testing.
This supports the validity of the measurements and suggests that the
spread of total work of fracture Wy amongst the individual experiments
with equal geometry is material inherent stochasticity, at least to a large
extent. Another origin of scatter might be introduced by the relative
change in stiffness and shape of the PTP between the first and second
loading cycle, caused by the positioning of the contact between the tip
and PTP. If the PTP’s top is not met centrically, the simulations showed
slight non-symmetrical motion of the PTP, leading to a significant
reduction in stiffness due to uniform sidewise bending instead of sym-
metric outward bending of the PTP’s struts. It can be argued that if the
deformation of the PTP is generally elastic, the contact point should stay
unchanged between the first and second loading cycle, and therefore,
the relative stiffness should be comparable. Nevertheless, some experi-
mental uncertainties (e.g. printing artifacts or local compaction under
the indenter tip), can lead to slight deviations between first and second
load segments. After offsetting of the load-displacement curves (see
methods section) during the experiment evaluations, this change in
stiffness can lead to a stochastic error at subtraction of the fits. There-
fore, it was found to be important that the subtraction of the second
loading cycle be part of each experiment individually, as a global
‘mastercurve’ would yield an increased uncertainty with regards to
the Ws values.

Furthermore, an off-centric loading of the specimen might lead to
mode II or mode III stress intensity contributions. These would lead to
misinterpretation of the experimental results obtained, since crack
resistance values are strongly dependent on the mode and pure mode I is
assumed [83]. These contributions were investigated in the already
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presented FE simulations and can be found in supplementary Figs. S5
and S6. There, the corresponding normalized mode II and mode III
contributions do not exceed 1%, independent of rotational and posi-
tional misalignment. Therefore, the present PTP geometry can be
considered to obtain pure mode I results with reasonable accuracy.

While future experiments should strive for a flat indenter tip to avoid
potential errors and FE simulations, the resulting low standard de-
viations on a significant number of experiments as well as the supporting
FE simulations and arguments outlined above suggest the validity of the
presented results, even with the non-ideal indenter tip geometry.

As the indenter tip, the specimen shows deviation from the ideal
shape. Fig. 2 shows a direct comparison of ideal and printed DENT I
geometry to visualize geometry imperfections. Discretization errors lead
to rounded edges and local deviations between designed and realistic
geometry, followed by inherent shrinkage during development. Thus,
the exact specimen dimensions must be determined after fabrication,
especially if object dimensions are near the resolution limit of the two-
photon lithography device. Besides the mentioned dimension (see sup-
plementary Table T1), a notch radius of 200-400 nm was achieved
directly by laser writing. Since further post-processing steps are avoided,
any damage to the material is avoided prior to testing. Thus, no effects of
artificially introduced notches (as by cutting or ion milling) will affect
the EWF values [84]. The present notch-tip presumably shows a larger
radius than a natural pre-crack tip. Therefore, the presented values
might be influenced by the notch radius and not only by the materials
resistance against crack initiation. A smaller opening angle might lead to
sharper notches but might also lead to proximity effects near the notch,
meaning imperfect polymerization. An in-depth investigation on
achievable notch radii will be the focus of future works and should lead
to ascertaining the ideal parameters for achieving the sharpest possible
notches. This is important as blunt initial notches result in systematically
higher EWF values [85].

Another source of error is the uncontrolled post-curing (associated
with shrinkage) of the photopolymer by UV-light or e-beam irradiation.
UV-irradiation is avoided by not exposing the samples to sunlight prior
to testing, so the material properties should not be changed. However, a
certain amount of post-exposure [75,86] could take place after testing
within the gold sputtering device, as the specimens are exposed to
plasma for applying a conductive gold layer for SEM imaging. This
procedure does not influence the experiments directly but is required to
obtain the specimen dimensions from SEM images. If uncoated, charge
accumulation of the electrically insulating polymer and substrate would
lead to considerable image distortions during build-up.

During imaging, even with a low acceleration voltage, a sink-in of
these regions takes place due to post-curing directly by electron irradi-
ation or by the introduction of local heat. Also, post-curing due to e-
beam irradiation was reduced to a minimum by limiting the imaging
time (and use of fast scanning modes). Otherwise, this effect was used
beneficially to deform certain printed regions. By irradiating (through
extended imaging) the DENT I specimen one side is bent purposely
sidewards, enabling to image the fracture surface, as indicated in Fig. 4.

For estimating the effect of residual stress (due to shrinkage by the
TPL process) on the w,, a separate experiment was conducted, whereby
the details are outlined in the supplementary material. To our concern,
the EWF results would have to be shifted by 0.39, 0.22, or 0.10 J/m? for
the respective laser writing power (25, 27.5 or 30 mW). Therefore, the
influence of residual stresses lies within experimental and fitting un-
certainties and can be safely neglected for the given specimens.

Despite these TPL associated peculiarities, one should not oversee
the main aspect of relative position accuracy enabling reproducible
specimen manufacturing, which enables high throughput testing in the
first place. Regarding overall testing time, the time spent for initial
alignment and setting up the indentation methods at the specified po-
sitions (together just a few minutes), which must be performed once per
substrate, can be neglected since one substrate bore multiple arrays. The
loading rate remained the most significant time factor — single
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experiment took from 17 s (for 1000 nm/s displacement rate) up to 28
min for the 10 nm/s displacement rate. Thermal drift correction was
performed on top of each specimen for the individual experiment via the
standard approach consuming additionally about 40 s. Since the stage
movements are limited to repositioning and a minimum retraction can
be chosen between single experiments, just a few seconds are added,
depending on the traveling path. Altogether, testing of one specimen
array with the “standard” loading rate of 100 nm/s took roughly 8 h,
which is not optimal. Besides minor adjustments, the unloading rate
could be increased considerably as no data are used from this section
with the present evaluation procedure.

In principle, the methodology is not limited to small-scale specimens
and might be employed for meso-scale or large-scale 3D manufactured
materials. However, as larger scale specimens allows for easier handling
and easier achievability of size restrictions for standardized sample ge-
ometries the key advantage of the such push-to-pull type geometries
might not be as prevalent as for micron sized specimens. Furthermore,
the easy accessibility of precise nanoindentation device which allows for
automated testing of a very high number of specimens (on a micrometer
scale), while mm sized specimens might necessitate a custom solution
compression testing rig. Still all the benefits of ‘theta’-specimens in
comparison to common tensile type specimens (misalignment issues,
specimen mounting) hold independent of size and might lead to easily
accessible statistically significant evaluations on any scale.

4.2. EWF — General considerations

As for the standardized method, validity considerations should be
carefully discussed on the miniaturized version. The fracture behavior of
the in situ specimen suggested brittle failure with no directly visible signs
of plastic deformation. This is evident on the fracture surface depicted in
Fig. 4(e), where smooth surfaces on top and bottom of the image indi-
cate prior notch regions until the surface impression change towards the
actual fracture surface closer to the ligament center. Crack marks
describe a crack originating from the center of both notches stretching
towards the remaining ligament thickness with an equal surface
impression through the whole ligament thickness. As the cracks do not
meet at the very same position, a visible surface step developed slightly
nearer towards the lower notch. These more or less pronounced steps at
individual specimens might originate from a slightly off-centric loading
on top of the PTP-frame, influencing the crack direction to a small
extent. All features described are common for brittle failure. Fracture
surfaces show no change in appearance irrespective of ligament sizes.
Furthermore, similarity of the load-displacement curves (after
compensation of the PTP-frame) indicates no change in failure mode
across different specimen geometries.

A generally stable crack growth is evident at crack initiation, from
images captured in this phase and the section of decreasing force after
the maximum force is reached (see Fig. 6 (a) and (b)). It should be
mentioned that the indenter for the ex situ experiments is inherently
force-controlled, which is unfavorable for stable crack growth. A full
yielding of the ligament, as required by the EWF method, cannot be
confirmed visually (as crazes on larger specimens) before the crack
propagates. Furthermore, the in situ SEM experiment indicates unstable
(spontaneous) crack propagation after the initially stable onset.

Exact size requirements, as developed for standard size specimens,
are still scientifically discussed in the light of the present small-scale
experiments. A lower boundary of the ligament length [ > 3-5 t was
established [70,74] (with t being the specimen thickness), which is the
range of the smallest ligaments produced within the present work. Thus,
this requirement is fulfilled at least in the less restrictive version (I > 3 t)
in every case. Hashemi [87] argued, that [ > 5 t would be required for
pure plane stress conditions (especially for polymeric materials), but
that mixed mode cracking, as if the ligament size surpasses the plastic
zone, would not affect the linearity of wg vs. [ trend considerably [68].
However, some literature data well below the I > 5 t border also leads to
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a deviating slope, suggesting that the strict thickness and ligament in-
dependence of w, does not hold anymore for an increasing plane strain
state [88-90]. Otherwise, it was suggested to find the loss of linearity
based on a statistical approach presented in [91]. The upper boundary of
I < W/3, with W being the unnotched specimen width, could be not
fulfilled with the current specimen design. However, as trying to fit all
the different ligament lengths between these restrictive bounds would
lead to very small spacings between them, the limited linear extrapo-
lation range would lead to considerably larger uncertainties. Therefore,
it was decided to utilize the larger spread of ligament lengths, neglecting
the upper bound criterion.

Another interpretation requires I < 2r, (see equ. (3)) to ensure full
yielding of the ligament. If the plastic zone radius is estimated for the
size regime of the presented results (meaning a we of around 10 J/m?
and with above mentioned material parameters), 2r, yields 2.8 um,
which is smaller than all ligaments used. Duan et al. [92] modified the
EWF model to capture the effect of fully developed plastic zone, which
does not fully cover the whole ligament, leading to bi-linear wy vs. [
correlation. As no such trend was observed in the present data, the re-
sults are considered to lie within the regime of the initial linear
description of the EWF methodology.

Another recommended approach is to test for Hill’s plasticity crite-
rion [93] and a plane stress state, as required by the concept of EWF
measurements. Therefore, the cross-sectional net stress oy at maximum
force (o = Fiax / (It)) should be smaller than 1.15 of the yield strength.
If this is not the case, a mixed mode stress state is present for elastic-
perfectly plastic materials [78]. For strain hardening materials, the ul-
timate tensile strength should be used instead of the yield strength [94].
To visualize Hill’s plasticity criterion for the present case, suitable plots
were added within the supplementary material (Fig. S3), where the
maximum force after compensation for the PTP-frame was used as Fyax.
In every case the criterion is fulfilled just nearly or not at all. It should be
underlined that the tensile yield strength should be taken as an estimate
due to the small number of references for IP-DIP, and that the overall
strain rate used for estimating the yield strength is based on a second
assumption, namely neglecting the influence of the notch. With a strain
rate of about 3x102 s7, which is near the applied value, the yield
strength of IP-DIP surpasses 100 MPa [43], at which a considerable
amount of specimens would fulfill the Hill’s plasticity criterion. Another
empirically found criterion suggests that oy should not deviate>10%
from the mean value to ensure an equal stress state within all specimens.
This criterion is never fully fulfilled, as the ratio of specimens outside
these borders varies between 7% and 94% for the PTP arrays presented.
An indirect determination of Fp,x based on the frame stiffness
compensation is the most likely origin of this deviation [95].

To summarize, exact determination of valid ligament lengths is not
possible, as the stress state cannot be directly accessed. The transition
between pure plane stress and plane strain dominated geometry di-
mensions is uncertain, with mixed stress state present in between. The
authors of a recent work suggest finding the upper dimensional limits (I,
t) via digital image correlation. The lower limits could be accessed via
the loss of linearity, on which the EWF approach is founded, and indi-
cating the presence of a mixed stress state [91], backed with FE simu-
lations in the optimal case [96]. If the borders could be found with high
certainty, the work suggested distributing the specimens at targeted
points to control the variance of EWF results or optimizing the specimen
material [97]. A general comparison to macroscopically sized EWF
values cannot be performed straight forward, since as the fracture
toughness is inherently sheet thickness dependent in plane stress
conditions.

A negative specific essential work of fracture w,, would indicate a
negative binding force within the solid, which is unphysical as at least
the surface energy is required to force a crack through a bulk solid. As
the specific essential work of fracture we is a result obtained by linear
extrapolation, the value is significantly influenced by relative changes of
the data point spacing used for fitting or other experimental
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uncertainties, which might have summed up to finally negative values in
extreme cases. Otherwise, taken as such, negative results for w. might be
a hint for a change in stress state during loading [71]. However, the
majority of the data shows a linear trend with physically reasonable
scatter, and an evident linear trend suggests a significant content of
plane stress state. The measured absolute values for w, of 7.6 — 26.3 J/
m? seem comparable with chemically similar material values form filled
dental resins (11 — 47 J/mz, derived using plane stress assumptions [98]
with Young’s modulus of roughly 6 GPa for the respective composites
[99,100]) [101]. Thus, the obtained values do not seem to be unphys-
ical, although they are low in general.

While Young’s modulus and yield strength of IP-DIP increases by
20% to 54%, within the range of tested strain rates [43], a nearly con-
stant w, is present, rendering the behavior a nearly rate independent.
With respect to potential loading rate effects [102], the displacement
rate was varied over three orders or magnitude and no clear trend of we
was observed, which could be due to several reasons. Since the
displacement rate could be only derived from the indenter tip and not
measured directly on the specimen, the applied displacement rate might
not be directly translated within the PTP-frame due to some viscoelastic
relaxation in principle. Other studies reported a small decrease of the
fracture toughness (from 0.95 to 0.8 MPam®®) with increasing crack tip
strain rate (1 %x10% to 0.1 s’l), associated with change of crazing
behaviour [103].

4.3. EWF vs. Linear elastic description

As the in situ experiment (Fig. 5(c)) depicts, stable crack growth is
only evident for a small portion of the load—-displacement curve, and is
followed by rapid crack extension. This behaviour is not identical to the
standard EWF measurements where a continuous decrease in load down
to zero is commonly observed. Therefore, a complete plastification of
the present specimens is not inherently evident and it can be argued that
the fracture process could, to a certain extent, be governed by stress
intensity, i.e. linear elastic fracture mechanics considerations. The
groundwork for linear elastic analysis within the present specimen has
already been described in an earlier work [65]. Abdellah et al. [104]
showed recent experimental results on semi-brittle fiber-reinforced
epoxy specimens, where classical stress intensity (K;) measurements
were compared with results obtained from EWF and extended FE ap-
proaches and found that even in the case of semi-brittle behavior, the
EWF methodology seems to remain valid. For avoiding misinterpreta-
tion, the diametrical difference between the fully plastic and energy-
based EWF and the linear-elastic stress intensity based K approach
should be underlined at this stage. As the principal models rely on
different fundamental assumptions translation between values, even for
comparison, should be performed with great awareness of mixing
different concepts. Valid unconditional critical fracture toughness
values (Jic / Kic) can be obtained only within the borders of standard-
ized testing methods and validity criteria, presumably requiring larger
dimensions of specimens on the current material.

Therefore, a comprehensive comparison of current results within the
frameworks of EWF and linear elastic analysis is given in the following.
The required geometry factor for the entire specimen geometry was
originally derived for the purpose of (linear elastic) FE simulation,
which is now used with experimental data. The maximum force of the
individual PTP experiments has been found to correspond to the crack
initiation point during the in situ experiments, and a conditional stress
intensity factor for mode I fracture, Kgg, near to the crack initiation value
can be estimated via the previously derived geometry function.

Only for comparison of linear elastic and essential work of fracture
concepts, the relation we £ J;, which is valid for the DENT I specimen
geometry [77,88,105] is employed to derive a stress-intensity-based
fracture quantity for crack initiation K. Therefore, Shih’s general
relation for plain stress condition, shown in equ. (6) [98] is used [77].
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Consequently, the results can be compared as depicted in Fig. 9(a).
There, the linear regression was equally applied to the wy trend as
described in the experimental section, with its results in the legend. As
Kgg values are not expected to show any trend with [, a mean value over
all results of the PTP array, K, pg, is calculated and represented as
dashed line with two standard deviations (corresponding to a 95%
confidence band) as a measure of uncertainty in grey in Fig. 9(a). A
slightly increasing trend with I (depicted by the lower slope triangle) is
neglected, which suggests a far field stress (T-stress) influence of the
specimens in the chosen ligament range, where the shorter ligament
lengths already exhibit the influence of a plane strain contribution, i.e. a
lower apparent fracture toughness in comparison to the longer ligament
lengths [91].

Even with the difference between the two analysis variants and by
neglecting some restrictions in a classical fracture mechanical sense it is
evident that both methods lead to comparable results as their intersec-
tion at [l = 0 pm is in good agreement. This suggests that the EWF
methodology is also applicable for determining w. within quasi-brittle
fracture characteristics on the microscale as has also been observed
previously on macroscopic fibre reinforced laminate specimens [104].

This dual analysis has been conducted for all PTP arrays in this work
and the results are shown in Fig. 9(b), where all derived Ky, are plotted
against Kq pg with corresponding uncertainties. The markers indicate
the laser power levels applied for specimen processing as indicated in
Fig. 7, but not differentiated with respect to displacement rate applied.
Negative and non-physical K values were omitted. While qualitatively,
the average of all data points seems to show a 1:1 correlation, it is
evident that the values obtained via EWF show a significantly higher
scatter when compared to the linear elastic values. However, with
respect to experimental evaluation of future materials, which might
exhibit stronger non-linear elastic behaviour the EWF method remains
promising, as it is less influenced of such processes.

5. Conclusion and outlook

Within this work, a methodological approach for fracture analysis is
presented. It includes specimen fabrication, mechanical testing, and
evaluation — all tuned for small-scale specimen testing in a high
throughput manner. This work showcases high throughput testing of
over 2000 complex shaped specimens on the micrometre scale,

(2)
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presenting the possibility of testing specimens produced by TPL and
obtaining statistically significant data. A printed PTP geometry incor-
porating a DENT [ specimen is used and automated mechanical testing is
realized by a nanoindenter. Furthermore, an EWF evaluation scheme
was detailed and applied to study influence of displacement rate and
TPL laser power on fracture parameters. For the negative tone TPL
photoresist IP-DIP, a specific essential work of fracture w, between 7.6
and 26.3 J/m? and a non-essential work pwp between 10.1 and 15.6 MJ/
m? were determined. The EWF parameters reveal a negligible influence
of the displacement, strain rate or ageing time, but a slight increase of w,
with laser writing power.

By combining the presented methodology with additional specimen
geometries such as micro-pillars, material properties (such as E and oy)
of photoresists might be determined within one automated experimental
session. Furthermore, the use of such base specimens in conjunction
with thin film deposition techniques would facilitate investigation a
variety of material combinations. From that, a standardized testing
procedure could be formulated, including a list of scalable digital
specimen models arranged side by side and uniformly manufactured. As
the global actuation remains limited to compression testing, and
therefore avoids individual complex positioning efforts, automated
testing on a statistically relevant number of specimens can be performed
in a straightforward manner. With the inclusion of additional calibration
bodies, where important dimensions are directly visible (such as PTP
devices without the top part printed), the determination of under- or
oversized geometries by the printing process could be reduced to a
minimum.

Given the relevance of TPL photoresist material systems in several
rapidly growing fields, such as flexible electronics, microfluidic lab-on-
a-chip, smart textiles, and the need for a reliable design, we hope that
this testing concept will facilitate valuable insights into various mate-
rials science problems in the future.
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