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Programmable Mechanical Properties of Two-Photon
Polymerized Materials: From Nanowires to Bulk
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Two-photon polymerization direct laser writing (TPP-DLW) is the most
promising technology for additive manufacturing of geometrically complex
parts with nanoscale features, and could dramatically accelerate the
development of a wide range of engineering micro/nanosystems. However,
a major obstacle to TPP-DLW'’s widespread industrial adoption is the

lack of systematic data on material properties and limited knowledge on
their correlation with processing parameters. These correlations for the
acrylate-based resin IP-Dip are experimentally established over a large

range of process parameters and length scales ranging from nanometers to
centimeters. Universal characteristic relations between mechanical properties
and process parameters are identified, which enable the tailoring of the
material strength and stiffness over half an order of magnitude from rubbery
soft to hard and strong. With a threshold-based optics model presented

direct laser writing (TPP-DLW) being the
most versatile technology for fabricating
3D meso, micro, and nanoscale parts.!'*!
Some of the most prominent research
fields accelerated by TPP are photonic and
mechanical metamaterials,*® microactu-
ators,#l microrobots,>! bioscience, 1214
and biomimetics."""] Microfluidic and
biomedical ~ devices,'¥221  microoptical
elements on fiber-tips,?>% and chip-to-
chip interconnects,??” may soon become
the first industrial applications.

While TPP technology is rapidly
progressing,l’l fabrication is still largely
empirical, hindered by the lack of sys-
tematic data on material properties (e.g.,

herein, the mechanical properties of the two-photon polymerized material
can be accurately captured as a function of the applied process parameters,
laying the foundation for a universal quantitative predictability of two-photon
polymerization with programmable mechanical properties. This knowledge
enables fabrication of microscale components with tailored local gradients in
their mechanical properties, with significant implications for the development

of novel mechanical, photonic, and photonic metamaterials.

1. Introduction

Additive manufacturing is rapidly advancing toward wide-
spread industrial usability, with two-photon polymerization
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strength and stiffness), and limited
knowledge on their dependence on the
process parameters. A small number of
studies have reported certain properties
of two-photon polymerized materials.[28-32
However, most studies were specific to
particular, application-relevant specimen
geometries and sizes, with limited general
implication on the establishment of TPP
processing-structure—properties relations.
Mechanical properties like strength and
stiffness have not been studied, or were estimated from indi-
rect measurements, respectively.?>31 By contrast, for additive
manufacturing processes which have experienced wide-spread
industrial adoption (e.g., fused deposition modeling and direct
metal laser sintering), processing-microstructure-properties
relationships have been studied extensively,>*¢l with the
overarching goal of understanding all the underlying physical
mechanisms. Clearly, TPP will not reach significant industrial
penetration until precise and reliable specification and control of
material properties are established.

TPP uses a focused ultrafast pulsed laser beam to locally
expose a photosensitive material by two- or multi-photon
absorption.!l Polymerization only occurs within a con-
fined ellipsoid-shaped volume in the focal point of the laser
beam. This volume element, or voxel, is the most elemental
TPP feature. Smallest reported voxels dimensions are below
100 nm,3 while typical widths and heights are >200 nm
and >600 nm, respectively. TPP-derived parts are generally
hatched from multiple voxel-lines, i.e., continua of voxels, in
a line-by-line fashion, using galvanometric mirrors and 3-axis
stages.

(10f11) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The most common TPP materials are negative-tone acrylate-
based resins,”738 due to their processing ease and the wide
assortment of functionalities and monomer sizes.*” Other
successfully employed materials include epoxies, most notably
SU-8,[* hydrogels,*!l organic-inorganic hybrids,*? proteins,*3!
and elastomers like PDMS.* In the simplest case, acrylate
resins consist of a monomer, which will be cross-linked, and a
photoinitiator, which absorbs light and cleaves into free radicals
which then start the polymerization reaction. During polymeri-
zation via radical chain growth, several initiation, propagation,
and termination reactions, each with their own different rates,
occur simultaneously. Monomers react only with the propa-
gating reactive center, not with other monomers, and chain
addition ceases when the concentration of radicals is depleted
by a number of termination reactions. Although reaction
kinetics differ,®! the fundamental mechanisms which impact
mechanical properties are often similar,*®*’! and comparable
dependencies on TPP process parameters may be expected.

The mechanical properties of acrylate-based resins are
related to the degree of conversion (DC), i.e., the extent of
cross-linking between polymer chains, which itself correlates
with the exposure dose of light (D) during fabrication. The
DC can be assumed proportional to the number of radicals
generated within a volume element.*¥! Neglecting diffusion
mechanisms,*’ the density of radicals (p) is given by the two-
photon absorption rate equation

%=(P0—P)5zx«f M
with the photoinitiator concentration in the uncured photore-
sist (pg), the effective two-photon cross section (0,g) and the
spatial photon flux intensity distribution (I), corresponding to
the typically Gaussian spatial laser beam profile at the focal
point.*! Integration of Equation (1) gives the dependency of p
on D as

p=po(1-e ) )

where D is the integral of I* over the exposure time (t). The
solubility of negative-tone photoresists is a highly nonlinear
function of the exposure dose, causing a distinct threshold
behavior, whereby a polymerized photoresist network remains
soluble below a threshold exposure dose (Dy,). This means that
sustainable polymerization able to withstand a solvent bath
requires D > Dy,. Conversely, above a certain damage threshold,
the photoresist may boil. The ratio of damage to polymerization
threshold is the dynamic range of the photoresist. Equivalent
relations are valid for cationic polymerization of epoxies.*’]

Three key TPP process parameters determining the expo-
sure dose, as well as the fabrication duration and accuracy,
are the laser average power (P), the writing speed (v), and the
writing density, which can be quantified by the hatching dis-
tance (dy) and the slicing distance (ds) between neighboring
voxel-lines.”® Based on the TPP model discussed above, D can
be expressed as

2

D=D, Dy = - D, 3)
v
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with the spatial exposure dose distribution (Dy), relative to the
peak value (D,).*”>!l D, can be expressed in terms of P, v, and
Dy correlates with the spatial intensity profile of the laser beam.
For a hatched material, Dy is a function of dj, and d.

Development of meaningful and reliable mechanical prop-
erty data of two-photon polymerized materials requires the
systematic characterization across the entire dynamic range,
on all relevant length-scales. The size of a solitary voxel-line
feature and its mechanical properties correspond to the above-
threshold portion of the Gaussian intensity profile of the laser
beam. Surrounding polymerized material corresponding to
the below-threshold wings of the profile is dissolved during
development. When several voxel-lines are printed with the
same process parameters in sufficient proximity, the doses
of the sequential exposures accumulate, with the photoresist
“remembering” previous below- and above-threshold expo-
sures. Depending on the applied process parameters, this
“memory effect” may further cross-link already insoluble mate-
rial, or form new, less cross-linked material by the overlap of
below-threshold Gaussian wings.? Enclosed minima may
permanently remain below threshold, resulting in weak regions
within a polymerized part. In practice, this ideal memory effect
is superimposed to time-dependent processes, such as mole-
cular diffusion.*! Thus, the effective properties of TPP-derived
parts are a nontrivial function of the properties of the corre-
sponding constituent features.

In this paper, we systematically characterize the mechanical
properties of the two-photon polymerized acrylate-based resin
IP-Dip. We report the direct measurement of the mechanical
properties of individual voxel-line features and derive the
mechanisms controlling the effective mechanical properties of
TPP-derived hatched parts. Specimens spanned multiple length-
scales, from 190 nm to centimeters (Figure 1a), including nano-
wires consisting of individual voxel-lines, multi-voxel-line bars
and conventionally cured bulk samples. We measure Young’s
modulus (E), yield strength (oy), ultimate tensile strength
(ours), and degree of conversion by uniaxial compression and
tension experiments and Raman microspectroscopy, respec-
tively (Figure 1b—d). We find that the mechanical properties of
solitary voxel-lines are largely independent on their size and the
applied TPP process parameters, suggesting the existence of a
mobility threshold which counterbalances the expected process
parameter-sensitivity. In contrast, multi-voxel-line hatched parts
can be vastly tailored from rubbery soft to hard and strong,
depending on the degree of “overlap” of constituent voxel-line
features. We identify universal characteristic trends for the
mechanical properties, which hold over a large range of process
parameter combinations. We quantify the observed behavior
with a threshold-based optical model, which accurately captures
the mechanical properties of the two-photon polymerized mate-
rial as a function of the applied process parameters. This study
provides a database to systematically tailor process parameters
depending on the required mechanical properties, precision
and process time for IP-Dip and lays the foundation for a uni-
versal quantitative predictability of the mechanical properties of
TPP-derived parts. While IP-Dip is one of the most commonly
used TPP materials, the fundamental physics unveiled in this
work will apply to a wide range of photosensitive material
systems.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Mechanical characterization of the triacrylate TPP resin IP-Dip from nanowires to bulk, from polymerization to damage threshold. a) The
investigated length scale ranges from sub-voxel gradients over individual voxel-lines and multi-voxel-line hatched specimens to conventionally cured
bulk material. Representative b) compressive and c) tensile stress—strain curves and d) Raman spectra show the large tailorability of strength, stiffness
and degree of conversion (DC) of multi-voxel-line hatched specimens compared to solitary voxel-lines and bulk specimens.

2. Results

2.1. Single Voxel-Line Specimens

Two-photon polymerized nanowire specimens are designed
as dumbbell-shaped cantilever bars with one voxel-line in the
gauge section, allowing for the direct measurement of the
material strength and stiffness at the most elemental TPP level.
Single voxel-line cantilevers are printed onto previously formed
support blocks, and dumbbell sections are subsequently added
by alternatingly printing additional lines on both sides. This
symmetric printing strategy with sufficiently low writing speeds
overcomes the typical warping of unsupported slender TPP
features due to close-by exposures, resulting in high-quality
specimens over the entire dynamic range of the photoresist.
Customized support blocks provide easy accessibility without
the need of additional specimen preparation. Figure 1b,c
includes compressive and tensile stress—strain curves of speci-
mens with =400 nm wide voxel-lines (Movies S1 and S2, Sup-
porting Information). We find elasto-plastic behavior, with
almost identical yield strength and stiffness under compression
and tension. The material is remarkably tough, considering
the high ultimate tensile strength of 255 + 7 MPa with failure
strains over 40%.

The mechanical properties of voxellines are found to
be largely insensitive to their size and applied TPP process
parameters (Figure 2). We manufacture 190-640 nm wide
compression specimens, by varying the combination of laser
average power and writing speed (Figure 2a). For a first set of
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specimens, we keep v constant at 10 um s7! and vary P across
the entire dynamic range of the photoresist, with the smallest
and the largest specimens at the polymerization and the
damage threshold, respectively. A second set of specimens is
manufactured with v spanning four orders of magnitude from
100 to 10 000 um s~!, where P was adjusted to yield =300 nm
wide voxel-lines. Figure 2b shows the mechanical properties of
both specimen sets as a function of the voxel-line size, while
Figure 2c shows the mechanical properties as a function of P
for specimens printed with v = 10 um s™!. Toward the polym-
erization threshold our data indicate a certain decrease in the
Young’'s Moduli as well as to some extent in the compressive
yield strengths. However, both E and o, plateau in a narrow
range with average values of 48 + 6 MPa and 2.4 + 0.3 GPa,
respectively.

2.2. Hatched Multi-Voxel-Line Specimens

In contrast to individual voxel-lines, the mechanical prop-
erties of hatched multi-voxel-line specimens show a pro-
nounced dependency on the TPP process parameters
(Figure 3), consistent with previously reported data.?831]
We examine the impact of different combinations of laser
average power, writing speed and writing density. E, o,
and DC are measured by uniaxial compression and by
Raman spectroscopy of bars with nominal dimensions of
20 x 20 x 65 pm, with a constant hatching-to-slicing-distance
ratio (dg/dy, = 2).

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Mechanical properties of voxel-line features are found size and TPP process parameters independent. a) Varying the combination of laser
average power (P) and writing speed (v) across the dynamic range of IP-Dip manufactures compression specimens with 195-660 nm wide voxel-lines.
Compressive yield strength and Young’s modulus versus b) voxel-line size and c) P (only specimens with v =10 um s™'). d) Simulated radical density
(p) in voxel-line cross-section depending on P (v=10 um s7'); local gradients (left) and corresponding effective properties (right) considering a mobility
threshold (m) which limits p, compated to a mobility threshold free material (m = ). Increasing (m) with respect to the polymerization threshold (th)
reduces process-parameter sensitivity of p, degree of conversion (DC) and mechanical properties (mech).

P, v, and d, each show a characteristic impact on the
mechanical properties, allowing to tune E and oy across half
an order of magnitude, from 0.6 to 3.6 GPa and from 20 to
70 MPa, respectively (Figure 3a). E, o, and DC increase with
P and decrease with v and dy. In all cases, specimens start
to fully form with a DC above =20%; by comparison, the
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damage threshold is just below =45% (Figure 3b). Decreasing
mechanical properties are thereby accompanied by increasing
shrinkage with respect to the nominal dimensions (Figure 3c
and Figure S1, Supporting Information). Correlating
with emerging porosity for d;, 2 0.45 um, the DC plateaus
above =20%, whereas the mechanical properties drop. For

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. TPP process parameters tailor the mechanical properties of hatched multi-voxel-line specimens. Laser average power (P), writing speed
(v) and hatching distance (dy) (left to right column) have a characteristic impact on a) compressive yield strength (0,), Young's modulus (E)
and b) degree of conversion (DC). Measured DC values are complemented by analytical predictions (Equation (6)). c) SEM images of selected

specimens.

v > 6000 um s and d;, > 0.6 um, specimen quality starts to
significantly degrade, making mechanical tests unfeasible.
The found dependencies well translate to other ratios d/dj,
(Figure S2, Supporting Information), whereby the effective
properties slightly shift corresponding to the varying writing
density.

Combining all experimental results from Figure 3, shows a
linear dependency of E and o, with the DC (Figure 4). Inde-
pendent from specific process parameters, specimens with the
same DC roughly have the same mechanical properties. E and
0y, approximately increase with the DC as

E=(9.52DC-0.56) GPa (4)
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o, =(170.36 DC—0.84) MPa (5)

Conversely, the above equations allow estimation of the
DC of individual voxel-lines, which may hardly be measured
directly due to their small dimensions. With the average voxel-
line strength and stiffness, Equations (4) and (5) estimate a DC
of =30%.

The tensile properties of hatched multi-voxel-lines speci-
mens well correspond to the compressive properties and their
process parameter dependency. Under tension (Figure S3, Sup-
porting Information), increasing P from 9.5 to 17 mW, with
v =1000 um s7}, dy = 0.1 um and d,/dy, = 2, increases E from
1.5 to 3.5 GPa, the same as under compression (Figure 3). At

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Combining the mechanical property data of hatched specimens from Figure 3 shows linear scaling with the degree of conversion (DC),
independent from specific process parameters. With increasing laser average power (P), decreasing writing speed (v) or decreasing hatching distance
(dy) the dose distributions of neighboring exposures increasingly overlap. Depending on the extent of overlap, the “memory effect” creates additional,
weaker cross-linked material (effective properties reduced with respect to solitary voxel-lines) or further cross-links previously formed above threshold
material (effective properties increased with respect to solitary voxel-lines). Data points of nonporous, fully formed specimens are shown.

the same time, the ultimate tensile strength varies between 115
and 230 MPa.

The measured relations between TPP process parameters
and mechanical properties (Figures 3 and 4) are found to be
universal for a large range of process parameter combinations.
Figure 5a shows the dependency of the DC of hatched multi-
voxel-line specimens on both P and v over a range of 5-50 mW
and 400-100 000 um s~!, respectively, with d, = 0.1 um and
dy/dy, = 2. While trends remain similar, they become milder
with increasing v. Over a large field of combinations of P and v,
the accessible DC range of roughly 20-45% corresponds to the
results of Figures 3 and 4. For v > 50 000 um s, the maximum
DC before overexposure starts to drop and is below 35% for
v=100 000 um s

With increasing dimensions of hatched multi-voxel-line
specimens, the mechanical properties decrease. Increasing
the edge length of square-shaped compression bars from 2 to
80 um decreases the DC from 41% to 33%; similarly, E and
oy decrease from 3 to 2.3 GPa and from 64 to 56 MPa, respec-
tively (Figure S4, Supporting Information). Bulk specimens of
0.4 X 0.4 x 1.2 cm nominal size are cured by single-photon flood
exposure. Compressive yield strength and Young's Moduli of
up 65 MPa and 3.3 GPa are measured, respectively. In contrast
to TPP-derived microbars, the bulk specimens are affected by
spalling and hairline cracks, which are present prior to testing
(Figure S5, Supporting Information). We measure the density of
bulk specimens as 1.25 + 0.01 g cm~3, which is about 6% higher
than the density of the liquid resin.>’]
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Figure 5. A threshold-based model predicts the degree of conversion (DC) depending on the TPP process parameters. a) Experimental data and
predictions (Equation (6)) for a range of combinations of laser average power (P) and writing speed (v). b) With the effective writing speed (vg) the
predictive model accounts for diffusion afflicted polymerization; values of v.g/v determined based on all conducted experiments (Figures 3 and 5a) are

proportional to the ratio of writing to diffusion time (,/t4).
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3. Discussion

3.1. Single Voxel-Line Specimens

Knowledge of the mechanical properties of individual TPP
features is key for a thorough understanding of the mecha-
nisms determining the mechanical behavior of TPP-derived
parts. However, difficulties in reliable fabrication of nanoscale
specimens, in combination with strain measurement chal-
lenges (due to charging of the polymer inside the SEM) and
low stiffness and strength of the material (resulting in very
small loads) make mechanical experiments challenging. The
limited number of existing studies are based on indirect, error-
prone measurements, reporting the nanomechanical behavior
of TPP materials to be subjected to pronounced size effects,
with properties orders of magnitudes lower than bulk counter-
parts.39°43] By providing the first direct measurement of the
mechanical properties of individual TPP features, our study
in contrast shows good agreement with typical bulk values of
IP-Dip and other common TPP polymers,®> and the absence
of pronounced size effects.

The dynamic range of TPP resins is thought to be limited by
the solubility and the damage threshold; however, our observed
size and process parameter insensitivity of the mechanical
properties of voxel-lines may suggest the presence of a third,
mobility threshold (m) (Figure 2d). Above a mobility threshold
radical density (p,,), steric hindrance may inhibit polymeriza-
tion, “trapping” active species in the already solidified polymer
and thus preventing further cross-linking.[%*¢! Ideally, the
mechanical properties of two-photon polymerized voxel-lines
may be assumed to gradually decrease from the inside to the
outside, correlating with the spatial laser beam profile.*¥l As
the process parameters are varied, the corresponding expo-
sure dose distribution shifts relative to the polymerization
threshold, changing both the size of the voxel-line and the
effective value of the above-threshold portion of the expo-
sure dose distribution in the voxel-line volume. Assuming
the mechanical properties proportional to p, and solving
Equation (2) for the cross-sectional plane of a solitary voxel-line
(see the Experimental Section), gives a pronounced process
parameter dependency of the effective mechanical properties
(m = o). Figure 2d shows the spatial distributions and effective
values of p. Without a mobility threshold, one may expect a
pronounced increase of the effective p across the range of laser
average powers applied to form voxel-line specimens printed
with v = 10 um s7!. Although this trend may not transfer
exactly to the degree of conversion and the mechanical proper-
ties, it nonetheless disagrees with the found plateau in E and o,
(Figure 2c). By contrast, assuming that polymerization is lim-
ited by p,, cuts the maximum mechanical properties in the
voxel-line core corresponding to p = p,,,. Depending on the ratio
of m/th this yields a much milder dependency of the effective
properties on the process parameters (Figure 2d), which cor-
relates well with our experimental data. As p,, approaches py,,
property gradients in the voxel-line cross-section disappear,
whereby p,, = py, itself may not be reached as it implies ideal
threshold behavior. Our experimental data (Figure 2c) suggest
m = 3th. With m = 3 and DCff = 30%, Figure 2d estimates
DCy, = 14% and DC,, = 42%, which is in good agreement
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with the accessible DC range measured for multi voxel-line
specimens.

3.2. Hatched Multi-Voxel-Line Specimens

The pronounced tailorability of the mechanical properties of
hatched two-photon-polymerized material compared to solitary
voxel-lines may primarily be caused by the “memory effect.”
Depending on the combination of P, v, d, and d, the dose
distributions of neighboring exposures overlap to different
extents. Simply speaking, neighboring voxel-lines increas-
ingly overlap as they become “larger” (with increasing P and
decreasing v) and as d}, and d; are reduced, thus creating a band-
width of effective properties even if those of corresponding sol-
itary voxel-lines would be identical. Thereby, existing insoluble
material with relatively low DC, like the surface region of previ-
ously solitary voxel-lines, is further cross-linked, producing an
increase in the effective properties relative to those of solitary
voxel-lines. Conversely, “smaller” constituent voxel-lines (pro-
duced by decreasing P and increasing v) and larger dy, and dj
limit overlap to the below-threshold Gaussian wings of neigh-
boring exposures, thus introducing less cross-linked material
between constituent voxel-lines and reducing the effective
properties of hatched structures. Examples of property distri-
butions with lower, equivalent and higher effective values than
individual voxel-lines are qualitatively sketched in Figure 4. For
dy, and dg above the resolution limit, below-threshold Gaussian
tails can be dissolved during development, yielding a porous
material as shown in Figure 3c. Hatched specimens with a
DC of =30% have the same strength and stiffness as solitary
voxel-lines, suggesting that formation of less cross-linked
material and further cross-linking of previously formed above-
threshold material cancel each other out, yielding a composite
hatched material that is on average mechanically equivalent to
a single line.

In contrast to solitary voxel-lines, the impact of a mobility
threshold on multi-voxel-line materials is uncertain. With
the mobility threshold, the maximum effective properties of
a hatched material may be reached once the entire material
volume approaches DC,, = 42%; this well agrees with the max-
imum DC from Figures 3 and 4. However, the same DC values
are also found to approach the damage threshold. Compared to
a hatched material, an individual line exposure can have a sig-
nificantly higher dose before the damage threshold is reached.
In a hatched material the damage threshold may be reached
before a mobility threshold can have a notable effect. The
somewhat lower tensile strength of hatched specimens (loaded
perpendicular to printing direction) with respect to voxel-line
specimens (loaded parallel to printing direction) (Figure 1c),
indicates that hatching, even in a high DC material, may still
yield anisotropic composite-like behavior.

To reduce the process time, shell-scaffold printing strategies
leave certain enclosed material volumes in the liquid state and
cross-link those by single-photon flood-exposure subsequently
to TPP.I®2l Compared to point-by-point TPP exposure, single-
photon flood exposure simultaneously cross-links a large mate-
rial volume. With increasing part size, this may notably reduce
the radical mobility and hence the maximally achievable DC
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and mechanical properties. At the same time, we have observed
increasing flaw nucleation. Yield strengths and Young’'s Moduli
of the presented, several millimeter-size flood-exposed speci-
mens are 7% and 8% lower than the respective maximum
values of TPP-derived specimens. For sufficiently small vol-
umes, the mechanical properties of the enclosed material may
be similar to the maximum values obtained via TPP.

With decreasing writing speed, TPP of hatched materials
increasingly deviates from the ideal “memory effect”-based
model.] As the time between the exposures of neighboring
lines increases, below-threshold active species of a first expo-
sure diffuse away before the next exposure would increase their
concentration to a high enough level to form insoluble material.
Typical specimens in this study had an edge length (a) of 20 um
and were printed with dy, = 0.1 pm and dg = 0.2 um. The average
time which elapses between the writing of two neighboring
lines (t,) can be approximated as (a + a?/dy)/2v = 2000 um/v.
The critical diffusion path length (d) for an active species not
to be affected by a subsequent exposure can be estimated as
the distance between neighboring lines plus the TPP resolu-
tion (r). With Abbe’s diffraction limit providing r = A/(2 NA),[®3]
d > 0.6 um may be obtained. Fick’s second law approximates
the diffusion time (tq) as tq = 26/d% %4 with the diffusion coef-
ficient (8). For photoinitiator molecules in liquid solution, J is
on the order of 107'-10> um? s7.[#%5] These estimates provide
a critical writing speed vy =(a+a’/d,)5/d> =10° —=10° um s,
Below v, diffusion reduces the DC with respect to an ideal,
diffusion-free polymerization. Writing speeds in this study
range from 10'-10°> um s7!, indicating that the measured prop-
erties are diffusion affected at the lower writing speeds.

A simple threshold-based model predicts the experimen-
tally measured dependencies of the mechanical properties on
P, v, and dy,. Assuming a linear correlation between p and DC,
Equations (2) and (3) provide

76““%}’72[)\/
DC=c; po|1-e ™ [+c, (6)

with the constant (cp) comprising the relevant optical para-
meters of the TPP process (see the Experimental Section)
and the proportionality constants (¢;) and (c,). To account for
molecular diffusion, the actual writing speed (v) is replaced
by an effective writing speed (ve).[%® Other effects, such as
temperature-dependent diffusion are not accounted for but
may need to be considered for higher laser pulse widths
than used here.l®”] Nonlinear least square fitting of all pre-
sented DC data provides the explicit dependency of v.g on v
(Figure 5b), and gives ¢; py = 0.62, ¢, =—0.15, and Dy = ¢; /d},"
with ¢; = 1.5e4 um=23% and n = 0.64. With v replaced by v,
the presented TPP model well predicts diffusion-affected
polymerization (Figures 3b and 5a), whereas it would drasti-
cally overestimate properties with the actual writing speed (v)
instead.?®! Combining Equation (6) with Equations (4) and (5)
provides the relationships between strength and stiffness and
the process parameters. This allows to individually program a
large range of mechanical properties of TPP-derived parts by
simple process parameter adjustment.

Whereas the effective writing speed has been introduced as
a simple fudge factor,[%®l our data shows that it may be derived
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from molecular diffusion physics. The ratio veg/v is propor-
tional to t/tq and, for a diffusion coefficient of 0.55 um? s7,
can be closely approximated by veg/v = t,, [tq + ¢, with ¢ = 1.13
(Figure 5b). For low writing speeds, veg substantially exceeds v,
while in the 10* um s! range the difference between v and
v drops below 10%. Notice that veg — v as the writing speed
increases (e.g., as ty/tq — 0), supporting the argument that
molecular diffusion becomes negligible at high writing speeds.
At the same time though, those high writing speeds seem to
increase the local heat influx, potentially causing the decrease
of the damage threshold that we observe (Figure 5a), which
lowers the achievable maximum mechanical properties.

The above diffusion considerations are consistent with the
measured size-dependence on the mechanical properties of
hatched pillars (Figure S4, Supporting Information). The crit-
ical writing speed below which diffusion needs to be consid-
ered is proportional to the part size. For a given writing speed,
parts become increasingly diffusion affected as their dimen-
sions increase, resulting in a decrease of their mechanical
properties. Similarly, the toolpath can be expected to have an
influence. To maximize the mechanical properties, optimized
toolpath strategies could reduce the average time in between
the exposure of neighboring lines, e.g., by consecutive instead
of parallel printing of individual features, by breaking large fea-
tures down into several smaller ones, or by decreased writing
density of volumes without high surface finish requirements
(Figure S6, Supporting Information).

The observed dependencies may be expected to transfer to
different resin systems, processing conditions, and printing
strategies, however, it is emphasized that specific quantitative
relations may differ. A full understanding of all polymerization-
relevant processes, and their dependency on printing patterns,
part geometry, and resin chemistry will require further in-depth
experimental characterization and combined photonics- and
molecular dynamics-based modeling. The model presented in
this work is an approximation based on a paraxial Gaussian
light intensity distribution. While this condition is not rigor-
ously justified at the high numerical apertures used here, it is
sufficient as i) the highest intensity part of the light distribu-
tion at the focal point can be described by a Gaussian enve-
lope, and ii) the laser pulse width encompasses many optical
cycles.[#05268] If desired, higher degree of precision could be
achieved by a photonics model based on Debye vectorial diffrac-
tion theory.l®>7% Beyond the printing parameters, other process
conditions, such as the details of the development strategy, may
also affect some properties of TPP-derived materials and would
need to be considered.?2

4, Conclusion

This study provides insight into the mechanical behavior of
two-photon-polymerized individual voxel-line features and
derives the mechanisms controlling the effective properties
of parts which are hatched from multiple voxel-lines. We sys-
tematically show that the mechnical properties, precision and
process time of the acrylate-based resin IP-Dip can be vastly
tailored via corresponding TPP process parameter selec-
tion. With a threshold-based model we accurately predict the
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processing-structure-properties relation, laying the foundation
for a universal quantitative predictability of the mechanical
properties of TPP-derived materials.

The characterization methodology presented herein may
serve as general framework to establish a standardized knowl-
edge base for TPP material systems. In future studies, the
dependencies found herein may thereby enable substantial
reduction of experimental characterization. Our findings
may be expected to transfer to different acrylate-based and
other resins systems, and provide meaningful knowledge for
ongoing effort to overcome major technological challenges of
TPP, including increasing the resolution,®>”!] and developing
novel printable materials.”>”74 In particular, this study may
help to understand and optimize the properties of TPP-derived
ceramics and metals.”*7% The demonstrated broad bandwidth
of properties furthermore opens up vistas for novel concepts of
pseudo-multi-material design with locally tailorable properties
and optimized response to complex external loads.

5. Experimental Section

Fabrication: All specimens were manufactured from the photoresist
Ip-Dip (Nanoscribe GmbH). TPP was performed using a Photonic
Professional GT (Nanoscribe GmbH) DLW system equipped with a
Plan-Apochromat 63 x 1.4 Oil DIC M27 (Carl Zeiss AG) objective and a
FemtoFiber pro NIR (TOPTICA Photonics AG) laser, with a center wave
length (A) of 780 nm, a pulse width (1) of =100 fs, and a repetition rate
(f) of 80 MHz.I761 The laser average power (P) is the mean power value at
the aperture of the objective, with 100% corresponding to 50 mW.I7¢l A
transmittance of the objective (T) of 65% was measured.

Specimens were printed on fused silica substrates in a layer-by-layer
sequence using the system’s galvanometric mirror scanning mode. After
DLW, samples were submerged in propylene glycol monomethyl ether
acetate (PGMEA) for 20 min, to dissolve uncured photoresist, followed
by a 5 min long isopropanol bath for further cleaning. Subsequently,
specimens were dried using an Autosamdri-931 (Tousimis Research
Corp. Inc.) critical point dryer operated in the auto mode. To minimize
effects of varying process conditions on the measured properties, the
experimental routines were precisely kept consistent and were carried
out in a climate-controlled environment.

Voxel-line specimens were manufactured as dumbbell-shaped
compression and tensile bars with gauge sections consisting of one
individual voxel-line of uniform elliptical cross section. Widths and
heights of the gauge sections of 190-640 nm and 670-1850 nm,
respectively, were realized by different combinations of P and the
writing speed (v). The dumbbell-shape of compression bars was
chosen to increase the contact area between the test bar and the
measurement system. Gauge sections of compression bars had
slenderness ratios of 11 to 15:1.”7J Hatched multi-voxel-line specimens
were manufactured in a [0/90] laminate manner from unidirectional
layers with a hatching distance (d}) between the axes of neighboring
voxel-lines and a slicing distance (d;) between neighboring layers.
Compression bars were designed as uniform square-shaped bars
with a height-to-edge length ratio of 3.25 and nominal edge lengths
of 2-80 um. Tensile specimens were designed as push-to-pull
mechanisms.I’8l The gauge section of dumbbell-shaped tensile bars
had a uniform rectangular shape of 4 x 3.2 x 9.5 um. Bulk samples of
4 X 4 x 12 mm nominal size were cured for 60 min via single-photon
flood exposure, using a LQ-Box (Rolence Enterprise Inc.) UV-lamp
with a peak wavelength of 405 nm and an average light intensity of
150 mW cm=2.

Experimental Characterization: Specimen dimensions were optically
measured using a FEI Magellan 400XHR (Thermo Fisher Scientific Inc.)
SEM. To determine E, oy, and oyts, uniaxial compression and tension
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experiments were performed at a constant strain rate of 0.001 s7'.

Voxel-line experiments were carried out with a FT-NMTO03 (FemtoTools
AG) nanomechanical testing system equipped with a FT-5200 sensor.
Focused ion beam (FIB) milling was used to cut tensile grippers into
the FT-S200 sensor in a FEI Quanta 3D FEG (Thermo Fisher Scientific
Inc.) dual beam (SEM/FIB). For multi-voxel-line specimens an Alemnis
Nanoindenter (Alemnis AG) equipped with a flat punch diamond tips,
400 um in diameter, was used. Bulk specimens were compressed with
the Universal testing frame Instron 8800 (Instron, ITW Inc.). Load—
displacement curves were recorded. For the voxel-line and multi-
voxel-line tensile specimens, the displacement was corrected for
equipment and substrate compliances via a digital image correlation
(DIC) algorithm developed in house. Applying the measured
dimensions, engineering stress and strain were determined. E was
extracted as the maximum slope of the linear elastic regime and o,
as the 0.2% yield offset of the corresponding stress—strain curve.l’”7l
Oyrs was the maximum engineering tensile stress at specimen
rupture. The density of bulk specimens was determined with the
nominal dimensions and the weight, measured with a M-prove scale
(Sartorius AG).

Raman spectroscopy was used to determine the DC of multi-voxel
line compression specimens. Raman spectra were acquired using an
inVia (Renishaw plc) confocal Raman microscope with a 50x objective,
operated at an excitation wavelength of 785 nm, with a laser intensity of
50% and an exposure time of 1.5-2 s averaged over 15 acquisitions. DC
values were extrapolated from Raman spectra as

DC= 1—(%) ()
C:C/ C=0

with the integrated intensities of carbon-carbon and carbon-oxygen
double bond peaks Ac_c and Ac_g in the polymerized resin, and A’c_c and
A’c_o the integrated intensities of the same peaks in the unpolymerized
resin.?8l A and Ac_o were determined by fitting Lorentzian and Voigt
functions to the respective peaks.

Analytical Model: The photon flux intensity distribution (I) during
exposure in the cross-sectional plane of an infinite voxel-line in a
Cartesian system, with its length along the x-axis, is the superimposition
of a train of femtosecond laser pulses, scanned in x-direction with v.
For the writing speeds used here the transit time across an observation
point is much longer than the duration of a laser pulse and the photon
flux intensity is effectively static. Assuming a Gaussian laser beam,
I(x, y, z, t), where the y-z plane corresponds to the voxel-line cross-
section, can be written as!*7>1]

—2((x+vt)2+yz)

I B)=1y| 8 wle)
(opzt)=1lo e ) ®)

with the peak photon flux intensity (Io), the beam radius (w(z)) along the
propagation direction (z) and the beam waist (w, = w(0)). vt accounts for
the position of the center of the beam at the time (t). The beam radius
is defined as w(2)=wq \1+(z/2z)* with the Rayleigh length (z = (7w§)/4) and
the excitation wavelength (). wy can be approximated by the radius of
the central airy disk (0.61 A/NA),F258] with the numerical aperture of the
focusing optics (NA).

Evaluation of Equation (1) with Equation (8), at an observation plane
x =0 which the beam passes at t = 0 gives

g y -4(()+y?)

P P _ 2 Wo > w(z)* (9)
——~=0, l§| —— e dt

JO (po—p) 2eff O[W(z)“JL"’

which after integration yields the radical density distribution p(y, z) in
the cross-sectional plane of the voxel-line

4 i
wo ] T T iy

_ _ _ 2
P(sz)—Po 1 exp 52,eﬂ"0[w(z)3 4 p (]0)
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with the laser repetition rate (f), and the pulse width (7). I, can be
expressed in terms of the laser average power (P) as

2¢? TPA
lo= A
0 e2—1(n’w§rﬂm} )

with the fraction of light transmitted through the magnification optics
(T), Planck’s constant (h) and the speed of light in vacuum (c).B%#11 With
Equation (11), the effective radical density in the voxel-line cross-section
can be expressed in terms of P and v as

PZ
p=po|1- exp|:_52,eﬂ’50 7Dv] 12)

where (cp) comprises the optical parameters and numerical factors and
with the mean value of the term exp ((—4y?)/(w(z)?))/w(z)® over the
voxel-line cross-section (Dy). Equation (12) is also valid for a hatched
material with ideal memory effect behavior, however, Dy may only be
determined numerically. 8,4 has been taken as 3 x 107 cm*s 14l
Although a constant T was used, it is noted that &, and therefore
the radical density are sensitive to the pulse width.l’”] Voxel-line
dimensions are given by p (y, z) = py, nonlinear least square fitting
of the measured voxel-line dimensions with Equation (10) gave a ratio
of py to pg of 0.0793, which agrees with reported values of other TPP
photoresists. [l

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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