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Abstract: Two-photon polymerization direct laser writing (TPP-DLW) is one of the most
versatile technologies to additively manufacture complex parts with nanoscale resolution.
However, the wide range of mechanical properties that results from the chosen combination of
multiple process parameters imposes an obstacle to its widespread use. Here we introduce a
thermal post-curing route as an effective and simple method to increase the mechanical properties
of acrylate-based TPP-DLW-derived parts by 20-250% and to largely eliminate the characteristic
coupling of processing parameters, material properties and part functionality. We identify the
underlying mechanism of the property enhancement as a self-initiated thermal curing reaction,
which robustly facilitates the high property reproducibility that is essential for any application of
TPP-DLW.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

Two-photon polymerization direct laser writing (TPP-DLW) is one of the most relevant additive
manufacturing technologies to synthesize three-dimensional (3D) parts with sub-micrometer
resolution [1–3]. TPP locally cures a photosensitive material by simultaneous absorption of
two or multiple photons, using a focused ultrafast pulsed laser beam [1]. Polymerization is
confined to only the ellipsoid-shaped focal point volume of the laser beam. Dimensions of this
volume element, or voxel, can be below 100 nm [1,3], while typical widths and heights are in the
range of ≥200 nm and ≥600 nm, respectively. Most TPP-printed structures are patterned from
voxel-lines, i.e. continua of voxels, using galvanometric mirror scanning, 3-axis stage motion, or
a combination of both.
The mechanical properties of acrylate-based resins [4,5], the most commonly used TPP
materials, are related to the degree of conversion (DC), a measure of the cross-linking density
between polymer chains, which is determined by the light exposure dose during printing. The
TPP exposure dose, as well as the print quality and speed, mainly correlate with three process
parameters: the laser average power (P), the writing speed (v) and the writing density. The latter
one can be quantified by the hatching (dh ) and the slicing (ds ) distances between neighboring
voxel-lines [6]. Although reaction kinetics differ between resin compositions [7], the fundamental
mechanisms governing the mechanical properties are often comparable [8,9], and a similar
TPP process parameter dependency may be expected. Several analytical techniques have been
established over the years to characterize the DC of photopolymerized materials, including
Raman and infrared spectroscopy (the most common) [10,11], and imaging techniques based
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on coherent Raman processes [12]. A methodology that holds the promise of distinguishing
among thermal, photothermal, and photochemical processes during TPP is the simultaneous use
of Raman spectroscopy and differential scanning calorimetry measurements [13].
One obstacle to widespread use of TPP-DLW is the wide range of properties of two-photonpolymerized parts depending on the chosen combination of process parameters [14–17]. While
TPP-DLW has been established as a key synthesis route for a broad range of research fields,
including photonics [18–20], metamaterials [21–28] and bioscience [29–31], there is no significant
industrial application yet. Threshold-based optics models have been shown to well predict the
properties of geometrically simple TPP-printed parts as a function of the key process parameters
introduced above [14]. However, part-specific variables. like hatching patterns and local
feature dimension ranges, in practice compromise property homogeneity, predictability and
reproducibility.
Many UV-curing additive manufacturing routes apply post-print processes [32–34], like
thermal treatment or UV-flood exposure, to increase and to homogenize cross-linking of as
printed, “green” parts; however, neither method is commonly used in TPP. Post-print UV-curing
of TPP-parts has been shown inefficient to increase the mechanical properties unless performed
in a liquid photoinitiator solution [35]. The impact of thermal post-print treatments on the
mechanical properties is not well understood, but beneficial effects on the predictability of the
refractive index of several acrylate-based and organic-inorganic hybrid TPP-resins were shown
[17].

Fig. 1. Thermal post-curing can drastically increase the mechanical properties of two-photon
polymerization (TPP) printed resin parts, without affecting shape and surface quality. (a)
Multi-voxel-line, hatched TPP specimens and flood exposure cured bulk part from the
triacrylate resin IP-Dip, before and after a 1hr vacuum heat treatment at 200°C (scale bars
are 10 µm). Representative (b) compressive stress-strain curves and (c) Raman spectra show
strength, stiffness, and degree of conversion (DC) increase compared to non-post-cured,
green, specimens.

Research Article

Vol. 28, No. 14 / 6 July 2020 / Optics Express 20364

In this paper, we characterize the impact of thermal post-curing on the mechanical properties
of the TPP triacrylate resin IP-Dip [36]. Specimens spanned multiple length-scales (Fig. 1(a)),
including multi-voxel-line micro-bars as well as bulk samples which were cured by single-photon
flood exposure. We measured Young’s Modulus (E), yield strength (σy ) and degree of conversion
(DC) by uniaxial compression and Raman micro-spectroscopy, respectively (Figs. 1(b) and (c)).
We find that thermal post-curing at 200°C in vacuum can drastically increase the mechanical
properties by up to 250%. Increases are highest for the weakest green specimens and gradually
decrease to ∼20% for green specimens with the highest achievable mechanical properties, thus
largely eliminating the characteristic process parameter-property dependencies of TPP-derived
parts. Control experiments with only the resin’s main monomer pentaerythritol triacrylate
(PETA) identify the underlying mechanism of the property enhancement to be a self-initiated
thermal curing reaction. The introduced thermal post-curing route is a straightforward method
to increase the mechanical properties of TPP-derived parts and to overcome the coupling of
process parameters and part properties, robustly facilitating high property reproducibility which
is required for any application of TPP-DLW.
2.
2.1.

Materials and methods
Fabrication

TPP fabrication was carried out with a Photonic Professional GT (Nanoscribe GmbH) DLW
system with a Plan-Apochromat 63 × 1.4 Oil DIC M27 (Carl Zeiss AG) objective and a FemtoFiber
pro NIR (TOPTICA Photonics AG) pulsed laser, with a ∼100 fs pulse width, a center wavelength
of 780 nm, and an 80 MHz repetition rate [37]. The laser average power (P) is the mean power at
the objective aperture with a maximum value of 50 mW [37]. The laser beam waist radius (at
1/e2) was kept constant throughout all the measurements; specifically, the filling factor was set to
1 so to produce the smallest spot size and minimize power losses. We experimentally measured
an objective transmittance of 65%.
TPP specimens from the photoresist IP-Dip (Nanoscribe GmbH, MSDS revision EN01/2017)
were printed on fused silica in a layer-by-layer sequence via galvanometric mirror scanning. After
TPP-DLW, a 20 min-long propylene glycol monomethyl ether acetate (PGMEA) bath dissolved
uncured photoresist, followed by further cleaning in a 5 min-long isopropanol bath. Specimens
were then dried in an Autosamdri-931 (Tousimis Research Corp. Inc.) critical point dryer using
the automatic mode, whereby the isopropanol bath was exchanged with liquid CO2 during a single
10 min-long purge cycle followed by a 30 min heating and compression step to the critical point at
31°C and 1350 psi and subsequent cooldown and expansion to ambient conditions. TPP specimens
were uniform square-shaped bars with a nominal edge length of 20 µm and a height-to-edge
length ratio of 3.25. They were manufactured in a [0/90] laminate manner from unidirectional
layers, consisting of multiple voxel-lines with a hatching distance (dh ) and a slicing distance
(ds ) between neighboring layers, with a constant hatching-to-slicing-distance ratio (ds /dh =2). A
total of 59 specimens with different combinations of laser average power (P=9-17 mW), writing
speed (v=100-8000 µm/s) and writing density (dh =0.1-0.7 µm) were printed. Within the above
ranges, P and dh were incrementally increased by 0.5 mW and 0.025 µm, and v was increased
in steps of 100 µm/s and 1000 µm/s below and above 1000 µm/s, respectively. Two bulk IP-Dip
samples with a nominal size of 4 mm x 4 mm x 12 mm were made by 60 min-long single-photon
flood exposure in a LQ-Box (Rolence Enterprise Inc.) UV-lamp with 150 mW/cm2 average light
intensity and a 405 nm peak wavelength. Liquid PETA, the monomer comprising approximately
70% of IP-Dip, was drop cast on fused silica as a control sample [38].
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Experimental characterization

All specimens were heat-treated in a vacuum tube furnace. A heating profile of 3°C/min to 200°C,
60 min hold at 200°C and cooldown to room temperature at 3°C/min was used. Fabrication
and characterization protocols were kept consistent and were carried out in a climate-controlled
environment, to ensure maximal reproducibility.
Specimen dimensions were measured with a FEI Magellan 400XHR (Thermo Fisher Scientific
Inc.) SEM. The density of bulk specimens was determined by weight measurements with a high
precision scale and applying the measured dimensions. To determine E and σy , we performed
uniaxial compression experiments with a strain rate of 0.001sec−1 . For TPP specimens, we
operated an Alemnis Nanoindenter (Alemnis AG) equipped with a 400 µm-diameter flat punch
diamond tip under an optical microscope. Bulk specimens were characterized with the universal
test frame Instron 8800 (Instron, ITW Inc.). In both cases, load–displacement curves were
recorded. Engineering stress and strain were determined by applying the measured dimensions.
E was the maximum slope of the stress-strain curve in the linear elastic regime and σy the 0.2%
yield offset [39,40].
The DC of TPP specimens and heat-treated PETA was determined via Raman microspectroscopy. The confocal Raman microscope inVia (Renishaw plc) was used, with a 50x
objective, an excitation wavelength of 785 nm, 50% laser intensity, and 1.5sec - 2sec exposure
time, averaged over 15 acquisitions. DC values were extracted as


AC=C /AC=O
DC = 1 − 0
(1)
0
AC=C /AC=O
where AC=C and AC=O are the integrated intensities of carbon-carbon and carbon-oxygen double
0
0
bond Raman peaks in the polymerized resin, respectively. AC=C
and AC=O
are the integrated
intensities of the respective peaks in the unpolymerized resin [10]. The integrated intensities
were determined by fitting the corresponding Raman peaks with Lorentzian and Voigt functions
[28,35].
3.

Results

We examined the impact of a one-hour thermal treatment, at 200°C in vacuum, on the mechanical
properties of TPP-printed and single-photon flood exposure cured bulk IP-Dip, as well as the
liquid monomer pentaerythritol triacrylate (PETA). E and σy of square-shaped TPP-printed
and bulk bars were measured by uniaxial compression. For TPP-specimens, the effect of the
post-curing treatment was characterized for a wide range of the TPP-parameters, which covered
the entire dynamic range of the material, from the solubility to the damage exposure dose
threshold. The DC values were calculated from Raman micro-spectroscopy measurements.
Thermal post-curing drastically reduced the pronounced characteristic process-parameter
dependencies in the mechanical properties of TPP-derived parts (Fig. 2). Different values of
P, v and dh caused a broad range of degrees of conversion (DCg =20-45%), yield strengths
(σg =20-70 MPa) and Young’s moduli (Eg =0.6-3.6 GPa) in as-printed, green specimens [14]. By
contrast, degree of conversion (DCp =68 ± 4%), yield strength (σp =81 ± 3 MPa) and Young’s
modulus (Ep =3.9 ± 0.4 GPa) after thermal post-curing were fairly tightly distributed, with only
minor process parameter dependency remaining. The treatment thereby drastically increased
strength and stiffness of the weakest green specimens by up to 250% and 100%, respectively.
Specimens with the highest achievable green properties, printed with TPP-doses approaching the
damage threshold of the material, had increased average strength and stiffnesses of 15% and 21%,
respectively. Independent from the TPP process-parameter combination, the thermal post-curing
treatment did not affect the surface quality and shape of the specimens. Hatching distances of
≥0.45 µm resulted in a porous material. For dh ≥0.6 µm and v>6,000 µm/s, degraded specimen
quality prevented mechanical characterization.
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Fig. 2. Thermal post-curing nearly eliminates the characteristic process parameter sensitivity
in the mechanical properties of TPP-derived micro-bars. (a) Compressive yield strength
(σy ), blue data points, Young’s modulus (E), red data points, and (b) degree of conversion
(DC) with and without thermal post-curing, depending on laser average power (P), writing
speed (v) and hatching distance (dh ) (left to right column). (c) Close-up SEM images of
selected specimens before and after thermal post-curing.

Combining all experimental results from Fig. 2 shows retention of a linear dependency of Ep
and σp with the green state degree of conversion (DCg ) after thermal post-curing (Fig. 3), albeit
with a notably reduced process parameter dependency and overall increased properties compared
to the green strength (σg ) and stiffness (Eg ). As for the green state, post-cured specimens with the
same green state degree of conversion roughly have the same mechanical properties, independent
from specific process parameters. Notably, the strength is thereby almost independent on DCg ,
whereas the stiffness and the degree of conversion (DCp ) retain a notable dependency on DCg
(Figs. 3(a)–(c)). σp , Ep and DCp approximately correlate with DCg as:
σp = (29.5DCg + 70.5) MPa

(2)

Ep = (5.87DCg + 1.76) GPa

(3)

DCp = (0.55DCg + 0.48)

(4)

Figure 3(d) compares the degree of conversion gain (∆DC) of the TPP-specimens by thermal
post-curing, given by ∆DC = DCp -DCg , to the DC of pentaerythritol triacrylate (PETA), the
monomer comprising approximately 70% of IP-Dip, [38] after identical thermal treatment. Liquid
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Fig. 3. Combining the data of all specimens from Fig. 2 shows thermal post-curing notably
increases the mechanical properties of TPP-derived hatched multi-voxel-line specimens,
while retaining linear scaling with the green state degree of conversion (DCg ), independent
from specific process parameters. (a) Compressive yield strength (σy ), (b) Young’s modulus
(E) and (c) degree of conversion (DC) with and without thermal treatment, and (d) degree of
conversion increase upon thermal post-curing (∆DC); the dotted line in (d) indicates the DC
of PETA, the monomer constituting ∼70% of IP-Dip, after the same thermal treatment as
applied to the TPP-specimens.

PETA was drop cast onto a fused silica slide and subjected to a one-hour thermal treatment at
200°C in vacuum. While PETA does not contain any initiator, the treatment caused it to solidify
and to cross-link with a DC of 45.1 ± 0.2%. This DC value agrees well with the highest degree of
conversion gains that we measured upon post-curing, which were exhibited by the TPP-specimens
with the lowest achievable green properties.
Thermal post-curing increased the mechanical properties of single-photon flood exposed bulk
specimens in a similar way as for TPP-derived parts. After one-hour at 200°C in vacuum, yield
strength and Young’s Moduli of bulk specimens, with nominal dimension of 0.4 × 0.4 × 1.2 cm,
increased from 62 ± 5 MPa to 81 ± 1 MPa and from 3.1 ± 0.2 GPa to 4.3 ± 0.4 GPa, respectively.
As for the green state, [14] the bulk post-cured properties correspond to those of TPP-specimens
with DCg in the range of 35-40%. Compared to the green state, the density of bulks specimens
increased by ∼2% to 1.27 ±0.01 g/cm3 , which corelates with the observed slight linear shrinkage.
Figure 4 shows the linear shrinkage of multi-voxel-line micro-bars depending on their green state
degree of conversion before and after thermal post-curing at 200°C. The shrinkage is calculated
as the ratio of SEM measured dimensions and the nominal dimensions of 20 × 20 × 65 µm. The
shrinkage of as-printed, green, specimens strongly depends on DCg [14,41], while the minor
additional linear shrinkage of 1.2 ± 0.4%, upon thermal post-curing, is independent of the green
state properties.
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Fig. 4. Linear shrinkage of green state and thermally post-cured TPP-derived micro-bars,
with respect to the nominal dimensions, depending on the green state degree of conversion
(DCg ); (a) Absolute values and (b) contribution of the thermal treatment. The shown data
comprises all specimens of Fig. 2.

4.

Discussion

During the UV-curing of acrylate-based resins, polymerization is initiated via the absorption
of photons by photoinitiator molecules, which then cleave into primary radicals starting a
polymerization reaction that proceeds by a radical chain growth mechanism [42]. Thereby,
the polymerization process under the experimental conditions employed in this work is photochemical, given that the temperature rise at the laser focal spot upon writing is minimal [43].
The degree of conversion and hence the mechanical properties are proportional to the density of
radicals (ρ) which are generated. In TPP, ρ can strongly vary depending on the exposure dose
distributions for given processing conditions. Steric hindrance and decreased diffusion eventually
cause “trapping” of active species in the solidifying polymer, complicating further cross-linking
and limiting the maximum mechanical properties [44,45].
Post-print UV-curing of TPP-derived parts can only marginally increase cross-linking unless
additional photoinitiator molecules from an external source infiltrate the material, for example
when parts are submerged in a photoinitiator solution during UV-flood exposure [35]. This
approach has successfully been applied to open-cell lattice structures with nanometer-size features.
However, many applications include notably larger features, for which the longer diffusion paths
may be expected to decrease the efficiency of the process.
Thermal post-curing of acrylate based-resins is achieved via thermal self-initiation reactions,
which do not depend on an initiator diffusing inwards and hence are not part-geometry sensitive.
At temperatures above 120°C, acrylic monomers and oligomers can polymerize in absence of
any known thermal initiator [46–48]. Computational quantum chemistry studies have shown
that monoradicals thereby form via hydrogen transfer or abstraction, initiating chain scission and
intramolecular chain transfer [48]. Our control experiments with initiator-free PETA (Fig. 3(d))
indicate that such self-initiation mechanisms are the key contributors to increased cross-linking
and mechanical properties of both TPP-printed specimens and single-photon flood exposed bulk
parts via thermal post-curing. The observed increasing effect of the treatment with decreasing
green properties suggests that the efficiencies of the thermally self-initiated chain scission and
transfer are dependent on the green state degree of conversion, with the higher chain mobility and
flexibility of minimally pre-cross-linked specimens being favorable. In addition to self-initiation,
the elevated temperature increases the mobility of trapped photo-initiated radicals, accelerating
reactions which were at room temperature halted by steric hindrance [17]. All thermally induced
polymerization reactions are expected to be temperature dependent; thus, higher post-curing
temperatures than investigated in this study could allow further property increases and potentially
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complete independence from process parameters. The caveat is that for temperatures well above
200°C onsetting decomposition may eventually reduce properties again, suggesting the existence
of an optimal post-curing temperature [49].
5.

Conclusion

Here we have introduced a thermal post-curing route as an effective and simple method to notably
enhance cross-linking and mechanical properties of TPP-derived parts, and to partially erase
their pronounced process parameters dependency. Different process parameter combinations,
and even printing patterns and part geometries, have been shown to entail a wide range of
mechanical properties for two-photon-polymerized materials [14]. While this may be considered
a great potential from a material design point of view, it poses significant challenges to property
reproducibility and reliability, which are key in any applications, specifically ones driven by
industrial interests. The findings of this study provide a pathway to overcoming these crucial
limitations, thus enabling more widespread use of TPP-DLW. Future studies will concentrate on
calorimetric measurements of TPP-derived parts to interpret thermal post-processing mechanisms
at the molecular level.
Beyond its impact on mechanical behavior, thermal post-curing is an effective method to
increase other properties including optical characteristics like the refractive index [17]. Unlike
in UV-post curing in a photoinitiator solution, the efficiency of thermal post-curing may be
independent of the part geometry and size [35]. The findings of this study are expected to transfer
to different acrylate-based and other resin systems.
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