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Two-photon lithography (TPL) enables the fabrication of metamaterials exhibiting unprecedented mechanical
performance. Such lattice structures consist of micron-scale geometric features and are designed to achieve
their envisioned properties through stretching and bending of individual trusses. Here, we present for the first
time a comprehensive study of the effect of temperature and strain rate on the mechanical properties of
micron-sized 3D printed polymers made by TPL using Nanoscribe’s negative tone photoresist IP-Dip. A strong
strain rate dependency was identified for the yield strength, which increased fourfold in compression from
68 MPa to 230 MPa as the strain rate was raised from 7e−4 s−1 to 600 s−1. This trend was also seen in tension.
The elastic modulus was found to increase with strain rate in the quasistatic regime but was constant at 3.2 GPa
for strain rates of 0.7 s−1 and above. Even slightly elevated temperatures of 80°C led to a significant drop in the
yield strength and elastic modulus, though the observed reduction was less severe at higher strain rates. Further,
amodel based on the strain rate-temperature superposition principle is reported that allows the extrapolation of
the mechanical properties even beyond the conditions tested here.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
.
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1. Introduction

Two-photon lithography (TPL) direct laser writing has given us a
highly efficient tool to fabricate complex-shaped three-dimensional
(3D) geometries rapidly and with unprecedented accuracy. Micron-
sized, polymeric structures are formed when the laser beam induces
cross-linking inside the photoresist via two-photon polymerisation.
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2020.108977&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.matdes.2020.108977
mailto:nadia.rohbeck@empa.ch
https://doi.org/10.1016/j.matdes.2020.108977
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/matdes


Table 1
Parameters for writing the structures using two-photon lithography.

Parameter Used

Laser power 22 mW
Scan speed 8000 μm/s
Objective and aperture 63x, 1.4
Hatching distance 0.2 μm
Slicing distance 0.2 μm
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The laser is tightly focussed in the photoresist yielding an ellipsoid-
shaped focal point. In the focal point, the photoresist crosslinks when
the number of photons exceeds the polymerization threshold. This
crosslinked volume element (voxel) is usually on the order of several
hundred nanometres, but it can be reduced to sub 100 nm if the photo-
resist and equipment are optimised [1–5]. A 3D structure is printed by
scanning the laser laterally and vertically. The polymer structure is
printed in its net shape, and the only requiredpost-processing step is re-
moving excess photoresist by cleaning. Thus, components can be pro-
duced directly from technical drawings, making TPL an excellent
technique for micro-to-mesoscale rapid prototyping and templating. A
varied field of applications already employs this technology for the fab-
rication of metasurfaces [6], microrobots [7], photonic crystals [8], scaf-
folds for growing biological cells [9], or optical components [10,11].

Furthermore, TPL has been found to contribute crucially to the de-
velopment of novel nanoarchitectured metamaterials. Such metamate-
rials achieve their envisioned properties through their tailored
structural design [12]. By capitalising on the size effect in
nanoarchitectured metals and ceramics, lightweight materials
exhibiting unprecedented high specific strengths and stiffness were ac-
complished [13–15]. Therefore, TPL is typically used to write a 3D poly-
meric lattice, which forms the base for subsequent deposition of a
ceramic thin film using atomic layer deposition (ALD) yielding struc-
tures which are essentially defect-free [16,17]. The obtained composite
lattice exhibits an overall performance that is influenced by the geomet-
ric design, the properties of the coating itself, and those of the polymer
core. Otherworks on lattice structures have focussed onmaximizing the
efficiency in absorbing mechanical impact [18] or achieving a high re-
coverability after deformation [19]. In another study, metamaterials
that execute a rotational movement upon axial loading were made
[20]. Recently, even completely new material properties were success-
fully engineered. For example, by combining two polymers with differ-
ent properties within one lattice, a negative thermal expansion
coefficient of the overall component was accomplished [21].

For all of these applications, an accurate understanding of the me-
chanical behaviour of the 3D printed polymer itself is crucial to realise
the full potential of this technology. However, the available data de-
scribing the polymer´s mechanical properties are currently scarce.
Very recently, a systematic study investigating the influence of thewrit-
ing parameters used in the TPL process on the mechanical properties
has been published [3]. The authors tested the most commonly used
and commercially available photoresist, IP-Dip, and identified a strong
improvement in strength and stiffness at higher laser powers, whereas
increasing thewriting speedwas detrimental to both properties. Under-
standing such correlations is useful for the successful fabrication of 3D
printed structures, especially since most studies still determine the
writing parameters empirically. Increasingly many reports are being
published that use TPL for a variety of applications, but there is still a
gap in the literature regarding the effect of strain rate and temperature
on the relevant mechanical properties of micron-sized 3D printed poly-
mers. This needs to be addressed since the functionality of polymeric
components can be impaired, if the influence of the temperature of
the surrounding environment is misjudged. Furthermore, dynamic
forms of loading induce a different response than static loading condi-
tions due to the viscoelasticity common to polymers. Accounting for
these effects is indispensable to the successful development of metama-
terials fabricated by TPL.

From mechanical testing on the macroscopic scale it is known that
polymers exhibit a strong time dependency in their deformation behav-
iour and thus yield strength and elastic modulus are expected to vary
with the applied strain rate [22,23]. Overall, a strong increase in yield
strength has been found in the high strain rate regime, and a similar ob-
servation was made for low temperatures. Numerous studies describe
the effect of strain rate and temperature on yield behaviour for different
polymers, and several models have been developed to accurately cap-
ture the effect of temperature and strain rate on yielding on the
macroscopic scale. One of those is by Richeton et al. [24], who proposed
a model based on the principle of time-temperature superposition to
describe the compressive yield stress in polymers. They showed that
the behaviour could be accurately described even beyond the glass tran-
sition temperature. However, to our best knowledge, all of these works
focussed on experimental results derived from millimetre-sized speci-
mens, and data acquired on the micron-scale are still lacking.

Here, we want to address the aforementioned knowledge gap by
conducting a systematic, experimental investigation into the yield
strength and elastic modulus of 3D printed microscale polymer struc-
tures. This study was motivated by several considerations. Firstly, as
mentioned above, the current literature lacks data on the dynamic prop-
erties of all kinds of polymers on the micron-scale. Thus, here we have
conducted micro-tensile and compression experiments using varying
strain rates up to hundreds per second. Secondly, only recently has it be-
come possible to test micropillars at high strain rates [25] and accounts
of experimental results are rather limited up to now. In addition,
conducting micro-tensile tests of samples with gauge lengths of a few
microns at high strain rates has not been realised at all thus far. Here,
we havemodified our nanomechanical testing set-up using a piezoelec-
tric load cell with a high resonance frequency that allows us to conduct
high strain rate testing. Using dedicated grippers [26] tests can also be
conducted in tension. To our best knowledge this is the first account
of using such a set-up and hence a detailed description of the testing ap-
paratus and procedure is included in the supplementary information.
Therefore, until now, the exploration of micromechanical tension-
compression differences at high strain rates was not possible. In this
study, we will show that conclusive data can be derived from tension
experiments up to 22 s−1 that illustrate the asymmetry in strength de-
pending on the deformationmode for the polymer structures. Such data
will be vital for designing andmodelling optimised lattice geometries in
the future. Third, the great potential of polymeric metamaterials has
been highlighted by numerous studies [27] and, in particular, the design
of those with a high-energy absorption capability [28,29] will greatly
benefit from an improved understanding of their behaviour under
high-speed impact and at elevated temperatures. But evenmore gener-
ally, the interplay of temperature and strain rate in polymers needs
much more investigation considering that many envisioned applica-
tions demand functionality at elevated temperatures and sustainability
against impact.With the obtained data, it has become possible tomodel
themechanical properties of IP-Dip polymer structures in different con-
ditions, which, in turn, creates a tool for future studies conducting pre-
dictive modelling of more complex microarchitectures.
2. Materials and methods

2.1. Two-photon lithography

All polymer structures for this study were produced via two-photon
lithography with a Photonic Professional GT (Nanoscribe GmbH,
Germany) applying the writing parameters listed in Table 1. A descrip-
tion of the relationship between writing parameters and mechanical
properties can be found in Ref [3]. The commercial negative-tonephoto-
resist IP-Dip was used, and printing was done in the dip-in lithography



Table 2
Sample geometries and sizes for the different mechanical tests.

Mechanical test Shape Relevant geometry Properties

Micropillar compression Pillar with an aspect ratio of 3:2 6 μm diameter and 9 μm height Yield strength and E
Micro-tensile test Dogbone specimen 5 × 5 × 20 μm gauge cross-section Yield strength and E
Nanoindentation Cube All edge lengths 200 μm E and H
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(Dill) configuration. IP-Dip is an acrylate-based polymer and its elemen-
tal analysis can be found in Liu et al. [30]

The geometries were designed with AutoCAD (Autodesk, Inc.) ini-
tially and were then written with the built-in software package
DESCRIBETM 2.5 (Nanoscribe GmbH). Indium tin oxide (ITO) covered
glass substrates (Solaronix GmbH) were used to ensure good adhesion.
After writing, the structures were immersed for 20 min in PGMEA de-
veloper bath, which was followed by 20min of cleaning in isopropanol.

Dedicated geometries were printed for the different mechanical
tests. For compression testing, micropillars with a height/diameter
ratio of 3:2 were used, for the micro-tensile testing dogbone-shaped
specimens [26] were fabricated, and for nanoindentation experiments,
polymer mesoscale cubes were made. The geometric dimensions are
specified in Table 2.
2.2. Mechanical testing

Hardness (H) and elastic modulus (E) of the printed IP-Dip
structures weremeasured using a Hysitron Ubi Nanoindenter equipped
with a Berkovich-shaped diamond tip. Load-displacement curves were
analysed by applying the Oliver and Pharr approach [31], using 0.49
for the Poisson's ratio of the polymer. To obtain a representative aver-
age, 25 indents with a separation of 5 μm were performed, and this
was repeated on two separate polymer cubes with edge lengths of
200 μm. The maximum load for all indents was 2 mN, which was held
constant for 2 s. Loading and unloading were each done over 5 s. The
maximum penetration depth during these measurements did not ex-
ceed 680 nm.

Micromechanical tests on the micropillars and micro-tensile sam-
ples were conducted using an in situ nanoindenter from Alemnis AG
with dedicated set-ups for testing at high temperature and high strain
rates inside an SEM (Zeiss DSM 962 for compression testing and Philips
XL30 for tensile testing). Initially, it was verified that the SEM electron
beam does not affect the mechanical properties of the IP-Dip samples.
Therefore, measurements were conducted inside the SEM while simul-
taneously imaging the micropillars, and the tests were repeated after
having turned off the beam.

Micropillar compression tests were conducted at different tempera-
tures: 25, 35, 50, 65 and 80°C, and over 6 orders of magnitude of strain
rate, from 7e−4 to 600 s−1. Three pillars were tested for each condition
and measurements at quasistatic speeds were corrected for thermal
drift [32]. The micropillars were compressed to more than 20% strain,
but fracturewas not observed during any of the experiments conducted
here. The highest strain rate that can be achieved during these tests
depends, firstly, on the actuation speed of the in situ dynamic nanoin-
dentation system, and, secondly, on the dimensions of the pillars.
Here, we opted for a pillar height of 9 μm so that strain rates of ~600
s−1 were possible for the maximum actuation speed of 5.5 mm/s. A
height/diameter aspect ratio of 3:2 was chosen to avoid buckling. For
these pillar dimensions yielding occurred at loads above 1 mN ensuring
that they can bemeasured reliably by the strain gauge based load cell at
low strain rates (up to 1 s−1) and the piezoelectric load cell at high
strain rates (above 1 s−1). According to previous data, significant degra-
dation (including weight loss) is expected to occur above 200°C for IP-
Dip polymer. [30] However, severe softening was already observed at
80°C, and for tests conducted at the lowest strain rates, the yield point
could not be established unequivocally from these stress-strain curves.
Hence, we did not increase the testing temperature any further.

Micro-tensile tests were conducted at room temperature at strain
rates ranging from 7e-4 to 22.4 s−1 using a previously established
methodology. [26] For each strain rate, four specimens were loaded
until failure for a better statistical representation of thematerial behav-
iour. Details on the indenter set-up and the testing procedure are in-
cluded in the supplementary materials. The yield strength was defined
as the point of inflexion in the slope of the stress-strain curve and the
elastic modulus was obtained by fitting the initial slope of the curve.

2.3. Model based on the strain rate-temperature superposition principle for
yield strength

Richeton et al. [24,33] showed that the compressive yield stress over
a large range of strain rates and varying temperatures could be de-
scribed accurately with a formulation of the Eyring cooperative model.
Their approach relies on the strain rate-temperature superposition prin-
ciple that had been accepted for polymers previously.

In this work, we followed their outlined methodology and applied
the same model for the compressive yield stress from the tests to our
micropillars. The experimental data were plotted in a reduced yield
stress-log strain rate graph. A reference temperature (Tref) of 25°C was
selected, and all data plots from elevated temperatures were moved
using equation 1 and 2. Subsequently, the obtained plot was fitted
using equation 3 to derive the other deformation parameters.
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3. Results

3.1. Yield strength

A representative selection of the stress-strain curves illustrating the
effect of strain rate during room temperaturesmeasurements is given in
Figure 1a, showing that, initially, the deformation is fully elastic. This is
followed by yielding,which is seen as a clear inflexion point in the slope.
Subsequently, the strain hardening is significant. At lower strain rates,
yielding set in at strains of around 3%, which doubled to about 6% for
the highest strain rates of ~600 s−1. The values for yield stress
(Fig. 1b) were established by testing three pillars for each strain rate



Figure 1. (a) Stress-strain curves from micropillar compression tests at room temperature for different strain rates. (b) Yield strengths from micropillar compression experiments for
different strain rates and at varying temperatures. (c) SEM images of pillars before and (d) after testing. The stage was tilted by 40°, and no tilt correction was applied during imaging.
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and temperature. When plotting the yield strength against strain rate
on a logarithmic scale, a nearly linear increase can be seen (Fig. 1b).
Such a relationship has also been reported on the macroscopic scale.
[23] Increasing the testing temperature led to a decrease in yield
strength. This effect, however, was more pronounced for the quasi-
static testing regime. For all tests conducted at a strain rate of 0.7 s−1

or higher, the drop in yield strength at elevated temperatures was less
severe.

The results obtained here in the quasistatic regime and at ambient
temperature are in remarkable agreement with similar experiments
on IP-Dip polymer in the past. For the slowest testing speed, the yield
stress we found was 67 ± 2 MPa, which is close to the 62.7 ± 4.7 MPa
determined byMeza et al. [16] for a strain rate of 10−3 s−1. A systematic
study investigating the effect of writing parameters on the mechanical
properties of the obtained polymer was published recently by Bauer
et al. [3] They reported a strong correlation of yield strength with laser
power and writing speed. The highest strength they achieved was 70
MPa, thus indicating that thewriting conditions used herewere suitable
to induce full cross-linking within the photoresist. Those processing pa-
rameters had been selected to ensure that the obtained results are rele-
vant, and to allow a comparison to other studies. Lai et Daraio [18]
approximated the yield strength for the struts in their IP-Dip polymer
microlattices as 76.5 ± 6.5 MPa.

The SEM images in Figure 1c and d show a pillar as-written and after
deformation at a strain rate of 0.07 s−1 at room temperature, respec-
tively. In the plastically deformed pillars, barrelling and some ripples
along the side are visible after testing.
Micro-tensile testing was conducted on samples with a dogbone
shape. Each tensile test specimen had been printed with a large foot to
ensure good adhesion with the substrate, and no sign of debonding
was evident after the tests, as shown in Figure 2c. In Figure 2b the
yield strength values determined by compression testing and tensile
experiments at room temperature are compared. The discrepancy
between these two values is not independent of the strain rate. The
variation was found to be 26% for the highest strain rate tested here
(20 s−1), whereas for the slower speeds, the strength values only dif-
fered by 12%. Similar to micropillar compression experiments, the
stress-strain curves from tensile testing show significant strain harden-
ing (Fig. 2a) after the point of yielding. Neckingwasnot observed during
the tests conducted at slower speeds.

A recent study by Cadarso et al. [34] quoted values of 50 to 70 MPa
for the tensile strength of IP-Dip structures, whereas Ladner et al. [35]
tested nanowires (diameter of 370±9nm) at quasistatic speeds and re-
ported a tensile strength of 62MPa, which is in remarkably good agree-
ment with the values obtained here.

3.2. Hardness

Nanoindentation measurements were conducted to determine the
hardness and elastic modulus. 50 indents were performed in total,
showing little variation from one to the other, and the hardnesswas de-
termined to be 195 ± 8 MPa. This value is notably higher than the
130 MPa reported by the manufacturer Nanoscribe on their website.
However, the exact writing parameters were not stated, and a



Figure 2. (a) Selected stress-strain curves frommicro-tensile tests conducted at room temperature and different strain rates. (b) Comparison of yield strengths calculated frommicropillar
compression and micro-tensile tests. (c) SEM images of dogbone specimen before and after testing.
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maximum load of 24.5 mN was used for their nanoindentation mea-
surements. Hence, the observed discrepancy could either be due to a
difference in the amount of cross-linking in the photoresist or it could
be the result of a difference of measurement parameters during the
nanoindentation tests.
3.3. Elastic modulus

Previous studies have found that the elastic modulus of IP-Dip poly-
mer is strongly dependent on thewriting parameters, and a wide range
of values, spanning from 0.75 to 4.5 GPa, have been reported. Using a
systematic experimental approach, Lemma et al. [36] determined that
the elastic modulus correlates linearly with the laser power used in
the lithography process. A list of experimental results found in the cur-
rent literature is compiled in Table 3.

According to the nanoindentation experiments, the elastic modulus
is 2.58± 0.12 GPa, a value that is slightly lower than the indentation re-
sults reported byNanoscribe themselves (2.91GPa). It is also lower than
the numbers extracted frommicropillar compression andmicro-tensile
testing (see Figure 3a). The initial sections in the stress-strain curves
have been fitted to extract the elastic modulus, and good agreement
was found for compression and tensile tests. For quasi-static speeds, a
strain rate dependence was noted, but for tests conducted at strain
rates of 0.7 s−1 or higher, the elastic modulus was constant at around
3.2 GPa. This is the same value that Ladner at al. [35] measured in
tension for their nanowires (3.3 GPa) and only slightly lower than the
highest value determined by Bauer et al. [3] of 3.6 GPa. Previously,
Meza et al. [16] obtained an elastic modulus of 2.1 ± 0.3 GPa from com-
pression tests of a range of micropillars with varying diameters, while
applying a strain rate of 10−3s−1. They reportedly used a lower laser
power (maximum of 12 mW) in the writing process, which could ac-
count for the slightly lower elastic modulus value.

The elastic modulus decreased notably with higher temperatures. It
was not evident that this decrease was affected by the strain rate
(Fig. 3b).
4. Discussion

In polymers, the yield strength increases notably with increasing
strain rates, a trend that is especially visible in the intermediate (0.1 to
10 s−1) and high strain rate (N10 s−1) regimes. Numerous studies
have shown this to be true on the macroscopic scale [22,33,39,40] and
those results of compressive yield stress for polymethylmethacrylate
(PMMA) at room temperature have been plotted in Figure 4, together
with the data obtained here for the 3D-printedmicropillars. Of the com-
mon commercial polymers, PMMA is the closest chemical sibling to the
acrylate-based IP-Dip from Nanoscribe, and the strain rate dependency
of the compressive yield strength identified for the different PMMA
samples corresponds well to our results. The sample dimensions in
those previous studies were at least several millimetres, and thus,



Table 3
Results of nanoindentation measurements with literature data on nanomechanical testing from previous studies using Nanoscribe's photoresist IP-Dip.

Elastic modulus (GPa) Hardness (MPa) Poisson’s ratio Comment

This study 2.58 ± 0.12 195 ± 8 0.49+ Indentation test with Berkovich tip and 2 mN maximum load
Nanoscribe 2.91 130 Berkovich tip, 24.5 mN maximum load
Bauer et al. (2019) [3] 0.6 to 3.6 Elastic modulus increases with higher laser power and decreases for

higher writing speeds
Schroer et al. (2018) [28] 2.9 0.41 Annealed in vacuum at 200°C for 15 min
Lemma et al. (2017) [36] 0.75 to 4.5⁎ 0.45 to 0.5 identified a linear correlation of elastic modulus and laser power used

in the lithography process (5 to 13 mW)
Bauhofer et al. (2017) [37] 2.45 ± 0.2† 0.49 16 mW laser power, nanoindentation up to 2 μm penetration depth
Meza et al. (2015) [16] 2.1 ± 0.3 Pillars (2 to 10 μm diameters) written with laser power of 6 to 12 mW
Bauer et al. (2015) [38] 2.34 ± 0.08• 0.14 Vacuum baking at 250°C for 30 min

+ Taken from Ref. [36]
⁎ E from Microbending tests.
† Reduced elastic modulus from nanoindentation.
• Push-to-pull geometry

Figure 3. (a) Room temperature elasticmodulus values determined fromnanoindentation,micropillar compression, andmicro-tensile tests at different strain rates. (b) Evolution of elastic
modulus for increasing temperature for three different strain rates as determined from micropillar experiments. (Dashed lines were fitted to guide the eye).

Figure 4. Compressive yield strength measured at room temperature for micropillars
tested here, as well as results from macroscopic testing of PMMA found in literature
[22,33,39,40] (dashed lines are included to guide the eye). The data of the IP-Dip pillars
were measured at 25°C.

6 N. Rohbeck et al. / Materials and Design 195 (2020) 108977
orders of magnitude larger than the micropillars tested here. Still, the
observed trends were remarkably similar, the micropillars exhibited a
comparable strain rate sensitivity as samples on the macroscopic
scale, suggesting that the same deformation mechanisms are relevant.
Up to now, there is no experimental evidence for a notable size effect
in this type of polymer. Reports on IP-Dip nanowires and micropillars
[3,35] state strength and stiffness values which are very similar to
bulk properties of common polymers used in two-photon lithography.
In their recent systematic characterisation of IP-Dip structures, Bauer
et al. [3] concluded that any pronounced size effects were absent.

Similar to the macroscopic experimental work, yield does not only
occur at higher stresses when the strain rate is increased, but also at
higher strains (see Fig. 1a). However, the slopes in the initial, elastic sec-
tions of the stress-strain curves do not show an obvious change. Overall,
an increasing strain rate decreases the molecular mobility of the poly-
mer chains by making the chains stiffer. Therefore, the initial elastic
modulus will appear strain rate dependent. Richeton et al. [24] used
anArrhenius-type equation to describe this relationship, which predicts
a steady increase of the elasticmodulus for increasing strain rates. How-
ever, our results indicate no further rise in the elastic modulus beyond a
strain rate of 1 s−1 (see Fig. 3a). This suggests that above strain rates of 1
s−1, the duration of the experiment is shorter than the characteristic



Figure 5. Hardening modulus from stress-strain curves of micropillar compression and
micro-tensile tests at room temperature.
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time required for the polymer chains to undergo conformational
changes. Under strain, the polymer chains adjust with the deformation
direction in an affinemanner.When the strain rate is increased, the time
for these changes to occur is reduced and thus those conformational
changes are prevented. Instead, the initial section of the stress-strain
curves is a measure of the elasticity of the present atomic bonds.

According to Li et al. [41], the threshold for ductile-to-brittle transi-
tion for PMMA is observed around 1000 s−1. Such high strain rates are
currently beyond the limit of our experimental set-up, and, indeed,
none of our micropillar tests showed brittle fracture (maximum strain
rate achieved here was 600 s−1). However, it should be noted that in
the tensile tests the failure strain decreased from 27% to 16% as the
strain rate was increased from 7e-4 to 22.4 s−1.

4.1. Tension vs. compression: Asymmetry in yielding behaviour

The lower yield strength from micro-tensile tests, as compared to
micropillar compression was expected. Yielding in polymers is pressure
dependent [42,43] and the hydrostatic pressure component present in
compression testing increases the yield strength notably. [33] In their
comparative study of PMMA, Richeton et al. [33] treated thediscrepancy
of ~15% between the yield strength in tension and compression as ama-
terial constant that is related to the temperature sensitivity of the poly-
mer itself. This is in contradiction to an earlier report by Chen et al. [44],
who observed that the differences between tension and compression
are muchmore pronounced in the dynamic regime than the quasistatic
regime. On the macroscopic scale they observed that PMMA fails in a
brittle manner when tested under tension at high strain rates. Brittle
fracture precedes plastic yielding and a lower strength is measured
compared to equivalent strain rates during compression tests. Here,
we did not observe such brittle failure in themicron-sized tensile exper-
iments. It is possible that this is due to the smaller specimen size, since
numerous very different materials have been found to exhibit a
quasibrittle behaviour. [45] In such quasibrittle materials the failure
mode depends on the length scale and brittle failure can be avoided
when the sample geometry is sufficiently small.

4.2. Heating effects

Large deformations duringmechanical testing of polymerswill inev-
itably lead to heating effects that cannot be neglected in the analysis.
This is particularly true for high deformation rates since heat generation
by the conversion of plastic work occurs much faster than the heat dis-
sipation. [46] Polymers have low thermal conductivities and previous
studies concluded that such effects need to be considered at strain
rates of 0.01 s−1 or above. [33] By monitoring the specimen tempera-
ture during mechanical testing it could be shown that the temperature
rise was only significant for strains beyond the point of yielding [39],
whereas the temperature increase during the elastic regime can be con-
sidered negligible. Heating effects can lead to a reversal of strain hard-
ening, and in extreme cases, strain softening was observed. Such an
observation was not made here. To illustrate this point, the hardening
modulus was determined from the stress-strain curves by fitting the
slope after the yield point. This was done for the data obtained from
compression and tensile tests, and those values are plotted in Fig. 5.
Compression tests clearly showed increasing strain hardening at higher
strain rates. In contrast, the hardeningmodulus taken from tensile tests
appears to be constant, and then it drops for the two highest strain rates
tested here.

This differing behaviour could be an effect of the small size of the
tested specimen. Themicropillars have a small volumewith a large sur-
face area, and the contact area with the flat punch tip is comparatively
large. This might allow for sufficient heat transfer to avoid any notable
increase in the specimen temperature caused by plastic deformation.
The tensile samples have a larger volume, and contact with the grips
is made at some distance from the sample section that undergoes
most of the deformation. Hence, it is conceivable that this difference
in geometry leads to a different centreline temperature in the specimen
during high strain rate deformation.

4.3. Strain rate-temperature superposition principle for yield strength

We have seen above that the mechanical response of polymers is
very sensitive to the strain rate and temperature. The trendof increasing
yield strength with higher strain rates in our micropillars was found to
be comparable to the body of work that exists on PMMA. Thus we
have applied the model by Richeton et al. [24,33] that was found to be
accurate in capturing themechanical behaviour of PMMAon themacro-
scopic scale. The graphs in Figure 6 show the results, and the model pa-
rameters are stated in Table 4 together with the values of Richeton for
PMMA. The two plots in Figure 6b and c illustrate the model prediction
(continuous lines) with the experimental data (individual data points),
and a good agreement between the two was achieved.

The values obtained here from applying the Eyring-type
temperature-strain rate model differ from the parameters determined
for macroscopic PMMA samples. This is particularly true for the pre-
exponential strain rate ε0

:
. From the experiments, it was concluded that

the size effect does not influence the deformationmechanisms dominat-
ing the yielding behaviour of such polymers, and the reason for the dis-
similarity in parameters derived on different scales is not clear.

5. Conclusions

Here, we conducted a systematic experimental study determining
the mechanical properties of micron-sized 3D-printed polymer struc-
tures. In these tests, the strain rate had been varied over six orders of
magnitude, ranging from the quasistatic regime up to hundreds per sec-
onds and the temperature was raised to 80°C. In summary, when the
strain rate is increased, yielding occurs at higher strains and stresses,
whereas the elastic modulus shows a much smaller strain rate depen-
dency. Even a moderate rise in temperature led to a rapid decrease of
the yield strength and elastic modulus. These results obtained by
micromechanical testingwere in good agreementwith previous studies
of PMMA on the macroscopic scale. The observed strain rate depen-
dency of compressive yield strength was comparable, suggesting that
the most relevant deformation processes are the same on the micro-
and macroscale. The variations in compressive strength values could
be captured accurately by a model based on the strain rate-



Figure 6. Experimental data of compressive yield strength (data points) and fitted model
(line) (a) reduced yield stress over log strain rate; data plots of 50°, 65°, and 80°C were
shifted according to equations 1 and 2. This approach is indicated with arrows for the
80°C data plot (red dots), (b) model with experimental results for compressive yield
strength over log strain rate and (c) temperature.

Table 4
Parameters derived for the model with literature data from testing of PMMA.

Parameter IP-Dip micropillars PMMA [33]

n 1.33 6.37
V (nm3) 4.72 × 10−3 5.14 × 10−2

σi (0) (MPa) 250 190
m (MPa/K) 0.635 0.47
ε0
:
(s−1) 141 7.46 × 1015

ΔHβ (kJ/mol) 25 90
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temperature superposition principle previously proposed for macro-
scopic tests. Relevant activation parameters were determined and
thosewill now allow for predicting themechanical behaviour for condi-
tions beyond the tested scope, as long as the same deformation mecha-
nisms are active.

Metamaterials derive their functionality through a carefully de-
signedmicroarchitecture that frequently uses a combination of different
deformation modes within one structure. For example, in microlattices,
the deformation in some struts will be dominated by bending, while
others undergo mainly stretching. Therefore, the asymmetry reported
here between compressive and tensile strength must be incorporated
into the relevant finite element calculations to capture the response of
microlattices tomechanical load accurately. Any successful optimisation
of complex 3D-printed geometries relies on the accuracy of the under-
lying material property data, and here, we have provided a valuable
dataset to aid our understanding of the mechanical behaviour of such
3D-printed polymer. Such information is indispensable for improving
the design of novel metamaterials in the future.
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