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Strong and lightweight materials are highly desired. Here we report the
emergence of a compressive strength exceeding 2 GPa in a directly printed
poly(ethylene glycol) micropillar. This strong and highly crosslinked micro-
pillar is not brittle, instead, it behaves like rubber under compression.
Experimental results show that the micropillar sustains a strain approaching
70%, absorbs energy up to 310 MJ/m?, and displays an almost 100% recovery
after cyclic loading. Simple micro-lattices (e.g., honeycombs) of poly(ethylene
glycol) also display high strength at low structural densities. By combining a
series of control experiments, computational simulations and in situ char-
acterization, we find that the key to achieving such mechanical performance
lies in the fabrication of a highly homogeneous structure with suppressed
defect formation. Our discovery unveils a generalizable approach for achiev-
ing a performance leap in polymeric materials and provides a complementary

approach to enhance the mechanical performance of low-density latticed

structures.

Ultrasmall structures of metals and ceramics exhibit anomalous
mechanical behavior compared to their bulk counterparts'®. At the
scale of micro- and nanometers, ceramics have shown large elastic' or
even plastic® deformation, and metals have demonstrated significantly
enhanced strength®. This is because that it is possible to fabricate high-
quality structures at the ultrasmall scale, which eliminates the detri-
mental effects of defects"”. Meanwhile, the strengthening* and
toughening® effects of microstructures (e.g., grain boundary* and dual
phase®) are significantly amplified in small structures. In recent years,
nanolatticed ceramics and metals, which are obtained via the post-
treatments (e.g., carbonization, inorganic coating and polymer matrix
removal) of the printed polymer lattices, have demonstrated further
improved mechanical performance due to the efficient integration of
the architecture and size effects’®. In contrast to metals and ceramics,
small structures of polymers®'° are easier to fabricate. However, so far,
structural polymers have rarely demonstrated significantly improved

mechanical performance on the micrometer-scale. This may be
attributed to the lack of a successful combination of suitable polymeric
formulations with current microfabrication techniques, which could
produce the defect-free structures with desired microstructural
features.

In many polymer-network materials, the actual ultimate strength
and compressibility are much lower than theoretical predictions due
to the uncontrollable formation of various types of defects". Spatial
inhomogeneity of crosslinking, dangling bonds, and loops can be
easily formed during the free-radical polymerization of monomers and
crosslinkers®. These defects cause stress concentration and mechan-
ical fragility in polymeric networks, particularly in those highly cross-
linked systems. In the past two decades, these issues have been
partially resolved by several specific molecular-design strategies.
These include the design of double-network™, the introduction of non-
covalent or sacrificial crosslinker™, and the utilization of
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entanglements” and four-arm monomers®. On the other hand, our
recent work? shows that the incorporation of emerging inorganic
nanomaterials into polymer architectures could significantly enhance
the mechanical performance. However, a generalizable fabrication
strategy to achieve the homogeneous networks with suppressed for-
mation of defects is still lacking for commonly used polymers formed
by free radical polymerization. And the theoretically predicted
mechanical limit of polymer networks are still difficult to be realized.

Over the past several decades, great interest lies in a polymer
material known as poly(ethylene glycol) (PEG for short hereafter)
because of its tunability, adaptability, and biocompability>. With the
addition of two end di-acrylate groups, poly(ethylene glycol) diacry-
late (PEGDA for short hereafter) can be easily crosslinkable to form
polymeric network using a initiator under photoexcitation, thus it has
become one of the most used photopolymer in 3D printing®?**. So far,
the reported strength of PEG-based structures are normally less than
tens of megapascals® %, and these “strong” PEG-based networks with
high crosslinking degree are typically brittle* .

Our high-strength, highly compressive PEG micropillars were
obtained via the two-photon printing which constructs 3D structures
via a point-by-point (or voxel-by-voxel) polymerization (Fig. 1A).
Although two-photon polymerization is well-known for its ability to
print high-precision 3D structures®®*™°, thus far, little attention has
been paid to its capability of controlling the network feature of poly-
mers, and its potential in enhancing the homogeneity of the covalent-
crosslinking network has been rarely exploited. Two-photon volu-
metric printing using a strong, near-infrared femtosecond laser under
high scanning speeds could ensure that radicals are quickly and evenly
formed in every voxel of the structure (Fig. 1A). This could avoid the
non-uniform generation or the trapping of radicals® that commonly
exists in radical polymerizations, and suppress the inter-layer defects
which are typically generated in other layer-by-layer 3D printing pro-
cesses. We envision that by the judicious tailoring of the photo-
polymerization materials systems and the printing parameters, the
long-time pursued crosslinking network with previously unachievable
mechanical performance could be obtained at the small scale.

Results

We chose a PEG-based photoresist (Fig. 1A) in which PEGDA400
(molecular weight=400, >94wt%) is used as the monomer, 7-
diethylamino-3-thenoylcoumarin (DETC, <2 wt%) is used as the pho-
toinitiator. To enhance the printability, very few pentaerythritol tria-
crylate (PETA, <4 wt%) is also added into the resin. The PEGDA400
monomer has a relatively long intervinyl distance (10.6 A), thus it
prefers interchain crosslinking®>* more than intrachain cyclization
(i.e., loops) during the photopolymerization. We chose a high laser
power to ensure that all the DETC photoinitiators can be excited within
a very short time and radicals are formed much faster than the chain
propagation®. We adjusted the printing parameters (details in Suple-
mentary Information) to ensure that almost all the C=C bonds can be
reacted, with the degree of conversion approaching 100%. The
detailed calculations of the photopolymerization dynamics under our
printing conditions are displayed in supporting information. We
envision that this system could effectively suppress the formation of
defects, including the inhomogeneity of crosslinking, dangling bonds,
and loops.

The printed micropillar demonstrates an ultrahigh strength up to
2.34 GPa with a compressive strain approaching 70%, and it displays an
almost 100% recovery (97.2% in average) after unloading (Fig. 1B).
Without the addition of the 4 wt% PETA, PEG micropillar still displays a
strength up to 2.68 GPa and a compression strain approaching 70 %,
yet the recoverability slightly declines to ~90 % (Fig. 1C). The toughness
of our PEG-based micropillar reaches 310 MJ/m?. As shown in Fig. 1D,
the compressive strength of our PEG-based micropillar is one-to-three-
order-of-magnitudes higher than previously reported PEG-based

structures®?. Furthermore, our ultrastrong PEG-based micropillar
behaves like a resilient rubber, rather than a brittle plastic under
compression.

Raman and Fourier-transform Infrared results demonstrate that
almost all C=C bonds (>95%) have been reacted (Supplementary
Figs. 1 and 2), suggesting a superhigh crosslinking degree of -L5
x10” m™ (or 1.5nm>3, 1.5 crosslinking points per 1nm® and negligible
dangling bonds in the printed network. Raman, Fourier-transform
infrared and laser confocal microscopy results suggest that the polymer
network in our pillars is highly homogeneous (Supplementary Figs. 1-3).
Thus, the striking improvement of the mechanical performance of our
micropillars compared to previous PEG-based structures™ % should arise
from the suppression of defects that commonly exist in large structures
of highly crosslinking systems.

Figure 1E compares the compression behavior of our PEG-based
micropillar with other metal®, ceramic®***, composite’** and
polymeric”~*° micropillars. Polymer (SU-8 and polystyrene) micro-
pillars fabricated from other methods (e.g., focused ion beam etching,
2D lithography) show a significant yield and post-yield softening, with
their strength limited to a few hundreds of MPa. Micro- or nano-pillars
of metals and ceramics display high strength above 1 GPa**, but they
either fracture or yield at limited strains.

We further compare the mechanical performance of our PEG-
based micropillars with other structural materials. As shown in
Fig. 2A, B, the high strength, compressibility and recovery of our PEG-
based micropillars combine the merits of rubbers and ceramics, which
expands the performance space of structural materials. Compressive
strength and compressibility (strain) are two critical factors which
dominate the overall performance of structural materials in many
applications such as energy dissipation, cushioning, and packaging*’.
However, in many cases, these two properties are mutually exclusive.

More compressive stress-strain curves are displayed in Supple-
mentary Figs. 4-12. The true stress-strain curve of our PEG-based
micropillar is shown in Supplementary Fig. 9, in which the strain-
hardening behavior can also be observed, and the ultimate true strength
approaches 1.59 GPa. We further conducted a series of control experi-
ments to unravel the structure-property relationships of PEG-based
micropillars. We printed the micropillars using PEGDA monomers with
different molecular weights (i.e, PEGDA200, PEGDA400 and
PEGDA700) under the same condition, and compared their mechanical
behaviors. This difference could arise from the distinct crosslinking
degree. Lower monomer weight of PEGDA200 leads to the higher
crosslinking degree, which stiffens the printed structure. And the higher
monomer weight of PEGDA700 leads to the lower crosslinking degree,
which softens the printed structure. All these PEG-based micropillars
display high strength. Micropillars made of PEGDA200 are stiffer but fail
when compressed to 40%, and micropillars made of PEGDA700 are
softer with degraded recoverability (Supplementary Fig. 10). Meanwhile,
PEGDA400-based pillars printed under lower laser powers (Supple-
mentary Fig. 13) have decreased crosslinking degree (characterized by
Raman measurement), which become slightly softer. These results
indicate the tunability of the materials systems and mechanical perfor-
mance based on our fabrication framework.

In-situ SEM compression tests of our PEG-based micropillars are
shown in Fig. 3A and Supplementary Movie 1. PEG-based micropillars
deform uniformly under the compression. Surface wrinkling and
cracks were observed in some of our PEG-based micropillars when
being compressed in SEM (Supplementary Fig. 14 and Supplementary
Movie 2). Normally, surface wrinkling is observed in those stiff films on
soft substrates* under external stresses due to the mismatch of
modulus. This structure gradience (hard surface with a softer core) can
hinder the propagation of surface crack***?, as observed in our
micropillars (Supplementary Fig. 15 and Supplementary Movie 2). Of
note, different from the in-situ SEM tests (vacuum, humidity =0),
cracks were rarely found in our micropillars when compressed under
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Fig. 1| PEG-based micropillar. A Schematic diagram of the feedstock composition,
microfabrication setup and the network formation of PEG-based micropillars.
Right: SEM image of the printed pillar. B Compressive stress-strain curves of PEG-
based micropillars with the addition of 4 wt% PETA. Insets are the SEM images of
two micropillars (different height-to-diameter ratios) before and after

compression. C Compressive stress-strain curves of PEG micropillars. Insets are the
SEM images of two micropillars before and after compression. D Comparison of the
stress-strain curve of PEG-based micropillar with other PEG-based macroscale
structures. E Comparison of the stress-strain curve of PEG-based micropillar with
other materials. Data are reproduced from refs. 4,25,27,34-38. Scale bar: 2 pm.
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Fig. 2 | Mechanical performance of PEG-based micropillar. A Compressive strength versus recovery. B Specific compressive strength versus strain. Data are reproduced

from Refs. 4,6,21,34-38.

ambient condition (humidity ~-60%). We ascribe these different phe-
nomena to the fact that under the SEM vacuum environment
(humidity = 0), the absorbed water molecules (-6 wt%, Supplementary
Fig. 16) on surface layers could be vacuumized, which leads to the hard
surface and core-shell gradience. Similar effects of humidity on the
crack formation were previously observed in hydrophilic high-
crosslinking networks***,

Figure 3B displays the cyclic test of the PEG-based micropillars
under ambient condition. PEG-based micropillar displays high
mechanical stability with a maximum stress retention of ~90% (Fig. 3B)
and a recovery of 98% (Fig. 3C) after 10 compression cycles at a large
strain of 50%. Very low hysteresis was observed after the first cycle
(Fig. 3B). This is because that during the first-cycle loading, polymeric
chains need to overcome significant internal friction and mutual slip
resistance to rearrange, and the rupture of certain crosslinking points
could occur, leading to notable viscous dissipation*¢. More cyclic
tests of our micropillars are displayed in Supplementary Fig. 17. The
ultimate strength and the dissipated energy (calculated from the area
of the hysteresis loops) decreased slightly at first and then approached
constant values after the second cycle.

We conducted coarse-grained molecular dynamics to elucidate
the molecular-level mechanisms underpinning the mechanical char-
acteristics of the PEG-based polymer network (details in the Suple-
mentary Information). As shown in Fig. 3D, a simplified coarse-grained
model was employed to simulate the components of the photoresist.
The network was formed following the reaction scheme in Supple-
mentary Fig. 18 which effectively mimics the chemical reactions during
the photoinitiated polymerization. The extent of crosslinking reaction,
i.e., the extend of double bond conversion is controlled to be =93%, as
measured by Raman analysis. We further conducted compression
simulations on the cured network to characterize its mechanical
properties. Figure 3E, F demonstrates a good agreement between
simulated and experimental stress—strain behavior. This suggests that
the PEG-based micropillar realizes the network with negligible defects,

thus the theoretical mechanical behavior of the corresponding ideal
network could be experimentally achieved.

We further printed honeycomb structures with a density of
0.56 g/cm?® and a relative density of ~50%. As shown in Fig. 4A, B, the
compressive stress-strain response is nonlinear, with significant hard-
ening at large strains approaching ~-60% strain without catastrophic
failure. Our PEG-based honeycombs demonstrate an ultimate stress up
to 1.2 GPa with an energy absorption approaching 180 MJ/m? (the
specific absorption of honeycomb is 325])/g), and they display a
recovery of ~94% after unloading. The small plastic deformation of the
structure is probably from crack, leading to irreversible deformation of
the structure. Such strength and toughness are much higher than
previously reported polymeric honeycombs of similar structural
densities*’, and are on par with the current record holders, the glassy
carbon micro-honeycombs which, however, are normally brittle. In-
situ SEM compression of a typical PEG-based honeycomb structure is
shown in Supplementary Movie 3. As shown in Fig. 4C, D, the specific
strength and energy absorption of our pillars and honeycombs could
fill in the white space of the Ashby charts.

Discussion

In summary, we print a PEG-based micropillar with a compressive
strength exceeding 2 GPa, which is one-to-three-order-of-magnitudes
higher than previously reported PEG-based structures. This highly-
crosslinked micropillar can sustain a compressive strain up to 70% and
displays an almost 100% recovery after cyclic loading. Such extra-
ordinary performance can also be obtained in PEG-based lightweight
honeycombs, of which the mechanical strength are on par with the
glassy carbon at similar structural densities. We ascribe the concurrent
high strength and rubber-like behavior to the very homogenous
crosslinking with a suppressed defect formation in the two-photon-
printed PEG micropillars and micro-honeycombs. This work provides
an alternative approach to enhance the mechanical performance of
low-density latticed structures.
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Fig. 3 | In situ compression, cyclic test and simulation. A In situ SEM compres-
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of 10 cyclic tests of PEG-based micropillar. C SEM images of the PEG-based
micropillar before and after the cyclic compression. Scale bar: 5 um. D Coarse-
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grained modeling of the photoresist and the largest interconnected molecular
cluster in the cured network. E, F Compressive true stress-strain curves from
simulated cured network (red line) and experimental measurements (black lines).

Besides the PEG-based systems, there is a broad opportunity to
print additional high-quality networks of other polymeric materials
based on this simple framework. And in comparison to those bench-
marking small structures of metals and ceramics' ™, polymer networks
offer the advantages such as ease of fabrication and post-treatment
(e.g., swelling", heating”), and the flexibility to transform into other
types of materials (e.g., hydrogels) and integrate into contemporary
microdevices. Thus, current discovery may offer the potential for new
applications of microscale polymeric structures in small artificial
muscles, tissue engineering, flexible electronics, as well as micro-
actuators. In addition, recent progresses in the scalable two-photon
printing techniques***° may help realize the fabrication of desired
polymer networks at larger scales.

Methods

Materials

PEGDA (Poly(ethylene glycol)diacrylate) (97%) and PETA (Pentaery-
thritol triacrylate) (97%) were purchased from Sigma-Aldrich. DETC (7-
Diethylamino-3-thenoylcoumarin) (97%) were purchased from Shang-
hai Yuanye Bio-Technology Co., Ltd.

Preparation of PEGDA photoresists
PEGDA (Poly(ethylene glycol)diacrylate), PETA (Pentaerythritol tria-
crylate), and DETC (7-Diethylamino-3-thenoylcoumarin) are commer-
cially available and were used as received. The following photoresists
were prepared and used for printing:

98 mg PEGDA400 +2 mg DETC

96 mg PEGDA400 +2 mg DETC +2 mg PETA

94 mg PEGDA400 +2 mg DETC +4 mg PETA

94 mg PEGDA200 +2 mg DETC + 4 mg PETA

94 mg PEGDA700 + 2 mg DETC +4 mg PETA

Two-photon lithography

Two-photon lithography experiments were conducted using the Pho-
tonic Professional GT system (from Nanoscribe GmbH) with a Zeiss
Plan-Apochromat 63x/1.4 Oil DIC objective and a 780 nm laser. A
combination of galvo-mirrors and piezoelectric actuators were used to
control the printing position. During the experiment, laser powers
ranging from 10 to 50 mW and scanning speeds between 1 and
20 mms ™ were applied. Glass with a thickness of 0.17 mm was used as
the substrate. The photoresist was drop casted onto the substrate, and
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Fig. 4 | Mechanical performance of PEG-based micro-honeycomb.
A Compressive stress-strain curves of PEG-based honeycombs. Inset is a zoom-in of
the initial curve. B SEM images of the honeycomb before and after compression.

Scale bar: 3 pm. C Energy absorption versus density. D Compressive strength
versus density. Data are reproduced from refs. 4,6,21,34-38,50.

structures were created under the oil immersion mode. After the
printing, the samples were developed in 2-acetoxy-1-methoxypropane
for 30 min and then in 2-propanol for 10 min.

Mechanical testing

Compression testing was conducted using Anton Paar UNHT3
nanoindenter. A 200 pm diamond flat punch tip was used. The testing
was performed at a strain rate of approximately 0.001-0.1s™. Recov-
ery represents the ratio of height after unloading to the initial height.

In-situ SEM mechanical testing
Compression testing was performed using a Bruker PI 85 nanoinden-
ter. Testing was performed under strain rates at 0.001-0.005s™. A

20 um diamond flat punch tip was used for the compression of
micropillars.

Characterization

Raman measurement was conducted using a LabRAM HR Evolution
Raman microscope with a 633 nm laser. Nano-FTIR imaging was con-
ducted using a Anasys nanolR2-FS system. Laser confocal microscopy
was conducted using a LEICA TCS SP8 system.

Data availability

The data generated in this study are provided in the Source Data file. All
data that support the findings of this study are available from the corre-
sponding author upon request. Source data are provided with this paper.
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