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Defects in microarchitected materials exhibit a dual
nature, capable of both unlocking innovative functionalities and
degrading their performance. Specifically, while intentional defects
are strategically introduced to customize and enhance mechanical
responses, inadvertent defects stemming from manufacturing
errors can disrupt the symmetries and intricate interactions within
these materials. In this study, we demonstrate a nondestructive
optical imaging technique that can precisely locate defects inside
microscale metamaterials, as well as provide detailed insights on

the specific type of defect.
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mechanical metamaterials, defects, two-photon polymerization, confocal imaging, polymers

even unintended formation of extra beam members within a
unit cell. Although intentional defects can sometimes be

3D microarchitected materials represent a transformative class ) . ) ) ] i
interesting and beneficial to the functionality and properties of

of engineered materials with extraordinary, tailored properties

unobtainable in their bulk counterparts."”> These metamaterials
are defined by their intricate microscale and nanoscale
geometries.”* The introduction of periodic voids and lattices
can imbue distinct properties including ultrahigh stiffness,"”
exceptional energy absorption,”® unconventional acoustic
dispersion,”® and auxeticity.” The utility and versatility of
these materials has propelled their adoption into commercial
applications such as biomedical stents, protective helmets,
frequency-selective soundproofing materials, and footwear."”"!
The rapidly evolving landscape of metamaterial design is
increasingly underpinned by the advances in machine learning
and geometry generation tools—a trend that is reshaping the
exploration of material geometries with unprecedented ease
and efficiency.”'> This paradigm shift is notably driven by the
enhanced accessibility and sophistication of machine learning
algorithms, which become integral in the iterative process of
designing, simulating, and optimizing the complex and
unintuitive morphologies inherent to metamaterials.
Concurrently, the development of mesoscale additive
manufacturing techniques enables the fabrication of milli-
meter-scaled parts with microscale and nanoscale features.""*
Rapidly growing demand for higher throughput manufacturing
techniques is often accompanied by an increased risk of
printing defects and manufacturing errors.'* These anomalies
include voids where material failed to properly polymerize,
improperly stitched interfaces resulting in offset unit cells, and
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a material, they can be problematic when their specific,
uncontrolled incorporation significantly alters their functional
properties.z’15

However, detecting defects in microarchitected materials is
challenging due to their subtle presence within complex, often
large periodic structures of the printed material. These
materials have been both indirectly probed with laser
vibrometry and mechanical testing and directly imaged by
scanning electron microscopy (SEM) and X-ray tomogra-
phy.w_19 With laser vibrometry, while nondestructive, it is
difficult to pinpoint the nature or exact location of defects
across a lattice.'” Mechanical characterization can provide
some insights into the presence of defects but often
compromises the integrity of the structure upon examination.

Additionally, traditional imaging techniques, including SEM
and X-ray tomography, offer a more direct examination of
these structures.' >
drawbacks. X-ray tomography provides a comprehensive view

However, they also come with their own
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of internal structures but can be limited by achievable
resolution and access to radiation sources.”’ While SEM is
capable of adequately resolving nanoscale features with high
resolution, it is limited to surface analysis and cannot
effectively penetrate the interior sections of the material.
These challenges prompt the development of rapid, non-
destructive, and high-resolution imaging techniques to
accurately detect defects in metamaterials.

Confocal microscopy, a widely used tool in biological
imaging, effectively addresses each of these challenges by
providing nondestructive imaging of the entire structure at
submicrometer resolutions. Our previous study has shown
both the ability to render microarchitected materials with
reasonably accurate dimensions and observe their external and
internal deformation during in situ mechanical loading.”* In
this work, we enhance the versatility of this technique by
demonstrating its capacity to precisely identify both the
location and the nature of incorporated manufacturing defects
within the lattice.

We first fabricate pristine structures without intentional defects
resembling the lattice design displayed in Figure 1 by using a

\ oK/

v,

v

80 uym

2.
7

v
£
W
£
W
L
W
£
W
a

A\

5x5x5
Lattice

Figure 1. Schematic of the lattice structure. (A) 16 ym X 16 ym X 16
um cell modeled after a FCC crystal cell. (B) Patterned into a § X 5 X
S lattice where a complex arrangement of beam members shields
internal members from view.

custom-built two-photon polymerization (TPP) printer. This
lattice structure is populated by unit cells that resemble an
FCC crystal, where thin beams connect the nodes of the unit
cell. These structures are fabricated from the standard
photosensitive resin, $Z2080.”* These structures are printed
onto a solid platform to ensure adhesion to the substrate and
provide a consistent reference plane for imaging.”* SEM
images of the printed structures from the orthogonal and top
views are shown in Figure 2. The insets of Figure 2A and B
depict measurements of the axial and lateral dimension of the
prints, which were measured to be on the order 3.0 + 0.2 ym
and 860 + 60 nm, respectively. Overall, the fabricated samples
closely align with the target geometry, with the notable
exception that the axial beam dimensions are elongated, which
is an inherent consequence of the TPP process.”””

Confocal microscopy is an optically sectioned imaging
technique that relies on collecting fluorescence from localized
excitation of fluorophores.”® To eliminate out-of-focus
fluorescence, a pinhole aperture at the detector is employed.
This approach enables the capture of high-resolution images
from successive depths, facilitating the computational
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Figure 2. SEM images of the printed metamaterials. (A) Orthogonal
view and (B) top view of the microarchitected material fabricated by
two-photon polymerization. The insets show the close-up images of
the beam members with axial dimensions of roughly 2.9 ym and 820—
840 nm. In both images, external beam members conceal internal
members.

reconstruction of a comprehensive three-dimensional repre-
sentation of the sample, including their internal features. In real
imaging systems, considering optical aberrations and scatter-
ing, the achievable lateral and axial resolutions can reach the
order of 200—600 and 600—1000 nm, respectively, with high
numerical aperture objectives.”’

In this experimental setup, the formation of the image relies
on spatially detecting fluorescence emitted from the micro-
architected material at successive depths. This requires that the
base material is both transparent and either autofluorescent or
suitably functionalized with fluorescent particles or dyes.””
These requirements immediately suggest that many metallic or
ceramic materials may not be conducive to this imaging
process due to their opacity. Nevertheless, a broad spectrum of
photopolymerizable materials is known to fulfill these require-
ments, making them suitable candidates for this technique.

We measure the photoluminescent spectrum of polymerized
$72080 material that were processed under the conditions
described in the Materials and Method Section. This spectrum,
shown in Figure 3A, depicts a broad peak with a peak
wavelength at 535 nm. The majority of the collected
fluorescence originates from residual 4,4'-bis(diethylamino)-
benzophenone that remains in the polymer after fabrication. It
is also known that the choice and concentration of solvent and
resin components affect the fluorescent spectra of this
material.”® The full effect of the laser processing parameters
on the fluorescence spectra is less understood but may still be a
deciding factor.

Continuous-wave excitation at 488 nm can produce images
with hi§h signal-to-background contrast at low <100 yW
power.”” In these investigations, we use a 60X 1.25 NA oil
immersion lens to image the structures. The complex structure
of unit cells and beam members in microarchitected materials
results in intricate spatial variations in refractive index from the
polymer (NA ~ 1.48) and surrounding air (NA =~ 1). Thus,
scattering quickly dominates after imaging into the structure.
In order to mitigate this scattering, the structures are
enveloped in a layer of oil that roughly matches the refractive
index of the printed material. A diagram of this imaging setup
is shown in Figure 3B. In turn, this enhances the resolvable
imaging depth into the lattice. Additional plots of the collected
fluorescence intensity as a function of depth are shown in
Figure S1.

Figure S2 depicts rendering of a pristine lattice alongside
sectioned views revealing the interior and horizontal z-slices
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Figure 3. Fluorescence imaging. (A) The measured single-photon fluorescence spectrum of polymerized SZ2080 structures. The bulk of the
fluorescence is emitted from the photoinitiator 4,4'-bis(diethylamino)benzophenone (shown in the inset). (B) The optical setup for imaging was
with an oil immersion objective lens. The polymerized structure is enveloped in mineral oil that roughly matches the refractive index of the polymer

to mitigate scattering.

taken by the confocal microscope. Lateral fwhm of the imaged
beam elements in the structure were measured to be 1.18 +. 08
pum (see Figure S3), which are expectedly larger than the
features measured by the SEM. However, it has been shown
that these images can be computationally improved using
filters, thresholding, erosion, and elongation to create
renderings that are reasonably accurate relative to a datum
such as in our case the SEM images.

We intentionally introduce five common types of defects
into the interior of the lattice structure that we subsequently
print using the methodology that is outlined previously. These
defects include (1) missing beam members from unit cells, (2)
voided cells, (3) incorporation of extra beam members in a
unit cell, (4) offset unit cells from poor stitching, and (5)
incomplete beams. Visualizations of each of these defects, as
they are present in the lattice, are shown in Figure 4. As
depicted in the SEM image in the center, these defects are
largely unnoticeable.

Missing Beam

Figure 4. Defects in microarchitected materials. SEM image of a
lattice with five types of common defects is shown in the center. By
inspection, it is nearly impossible to locate the location of individual
defects or the type. On the sides, renderings of individual defects
within the structure are highlighted.

1739

Furthermore, the fabricated “defect” structures are imaged
under conditions identical with those of the pristine structures.
Renderings of these structures are presented in Figure S, which
includes z-slices that effectively highlight each of the defects.
The confocal images clearly reveal defects lying parallel to the
z-slices, while out-of-plane anomalies, such as extra beams, are
made more evident in the sectional views of the reconstruc-
tions. Remarkably, optical imaging through confocal micros-
copy unveils the internal details of these structures with clarity
unattainable by SEM, and it does so without the necessity for
high-energy synchrotron radiation typically required for such
detailed resolution. This demonstrates the potential of confocal
microscopy as a diagnostic tool for detecting defects in
microarchitected materials.

After imaging, the structures are immersed in chloroform to
remove the mineral oil. Widefield images before and after
dissolution in chloroform are shown in Figure S5. Whether or
not inclusion of mineral oil or immersion in chloroform
influences the mechanical or optical properties of the
polymerized material has yet to be determined.

As we seek to extend this technique to larger structures, it is
important to understand the limits of imaging depth,
particularly considering the trade-offs between depth and
resolution. Generally, lenses with higher numerical apertures,
capable of resolving smaller features, are constrained by shorter
working distances, thus limiting the maximum observable
height. Most commercial oil objectives have working distances
in the range of 150—200 ym. Additionally, imaging depth can
be restricted by scattering, with signal intensity exhibiting a
nonlinear decrease as a function of depth for a constant
excitation power. This implies that for larger structures,
adjusting the laser power according to depth could be
beneficial to maintain a high signal-to-background ratio.
However, from data shown in Figure S1, the contrast between
signal and background increases with imaging depth despite
efforts to minimize scattering through refractive index
matching. This observation suggests that scattering can also
be a limiting factor.

Similarly framed problems with scattering in biological
imaging have been addressed by using multiphoton imaging,
which limits absorption of light through the media and

https://doi.org/10.1021/acsaenm.4c00160
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Figure S. Defect imaging. (A) Rendering of a lattice with incorporated defects as imaged by a confocal microscope. Selected cross sectional views of
the rendering show missing defects (middle) as well as offset unit cells and extra beam members (right). (B) Confocal microscopy slices effectively

capture each of the defects present in the lattice.

experiences less scatter by use of longer excitation wavelengths.
However, the resolution of single-photon fluorescence imaging
is generally better than multiphoton confocal imaging by a
factor of ~+/2 given its use of longer excitation wavelengths
which may factor in its overall effectiveness of investigating
sufficiently small features in microarchitected materials.

While we image these microarchitected materials after they
have been developed, there is a compelling opportunity to
apply this principle to image structures during the fabrication
process. It is expected that other techniques such as coherent
anti-Stokes Raman spectroscopy could be integrated to
distinguish local polymerization characteristics that would
provide real time feedback on the efficacy of processing
parameters.””*" Ultimately, this will introduce new complex-
ities to imaging processing and analysis.

Defects play a critical role in the functional integrity of
microarchitected materials, making it imperative to detect and
manage unwanted anomalies. Our study presents a robust
technique for nondestructively identifying defects inside of a
prototypical microarchitected material using optical imaging
techniques. In our demonstration, we incorporate five different
types of intentional defects into an engineered lattice structure
and use confocal microscopy to directly determine the location
and nature of each defect. This method not only enhances the
existing array of diagnostic techniques but also opens the door
for adapting and applying similar strategies during the
fabrication process itself, enabling the in situ detection and
characterization of defects.

We utilize a recipe for preparing the hybrid organic—inorganic resin,
§Z72080, taken and modified from Ovsianikov et al.”>* The resin is
composed of 70 wt % zirconium n-propoxide and 10 wt % (2-
dimethylaminoethyl) methacrylate. The structures are approximately
1% v/v 4,4’-bis(diethylamino)benzophenone.

1740

Structures were fabricated using two-photon polymerization on an
$Z72080 photoresist. Laser light from a FemtoFiber Pro NIR laser,
which emits 780 nm, 100 fs fwhm, pulses at 80 MHz is focused
through a (100X/1.3 NA) oil objective lens (Zeiss). The laser output
energy was measured before the objective lens at 4.2 mW. The
structures are written by positioning a three-axis piezo stage relative to
the focus of the laser beam.

Coverslips of printed material are immersed in 4-methyl-2-
pentanone for 30 min to dissolve the nonpolymerized resist and 1-
propanol for 10 min for rinsing.

We utilized a Bruker Swept-Field Confocal microscope for imaging
using an excitation wavelength of 488 nm and using a 488 nm long
pass filter. We employed a 35 pm slit aperture. The camera images a
512 X 512 array of pixels with 16-bit intensity resolution. Images were
taken in 200 nm slices (roughly 400 images). Excitation power was
limited to below 100 xW.

PL measurements were taken with an Ocean Optics USB4000
spectrometer.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaenm.4c00160.

Signal intensity vs imaging depth plots, confocal slices of
pristine structures, line width measurements, renderings
of the “defect” structure, widefield images before and
after removal of refractive index matching fluid (PDF)
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