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Abstract
Defects introduced during additive manufacturing strongly influence the mechanical response of architected materials, yet their evolution under 
load is difficult to resolve at the micrometer scale. Laboratory-based X-ray nanotomography (nanoCT) at 128 nm voxel size was used here to image 
tetrahedral polymeric microlattices, printed defect-free and with three omitted beams, during in situ compression. Image registration yielded three-
dimensional displacement fields, and finite element simulations reproduced the measured behavior. Displacement was markedly reduced at the defect 
and recovered in neighboring unit cells, with an accompanying stiffness reduction. Laboratory nanoCT thus provides a practical route to validate 
models of architected materials.

Introduction
Mechanical metamaterials explore material–property spaces 
beyond conventional limits, achieving unprecedented proper-
ties at low densities[1,2] by integrating advanced manufacturing 
techniques and post-processing methods. Mechanical metama-
terials also offer insights into biological systems, where self-
assembly processes enable the same material to exhibit distinct 
mechanical properties by varying geometry (e.g., branched 
networks versus bundles of the structural protein actin).[3] 
Prior research has emphasized the tunability of mechanical 
behavior through material modifications or geometric adjust-
ments. For example, polymeric structures show variations in 
strength and stiffness due to changes in printing parameters, 
which alter material crosslinking.[4] Geometric adjustments 
include modifying beam and node shapes[5] or incorporating 
reinforced structural elements.[6,7] Strategically placed defects 
further tailor mechanical performance. Studies have analyzed 
how the size and position of designed vacancies in lattice 
structures influence buckling and mechanical properties by the 
removal of beam elements.[8–10] Gross et al.[9] demonstrated 
changes in effective properties based on vacancy size, frac-
tion, and location, while Vangelatos et al.[8] used finite element 

modeling (FEM) to evaluate the energy absorption in lattices 
with designed vacancies. Additionally, the effects of pores and 
material heterogeneity have been explored using experimental 
and computational methods.[11]

To study the influence of geometry and material variations 
on mechanical properties of metamaterials, researchers have 
employed experimental techniques, such as in situ scanning 
electron microscopy testing[12,13] complemented by computa-
tional approaches for validating results and conducting para-
metric studies.[6,8] Advanced analysis methods are critical for 
complex materials at the nano- and micrometer scales. Innova-
tions in in situ X-ray tomography and nanotomography have 
enhanced understanding of internal structure evolution dur-
ing mechanical testing.[14–16] These methods, combined with 
digital image processing, enable detailed analysis of localized 
displacement and strain concentrations in three-dimensional 
datasets.[15,17] Such techniques have been applied to trabecu-
lar bone, foam materials, and millimeter-scale lattices,[18–21] 
though primarily to high-density materials at voxel sizes of tens 
of micrometers, using both synchrotron and laboratory sources. 
However, laboratory-based X-ray tomographic investigations 
of micrometer-scale lattice structures remain scarce. Debastiani 
et al.[22] highlighted the challenges of in situ mechanical testing 
for low-contrast polymeric microlattices using lab-based X-ray 
tomography.Rafaela Debastiani, Chantal M. Kurpiers, and Santiago Gomez 

Melo have contributed equally to the manuscript.
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In this work, laboratory-based X-ray nanotomography 
(nanoCT) was employed to characterize the 3D morphology 
of defects in polymeric microlattices. In situ compression tests 
allowed the influence of defects on mechanical behavior to be 
assessed. Displacement fields within tetrahedral lattice struc-
tures were then visualized using 3D image processing and reg-
istration. These findings were validated through finite element 
simulations, providing deeper insights into the role of defects 
in these architected materials.

Materials and methods
Sample preparation and structural 
characterization
Polymeric microlattices with a tetrahedral geometry and strut 
length of 10 µm [Fig. 1(a)] were fabricated using 3D direct 
laser writing (3D-DLW) via a Photonic Professional GT2 
system (Nanoscribe GmbH, Eggenstein-Leopoldshafen, Ger-
many). Both defect-free lattices and those with intentionally 
introduced beam defects were printed.

The structures were fabricated using IP-Dip resin (Nano-
scribe GmbH, Eggenstein-Leopoldshafen, Germany) with 
a laser power of 6.7 mW, a printing speed of 3000 µm/s, 
and hatching/slicing distances of 200 nm. The tetrahedral 

geometry was designed in MATLAB (The MathWorks Inc., 
Natick, MA, USA) with a beam length L of 10 µm, result-
ing in an overall model height H of 36.5 µm and diameter 
D of 61.0 µm [Fig. 1(a)]. The beam diameter was defined 
using the diameter-to-length ratio of inclined beams dinclined

L
 

at a value of 0.19 (Fig. S1). Printing with the layer-by-layer 
galvo scanning mode necessitated distinct strategies for fab-
ricating inclined and horizontal beams. The oval shape of 
the voxel resulted in beams with different varying widths 
and heights. Inclined beams were produced by printing 
concentric circles outward from the center, illustrated in 
Fig. S2. As shown in Fig. 1(b), the diameters of inclined 
beams dinclined were measured perpendicular to the beam 
axis, yielding two distinct values: dinclined,1 and dinclined,2
(Fig. S1, Fig. S2). Horizontal beams, created by adjacent 
voxel lines, had their height and width measured as dhorizontal 
[Fig. 1(b)].

For defect studies, a microlattice was printed with three 
inclined beams intentionally omitted [red beams in Fig. 1(b)] 
between the third and fourth horizontal planes [Fig. 1(a)]. 
To facilitate visibility during nanoCT imaging and prevent 
manufacturing-induced defects, microlattices were printed 
atop 500-µm-diameter titanium sample holders on printed 
small circular pedestals [Fig. 1(c) and (d)].

Figure 1.   (a) Helium ion microscopy micrograph of the printed tetrahedral structure with height H, diameter D, and horizontal planes 1 
through 5. (b) CAD model of a cross section of the tetrahedral structure and its unit cell, indicating the beam length L and the diameters 
of inclined ( dinclined ) and horizontal ( dhorizontal ) beams. Omitted inclined beams (highlighted in red) are located between the third and 
fourth horizontal planes at the center of the lattice. (c) NanoCT sample holder with the tetrahedral lattice structure printed on top with the 
inset showing the tetrahedral structure on the polymer pedestal printed on the pin. (d) Schematic of the experimental setup for nanoCT 
compression tests. During testing, the sample holder moves upward, compressing the sample against a fixed diamond anvil, while scans 
are performed over a 140° rotation. (e) Multiplanar views (xy, xz and yz planes) showing the microlattice structure of the defect-free lattice. 
(f) Segmented 3D model of the tetrahedral structure with an overlaid thickness mesh. Color coding indicates thickness, ranging from dark 
red (thinnest) to white (thickest). (g) Top view (xy plane) highlighting the measurement positions of dwidth

horizontal
 within the third horizontal 

plane. (h) xy view of the thickness mesh, illustrating the uniform beam diameters of the horizontal beams in plane 3 (outlined in red).
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X‑ray nanotomography
The 3D structural and in situ mechanical characterization 
were performed using the lab-based X-ray microscope Xradia 
810 Ultra (Carl Zeiss AG, Oberkochen, Germany). Samples 
were scanned in both absorption and Zernike phase contrast 
modes using a quasi-monochromatic X-ray beam from a Cr 
anode (5.4 keV), achieving a pixel size of 128 nm within a 
65 µm field of view. For structural characterization, 901 pro-
jections were acquired over 180° with an acquisition time of 
20–30 s per projection.

The term nanotomography refers to the resolution regime 
of the imaging technique rather than to the dimensions of 
the specimen. With a voxel size of 128 nm and a spatial 
resolution of approximately 300 nm, the instrument resolves 
displacements well below the beam diameters of 1.7–2.3 µm 
reported here. This resolution is a prerequisite for the present 
study: the displacement differences distinguishing defective 
from defect-free lattices are of the order of a few hundred 
nanometers, whereas laboratory tomography of architected 
lattices is typically performed at voxel sizes of tens of 
micrometers on millimeter-scale specimens,[21] where differ-
ences of this magnitude would not be separable from noise.

Two samples, one defect-free and one with a deliberately 
introduced defect, underwent in situ nanoCT testing. Com-
pression tests were performed using the nanoCT loading 
stage,[22] where the sample holder acted as the bottom anvil, 
pressing the samples against a top anvil to achieve specified 
displacements [Fig. 1(d)]. Due to geometric constraints of the 
loading stage, the 901 projections were acquired over 140°, 
which may result in incomplete reconstruction due to uneven 
X-ray illumination. This issue can be mitigated by orienting 
the sample on the pin to ensure more uniform X-ray expo-
sure, enabling more accurate reconstruction.[22]

Incremental in situ compression tests were conducted 
in three steps, corresponding to forces of 8 mN, 12 mN, 
and 15 mN, measured with a force gauge attached to the 
sample holder. For the defect-free and defective microlat-
tices, these forces resulted in displacements of 1.3, 3.7, and 
7.2 µm, and 1.1, 3.6, and 7.2 µm, respectively. After each 
displacement step, the samples were allowed sufficient 
relaxation time to prevent image blur. During the relaxation 
period (approximately 10 h), 2D projections were acquired 
to monitor sample relaxation (Video S3, Fig. S4). Follow-
ing this period, scans in absorption and Zernike phase con-
trast modes were conducted before proceeding to the next 
compression step.

Projections were reconstructed into 3D structures using 
the Zeiss Scout and Scan™ Control System Reconstructor 
(version 13.08), which uses a filtered back projection (FBP) 
algorithm. Image analysis was conducted using ORS Drag-
onfly software (Object Research Systems (ORS) Inc., Mon-
treal, Canada), employing the UNet deep learning algorithm 
for segmentation, followed by manual corrections to address 
inaccuracies in the segmentation.

Measurements of structural dimensions, such as beam sizes 
and digital volume correlation, were performed on both phase 
contrast and segmented data. Lattice uniformity was assessed 
by generating thickness meshes from the segmented data. These 
color-coded meshes represent local wall thicknesses, calculated 
as the diameter of a sphere that fits within each boundary point. 
This method provided a detailed evaluation of the structural 
consistency of the lattices.

Image registration and finite element 
simulations
To gain a detailed understanding of the deformation behavior 
of polymeric lattice structures, 3D image data acquired in phase 
contrast mode during in situ compression tests were analyzed 
rigorously. Each compression step was evaluated individually. 
The 3D displacement field between two deformation states of 
the microlattices was determined using the open-source soft-
ware elastix.[23] Originally developed for medical image pro-
cessing, elastix supports a wide range of transformation models 
and cost functions. In this study, the B-spline representation 
was employed with normalized correlation as the cost func-
tion. The strain tensor was computed using custom-developed 
code, following the direct method,[24] which involves calculat-
ing derivatives of the 3D displacement field.

To validate the experimental results, they were compared to 
linear elasticity finite element (FE) simulations performed using 
the open-source FE solver FEniCS.[25] The structural model was 
first created in Abaqus/CAE (Version 2023, Dassault Systèmes, 
Vélizy-Villacoublay, France), with beam diameter-to-length 
d
inclined

L
 of 0.23, as observed by both SEM and nanoCT imaging. 

The model was then meshed using the open-source meshing soft-
ware Gmsh[26] with a maximum element size of 0.5 µm.

Mechanical equilibrium equations were solved with Dir-
ichlet boundary conditions, specifying displacements at the 
structure’s top and bottom. The bottom displacement corre-
sponded to the compression step imposed by the sample holder. 
To account for the structure’s tilting, a linearly increasing 
displacement uz along the x-coordinate was prescribed at the 
top. The displacement followed the form uz=A x−xmin

xmax−xmin

. Here, 
xmin and xmax are the minimum and maximum x-coordinates, 
respectively, and the constant A assumes a value of 2 µm. This 
displacement was applied only in the z-direction, i.e., ux=uy=0 . 
The strain was subsequently calculated from the resulting dis-
placement solution. The image processing, strain computation, 
and FE simulations were automated to allow batch processing.

Results
Achieving a voxel size of 128 nm in both phase and absorption 
contrast through lab-based nanoCT enabled, for the first time, 
a precise three-dimensional structural characterization of tet-
rahedral microlattices. This revealed critical details, including 
structural dimensions (Fig. 1), printing variability (Fig. S1), 
and undesired voids inside the samples (Fig. S3).
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Structural characterization
By virtually cutting through reconstructed data [Fig. 1(e)], the 
structural elements can be investigated. A complete 3D repre-
sentation of the defective lattice is available in Video S1. The 
segmented 3D model [Fig. 1(f)] visualizes thickness variations 
across the structure. The individual beam diameters were meas-
ured in the different planes of the structure [Fig. 1(g)] with con-
sistent thickness observed for horizontal beams, for example in 
plane 3 [Fig. 1(h), red contour].

Key structural measurements at three locations within 
the defect-free microlattice yielded an overall height 
H=33.90± 0.65µm , diameter D=56.90± 0.25µm , and beam 
length L=9.6± 0.1µm . The relative density was calculated 
directly from the segmented 3D data, yielding 20.2 ± 0.3% for 
the defect-free lattice. This contrasts with prior estimations 
using CAD models[27] or destructive techniques such as time-
consuming focused ion beam milling,[5] which yielded lower 
values, i.e., 17.4%, due to assumptions of ideal beam geometry 
and roundness of the beams.

Homogeneity of the lattice was assessed across different 
planes. Planes 1 and 3 demonstrated uniform beam dimensions 
[Fig. 1(f), Table S1], while planes 2 and 4 exhibited minor vari-
ations of up to five pixels (~600 nm) in width, i.e., in the xy 
plane (Fig. S1). Despite these deviations, the beam diameters 

across all planes were generally consistent in height, i.e., in the 
xz and yz planes. The thickness meshes [Fig. 1(f) and Video S2] 
further emphasized the uniformity of inclined and horizontal 
beams, suggesting robust structural integrity.

Deformation behavior under compression
Figure 2 presents cross-sectional views of the defect-free and 
defective lattices at various compression steps. In step I, both 
lattices deformed uniformly, with no discernible effects from 
the defect. A slight tilt (~ 2°) of the anvil introduced off-axis 
loading, visible as localized deformation in the upper regions. 
By step II, the inclined beams near the defect in the defective 
sample exhibited noticeable bending, a behavior absent in the 
defect-free lattice. At step III, deformation localized further 
around the defect, particularly in inclined beams above the 
vacancy. The defect-free tetrahedral lattice exhibited homoge-
neous deformation in all planes.

Measurements of the distance between horizontal planes 
3 and 4 [Fig. 2(b)] confirmed that deformation was non-uni-
form in the sample with defect, with significantly greater 
deformation at node 0 (center of defect) and neighboring 
nodes (−1 and +1) compared to the defect-free lattice. The 
missing beams introduced additional degrees of freedom, 
resulting in increased motion.

Figure 2.   Analysis of tetrahedral microlattice deformation using nanoCT: (a) 2D cross-sectional slices of the defect-free and defective 
tetrahedral structures in their undeformed state and at three displacement steps (I, II, and III). The force applied at each step is indicated. 
Values above the images represent the overall lattice deformation during compression. In steps II and III, bending of the inclined beams 
near the defect can be seen (marked by arrows). (b) The height between horizontal planes 3 and 4 was measured from 2D scans at 
displacement step III. The 3D model shows the location of cross sections and planes analyzed. At each node, three measurements were 
taken, with results presented in the graph on the right. Scale bars in (a) and (b) refer to 10 µm.
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Figure 3(a) shows the displacement distribution (z-direc-
tion) obtained through automated image registration, with 
good agreement with manual measurements (Fig. S6). Dif-
ferences between the two methods were within the resolution 
limit of the nanoCT (~300 nm), with a maximum deviation 
of ~600 nm. Strain fields calculated using the direct method 
(Fig. S5) were unreliable due to resolution challenges; thus, 
FE simulations (Fig. 4) were employed, providing consistent 
and precise insights into strain localization.

Displacement and strain analysis
FE simulations corroborated experimental observations, dem-
onstrating uniform displacement in the z-direction in step I for 

both lattices (Fig. 3), with minor deviations (~ 200 nm, i.e., 1–2 
pixels in the X-ray image) attributed to experimental uncer-
tainty. Differences became more pronounced in step II, where 
inclined beams above the defect showed reduced displacement 
compared to neighboring beams. For instance, in step II, the 
central node displacement was 1.3 µm in the defective lattice 
versus 2.7 µm in the defect-free lattice, as validated by both 
experiments and simulations.

The FE-calculated strain distributions (Fig. 4) revealed 
localized strain reduction around the defect node, with near-
zero strain at this location in both steps I and II. By contrast, the 
defect-free lattice exhibited strains of −4% (step I) and −10% 
(step II) at the central node. Increased strain concentration was 

Figure 3.   Displacement in z-direction across the cross section of defect-free and defective samples during the first two displacement 
steps (I, II). (a) Displacement distributions obtained from image registration. (b) Displacement distributions predicted by FE simulations.

Figure 4.   Strain εzz results of FE simulations in the cross section of defect-free and defective samples. Strain distributions are presented 
for the first and second displacement steps (I, II).
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observed in corner nodes, consistent with stress accumulation 
in thin beam regions.

From the nanoCT images, a notable difference between the 
two lattices can be seen after compression step II [Fig. 3(a), 
right side]. Specifically, the inclined beams above the defect 
exhibit smaller displacements compared to their neighboring 
beams within the same plane. Although FE simulations had 
predicted this behavior during step I, it was not until displace-
ment step II that the differences became pronounced enough to 
be captured by the image reconstruction algorithm.

The reduced displacement of the inclined beams above the 
defect, as shown in Fig. 2, aligns well with the FE simula-
tion results. The most significant observation is the localized 
reduction in the displacement field magnitude at the defect site 
(Fig. 3). This reduction is attributed to the absence of counter-
force from the missing beams. For displacement step II, the 
central node in the defective sample displays a displacement 
of 1.3 µm, compared to 2.7 µm in the defect-free counterpart. 
Similarly, the FE simulations predict corresponding displace-
ments of 1.2 and 2.5  µm, demonstrating good agreement 
between experimental data and simulations.

Strain distribution and defect effects
Figure 4 shows FE-simulated strain ( εzz ) distributions for both 
lattice types. The strain field increases with increasing x, with 
leftmost inclined beams experiencing lower strains (−2% at 
step I, −5% at step II) compared to rightmost beams (−10% at 
step I, −20% at step II). Defects reduce strain near the vacancy, 
where strain at the central node approaches zero in both loading 
steps. By contrast, the defect-free lattice shows strains of −4% 
(step I) and −10% (step II) at the central node. Elevated strain 
areas were observed at node corners in all cases.

Discussion
The laboratory-based nanoCT technique was employed to 
achieve comprehensive three-dimensional visualization of tet-
rahedral microlattices, enabling detailed analysis of their inner 
structure at various deformation stages. While traditional tech-
niques such as scanning electron microscopy or helium ion 
microscopy offer higher resolution, they are limited to exter-
nal surface visualization. By contrast, nanoCT revealed critical 
internal features, such as deviations from the CAD model and 
the presence of random pores and defects in the sample cores 
(Video S1, 26 s; Fig. S3). These defects, which are undetect-
able with 2D imaging, were attributed to localized explosions 
caused by heat accumulation during the printing process.[28]

NanoCT data also provided improved precision in relative 
density calculations compared to conventional methods, which 
rely on 2D measurements aligned with the CAD model. For 
defect-free samples, the relative density derived from nanoCT 
segmentation was 20.2 ± 0.3%, compared to 17.4% using previ-
ous methods. Observed deviations from the CAD model, such 
as beam buckling and variations in horizontal beam width 
(dhorizontal) , were attributed to inhomogeneous shrinkage during 

fabrication [Fig. 1(g, h) and Fig. S1]. These deviations, which 
were most pronounced in larger planes (planes 2 and 4) con-
taining many thin beams [Fig. S1(a)], corresponded to minor 
dimensional differences (~600 nm, or ~5 pixels in the nanoCT 
images), slightly exceeding the spatial resolution. Despite 
these deviations, uniformity was observed in other planes 
and inclined beams, as confirmed by thickness mesh analy-
sis [Fig. 1(f), (h); Video S2]. For samples with higher aspect 
ratios or thinner beams, nanoCT may face challenges due to 
reduced contrast between structures, emphasizing the need for 
optimized imaging conditions in such cases.

Local deformation effects in the microlattices were ana-
lyzed through manual measurements of plane heights during 
compression (Fig. 2) and automated image registration of 
displacement fields [Fig. 3(a)]. Both methods exhibited good 
agreement, with percentage differences shown in Fig. S6. 
While percentage errors appeared large, nominal differences 
were generally below the nanoCT resolution (~ 300 nm), with a 
maximum discrepancy of ~600 nm for displacements of ~4 µm. 
Cross sections during compression [Fig. 2(b)] revealed beam 
buckling under load, indicating high local stresses in thin beams 
with negligible nodal contributions.[2,6,10,29] This behavior was 
more pronounced near defects (Fig. 3), where the absence 
of counterforce reduced displacement magnitude and led to 
localized height reductions between planes 3 and 4 [Fig. 2(b)]. 
These effects were consistently captured by manual measure-
ments, image registration, and FE simulations.

Notably, horizontal slices from simulations and image regis-
tration showed that displacement field distortions were confined 
to beams above the defect (node 0), while neighboring nodes 
remained relatively unaffected [Fig. 2(b)]. Similar localized 
effects have been observed in FE simulations of octet-truss 
structures.[8] These distortions decayed quickly away from the 
defect, leaving surrounding regions largely unaffected. Addi-
tionally, manual measurements in Fig. 2(b) showed greater var-
iation in beam displacements around the nodes at positions + 1 
and −1 in the defective structure, indicating localized deforma-
tion. Node rotation in plane 3 further corroborates these find-
ings (Fig. S7).[30]

Strain analysis in the loading direction (Fig. 4) highlighted 
the impact of defects. FE simulations showed near-zero strain 
at the central node of defective samples during steps I and II, 
compared to −4 and −10% at the same node in defect-free sam-
ples. Strain reductions were localized around the defect, with 
similar strain distributions observed elsewhere in both samples. 
These findings suggest that defects significantly reduce struc-
tural stiffness. This conclusion was supported by reaction force 
calculations (calculated as the surface integral of stress over 
the plane 5), where defect-free samples required forces of 58.2 
and 115.9 mN for compression steps I and II, compared to 57.0 
and 113.7 mN in defective samples, indicating a 2% reduction 
in stiffness. Experimental forces (8 and 12 mN) were an order 
of magnitude lower, reflecting significant relaxation processes 
in the polymeric material, further softening the lattice com-
pared to its linear-elastic counterpart. The extended acquisition 
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times required for laboratory-based nanoCT scans also influ-
ence mechanical deformation behavior, enabling relaxation 
effects that must be considered when evaluating the properties 
of polymeric lattice structures. Further studies are needed to 
assess the impact of radiation on the mechanical performance 
of these materials.

Comparison with strain maps from image registration 
(Fig. S5) revealed discrepancies, with experimentally recon-
structed maps predicting unrealistically high tensile strains 
(~ 30%) at node centers during compression. These errors likely 
stem from reconstruction limitations at sharp edges between 
nodes and beams, propagating inaccuracies throughout the 
strain field.

Conclusions
In summary, the analysis presented here demonstrates the capa-
bility of laboratory-based in situ nanoCT for investigating the 
deformation behavior of complex microlattices, capturing local 
effects around defects with high precision. Using defect-free 
and defective 3D-printed polymeric microlattices as a case 
study, comprehensive structural and mechanical characteriza-
tion at the micrometer scale was demonstrated. NanoCT imag-
ing with a voxel size < 130 nm allowed detailed geometric anal-
ysis, while in situ loading stages and image registration enabled 
precise tracking of local displacements and strain distributions. 
Finite element simulations corroborated experimental find-
ings, confirming the technique’s accuracy and highlighting its 
potential for rational design and optimization of microlattice 
metamaterials.
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