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Engineering Deformation and Failure in Diamond
Triply Periodic Minimal Surface Lattices via 3D
Wall-Thickness Grading

Giovanni Rizza, Danilo Bruson,* Manuela Galati, and Luca Iuliano

1. Introduction

Lattice structures replicate what is visible in numerous examples
in nature: microstructures of metals, bones of animals, stems of
plants, or honeycomb structures created by bees. Lattice struc-
tures are characterized by lightness, mechanical strength,[1]

excellent energy absorption capabilities,[2] tunable thermal behav-
ior,[3] and noise suppression capabilities.[4]

A lattice structure is formed by an
arrangement in the 3D space of a unit cell.
This arrangement can be random, periodic,
or pseudoperiodic.[5] In random structures,
the unit cells are randomly distributed in
space. Periodic structures have unit cells
arranged in a repeating pattern in space.
The pseudoperiodic structures exhibit a
periodic distribution of cells of varying
sizes in space. Besides the classification
based on the distribution of cells, another
classification is usually adopted in the liter-
ature based on the design of the unit cell.
Lattice structures are typically classified
into two families: strut-based and surface-
based.[6] Strut-based lattices are composed
of several struts connected at nodes. The
surface-based unit cell is defined as a series
of points equidistant from a guiding sur-
face, which is obtained by offsetting the ref-
erence surface.[7] The maximum distance
between these points is typically called
the wall thickness. Among the guiding sur-
faces, the triply periodic minimal surfaces
(TPMS) are not self-intersecting surfaces,

characterized by a zero-mean curvature at each point and repeat
periodically in three independent spatial directions.[8] The
absence of sharp angles or nodes, combined with a smooth
and continuous surface, ensures a reduction of stress concentra-
tion and increased mechanical resistance.[9] Structures based on
TPMS find applications in several engineering fields, as dis-
cussed in the review proposed by Li et al.[10] In functional com-
ponents, they showed good energy absorption properties[11,12]

and the capability to reduce weight, stresses, and deformations
in components, such as turbine blades.[13] In heat exchangers,
these geometries produce a turbulent flow, which improves
the exchange capabilities.[14] Mimicking what is observed in
nature, structures based on TPMS surfaces find several applica-
tions in scaffolds for biomedical implants, where the tuneability
of the structure porosities improves properties such as bone pro-
liferation and osteointegration.[15] Leveraging the large specific
surface area, structures based on TPMS find applications also
as catalyst structures for the generation of hydrogen[16] or as
key geometries for microreactors for CO2 methanation.[17]

Owing to the geometrical complexity of such structures, their
manufacturability is currently limited to certain additive
manufacturing (AM) processes, particularly those involving
metallic materials. Among the available AM technologies,
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Among the different lattice structures, the one based on triply periodic minimal
surface (TPMS) is characterized by the absence of sharp angles, which guar-
antees superior mechanical properties if compared to beam-based structures.
The mechanical response of these structures depends on the geometry of the
guiding surface and the wall thickness, which is typically considered constant
throughout the structure. On the contrary, this work investigates the modulation
of the mechanical response of the diamond TPMS structure through the grad-
uation of the wall thickness, with four different patterns: vertical, diagonal, cross,
and core. For each of these structures, samples are produced with the powder
bed fusion with electron beam additive manufacturing technique. Morphological
characteristics of the structures are measured using X-ray computed tomogra-
phy. These data are then correlated to the mechanical properties obtained from
compression tests and the deformation behavior obtained from digital image
correlation analyses. The results show that 3D wall thickness gradation can be
successfully adopted to modulate the mechanical and deformation behavior of
the structures. Moreover, structures with a graded wall thickness provide
improved energy absorption capabilities and show the possibility to tune energy
absorption as a function of the adopted gradation pattern and thickness.
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powder bed fusion with electron beam (PBF-EB) stands out for
its capability to handle complex structures, thanks to the hot
build environment. The high temperature in the build chamber
produces partial sintering among the unmelted powder par-
ticles.[18] The sintering among the particles increases the thermal
conductivity of the unmelted material,[19] promoting the dissipa-
tion of the heat generated during melting and improving the
thermal stability of the powder bed. This allows the production
of complex structures with a reduced number of support struc-
tures, or, as in the case of strut-based and surface-based lattice
structures, without supports.[20] However, the peculiar character-
istics of the PBF-EB process involving sintering and the electron
beam diameter (which is larger than a laser beam) pose limita-
tions to the minimum wall thickness dimension and the chan-
nels created by the surfaces. It has been shown in the literature
that, depending on the beam parameters, the minimum beam
diameter for the PBF-EB is �400 μm.[18] Besides the minimum
beam diameter, other processing factors, such as the interaction
between the electron beam and the powder, the beam speed, the
beam current, or the focus offset, may affect the quantity of
melted material. The interaction of these parameters results
in structures that, despite being designed with a reduced thick-
ness (e.g., 100 μm,[21,22] typically have a wall thickness that is
larger than 350 μm.[21,22] Another limitation when producing
such structures using the PBF-EB is the removal of the sintered
powder. The standard cleaning procedure for PBF-EB parts
involves removing the sintered powder by blasting the parts in
the powder recovery system (PRS) using the same powder used
for production. However, this procedure implies that the media
can access the voids of all the structures through its channels.
Therefore, the possibility of removing the powder depends on
the diameter of the channels, the wall thickness, and the
width of the structure.[22] Despite these process limitations, the
literature on TPMS structures produced by PBF-EB is
increasing.[21–28] However, the geometries investigated are lim-
ited. To the best of the authors’ knowledge, only Sokollu et al.[19]

and Bol and Ramulu[20] have considered the diamond surface-
based structure, with a constant wall thickness.

From the point of view of the mechanical response, the lattice
structures are typically analyzed under compression,[29] following
the prescription of the ISO 13314:2011[30] for stochastic cellular
materials. Commonly, the relative density of the structure is used
as a descriptor of mechanical properties. However, it has been
demonstrated that other factors, including cell geometry, mate-
rial, and wall thickness, also influence the mechanical properties
of lattice structures. Tailoring the wall thickness within the struc-
ture could open new possibilities to modulate the mechanical
response and tune the deformation behavior of the structure.[31]

A first result that shows the feasibility of such an approach was
presented by Bol and Ramulu,[28] in which a four-point bending
test of a sandwich diamond TPMS structure with a topology opti-
mized wall thickness showed that wall-thickness grading accord-
ing to the stress distribution can produce structures up to 50%
stronger than uniform wall thickness structures.

This work focuses on diamond TPMS surface-based lattice
structures and investigates the effect of different 3D grading pat-
terns on mechanical response and deformation behavior under
compression. The patterns are three-dimensional, and therefore
the grading is designed along three main directions.

2. Methodology

2.1. Design of the Structures

The focus of this work is the lattice structure based on the Swartz
diamond TPMS surface. In general, TPMS are characterized by
an average null curvature at each point. These surfaces are also peri-
odic and infinite. One possible way to define the nodal coordinates
of aminimal surface is to use the level set approximation equations.
These equations are trigonometric functions that satisfy the
condition φ(x, y, z)= t(x, y, z), where the function φ(x, y, z)
describes a surface calculated at the iso value t(x, y, z).[32,33]

Equation (1) represents the level set approximation equation
adopted to describe the Swartz diamond lattice structure adopted
in this work.
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where Lx, Ly, and Lz are the dimensions of the unit cell in the x, y,
and z directions of the space, respectively. When the level set equa-
tion φ(x, y, z) is evaluated at t(x, y, z)= 0, the result is a surface in
the 3D space. The lattice cell based on this surface is obtained in
this work by considering the solid volume included in the offset of
the TPMS surface, so that�t(x, y, z)<φ(x, y, z)< t(x, y, z). The iso
value t(x, y, z) is considered a function of the space coordinates.
Changes in the value of this parameter are adopted to change
the wall thickness of the structures. Figure 1a shows a representa-
tion of the unitary cell adopted.

The samples, including the different wall thickness grada-
tion patterns, were designed using the software nTop
(nTopology, New York, United States). The unit cell and the
total volume of the sample were selected to allow the complete
removal of the sintered powder andwere equal to 10� 10� 10mm
(Figure 1a) and 20� 20� 30mm, respectively. The ordered
repetition in the selected volume of the unit cell resulted in a
sample that included two unit cells in the X direction, two unit
cells in the Y direction, and three unit cells in the Z direction.
Figure 1b shows the representation of a sample adopted in this
work, showing the arrangement of the twelve unit cells. The pro-
duction was done with the Z-axis of the structure aligned along the
build direction.

The grading pattern was obtained by varying the structure
thickness from a “minimum thickness” tmin= 0.7 mm and a
“maximum thickness” tmax= 1.4mm. The graded wall thickness
structures were generated by initially identifying an initiator sur-
face. This surface, depending on the structures, may be a 2D or
3D surface crossing the volume of the sample. This surface rep-
resents the location from which the thickness grading begins.
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Depending on the structure, the initiator surface has a thickness
set to tmin or tmax. From the initiator surface, the wall thickness is
linearly graded until reaching the opposite extreme value. The
grading was done normally or radially to the initiator surface.
For each grading pattern, two structures were designed: one with
the initiator surface set at tmin and one with the initiator surface
set at tmax. The structures were identified with the letter D to indi-
cate that the TPMS surface considered is a diamond. This is fol-
lowed by one or two letters to identify the grading pattern and a
number to identify the thickness at the initiator surface. 1 was
adopted for tmin, while 2 was adopted for tmax. Two structures
with a constant wall thickness equal to tmin and tmax were
designed and served as reference structures when considering
the effect of the graded wall thickness. The relative density of
the structure is defined as the ratio of the volume of solid mate-
rial to the volume of the sample. The considered grading patterns
were, therefore: 1) Uniform thickness (UT). Structures with a
uniform wall thickness. DUT1 is the structure with a wall thick-
ness of 0.7 mm and a relative density of 23.5%. DUT2 is the
structure with a wall thickness of 1.4 mm and a relative density
of 46.9%. 2) Vertical (V). Indicates structures with the initiator
surface positioned perpendicular to the z-axis of the structure
at the center of the structure. The thickness was linearly varied
in both directions,þz and�z, parallel to the build direction. DV1
is characterized by an initiator surface with a thickness of 0.7 mm
and a nominal relative density of 34.8%. DV2 has an initiator
surface with a thickness of 1.4 mm and a relative density of
35.5%. 3) Diagonal (D). For these structures, the initiator surface
is tilted 45° with respect to the build direction, oriented along the
diagonal of the sample considered. The wall thickness is graded
orthogonally to this surface toward the edges of the sample. DD1
is characterized by an initiator surface with a thickness of 0.7 mm
and a relative density of 36.3%. DD2 has an initiator surface with
a wall thickness of 1.4 mm and is characterized by a relative den-
sity of 34.0%. 4) Cross (X). The initiator surface of this structure
is composed of two diagonal planes tilted 45° counterclockwise
and clockwise from the build direction. The thickness is

normally varied from the initiator surfaces. The DX1 has
two initiator surfaces of 0.7 mm and is characterized by a rela-
tive density of 30.8%. The DX2 sample has two initiator
surfaces with a thickness of 1.4 mm and is characterized by
a relative density of 39.4%. 5) Core (C). The initiator surface
for these structures is composed of a sphere with a diameter
of 17 mm positioned at the barycenter of the structure. The wall
thickness is graded linearly toward the center of the sphere.
Outside the sphere, the wall thickness of the structure is con-
sidered constant and equal to the thickness at the initiator sur-
face. In DC1, the initiator surface has a thickness of 0.7 mm and
a relative density of 44.7%. The structure identified as DC2 has
an initiator surface with a thickness of 1.4 mm and a relative
density of 25.6%.

Figure 2 shows the position of the initiator surface for the
different structures considered.

2.2. Manufacturing

For the production, the samples were exported from the CAD
nTop as STL files and imported into the CAM Magics
(Materialize, Leuven, Belgium), which was used for the build prep-
aration. As discussed in Section 2.1, the samples were positioned
with the Z-axis aligned to the build direction and rotated by 45°
around the Z-axis. Three replicas for each sample were included
in the build for a total of 30 samples. The samples were positioned
directly attached to the start plate, which has a size of
210� 210mm. The location of the samples on the start plate
was randomized to avoid any systematic effect on their properties,
ensuring a distance of at least 8mm between adjacent samples to
prevent any heat interaction. The production was conducted using
the Arcam A2X machine (Colibrium additive, a GE aerospace
company, Mölnlycke, Sweden) and a standard Ti6Al4V powder,
which was processed with Arcam standard process parameters.[34]

The samples produced were cleaned from the sintered powder
using the PRS, a blasting process conducted with the same pow-
der used for production.

Figure 1. Z aligns with the build direction. a) Unit diamond cell. b) Complete sample obtained as the repetition of the unit cell in space.
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2.3. Characterization of Morphology

For each geometry, one sample was examined using computed
tomography (CT-scan) using the GE phoenix V|tome|x S240
(GE inspection technologies, Wunstorf, Germany). To achieve
the best resolution, a voltage of 140 kV and a current of 170 μA
were used, with a corresponding voxel size of �35 μm, which
allowed the capture of the entire sample in one tomography.
The CT-scan data were analyzed using VGStudio Max 3.4
(Volume Graphics GmbH, Heidelberg, Germany), and the follow-
ing parameters were extracted or calculated: 1) The actual volume
of the samples produced after surface determination. Surface
determination is a preliminary thresholding operation to distin-
guish between the solid material and the surrounding space.
2) The amount of enclosed porosity within the sample volume.
The porosity is given as a volume expressed in mm3. 3) The wall
thickness distribution, which was determined using the sphere
method. This analysis allowed the evaluation of the actual wall
thickness of the samples produced. The outcome is a histogram
of the thickness occurrence. The same analysis and the same his-
tograms were also evaluated for the nominal geometries, to allow
the nominal/actual wall thickness comparison. 4) The dimen-
sional nominal/actual comparison to compare the dimensions
of the actual samples to the nominal CAD file adopted for produc-
tion. The alignment between the reconstruction from tomography
and the CAD file was done using the best-fit algorithm. The out-
come is a frequency distribution of the relative dimensional devi-
ations, also calculated in cumulative form.

2.4. Characterization of Mechanical Properties

The mechanical and deformation behavior of the structures was
characterized under a quasistatic compression load. The Easydur
Aura 10T (Easydur Srl, Arcisate, Italy) universal testing machine,
equipped with a 100 kN load cell, was adopted. Since no specific

standards are currently available for characterizing the lattice struc-
tures produced with AM techniques, the compression tests were
performed following, where possible, the indications of the ISO
13314:2011,[30] generally valid for porous materials. The displace-
ment of the mobile crosshead was set to 2mmmin�1. The stress
values in the samples were evaluated as the ratio of load measured
by the load cell divided by the envelop cross-section area of the struc-
ture (in this case, 20� 20mm). This information was adopted to
plot the stress–strain curve and evaluate all the information that
characterizes the structure, as suggested by ISO 13314:2011.[30]

The failure of the structure was set at a strain equal to 50% of
the height of the specimen. The indications provided by ISO
13314:2011[30] were also adopted for the evaluation of the quasielas-
tic gradient (E), the first maximum compressive strength (FMCS),
the plateau stress (σpl), the compressive offset stress (σc), and the
energy absorption at 50% strain (W50). It should be noted that,
in accordance with ISO 13314:2011,[30] these values represent effec-
tive mechanical parameters for porous structures (e.g., quasielastic
gradient), which are not identical to the conventional definitions
used for bulk materials such as Young’s modulus, but rather pro-
vide a meaningful counterpart that accounts for the porous archi-
tecture. The energy absorption (Wv) and energy absorption
efficiency (η(ε)) were adopted to evaluate the ductility characteristics
of the structures. Wv was assessed as the area subtended by the
stress–strain curve between zero and the εend according to
Equation (2).[35] η(ε) is defined as the ratio between the absorbed
energy at any strain value (ε) and the relative stress σ(ε).
Equation (3) represents the equation adopted to evaluate η(ε).[36]

Wv ¼
Z

ε

0
σðεÞdε (2)

ηðεÞ ¼ 1
σðεÞ

Z
ε

0
σðεÞdε (3)

To enable a fair comparison among the performances of the
different diamond gradations, utilizing specific values per unit

Figure 2. Grading pattern in the space of the structures. The red area represents the position of the initiator surface that is orthogonal to the figure plane.
The thickness of the initiator surface is out of scale.
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mass, the quasielastic gradient (related to rigidity) and the
(FMCS related to strength) were normalized by the product of
the actual relative density and bulk density of the base material
(4420 kgm�3[37]), yielding specific values per unit mass (Espec
and FMCSspec). The specific energy absorption (SEA) is then
used as an index for the crashworthiness of the structures
and is calculated as the ratio between W50 and the specimen
mass. The performed normalization ensures that the mechanical
responses can be directly compared across specimens with dif-
ferent global densities, so that the observed differences are attrib-
utable to the grading pattern and internal geometry rather than to
density variations.

Each produced sample was tested under compression, and the
data collected for each geometry from the three replicas tested
were averaged to extract the stress–strain curve and the mechan-
ical properties of the structure. While the compression tests eval-
uate the performance, a detailed investigation of the strain
evolution was conducted through Digital Image Correlation
(DIC). The use of DIC enabled full-field strain measurements
across the specimen surface, allowing for a quantitative assess-
ment of localized deformation, strain distribution heterogeneity,
and the onset and propagation of failure. Particular attention was
paid to the identification of the region of interest (ROI) and the
strain field analysis at the (εFMCS). The complete DIC methodol-
ogy, including image acquisition, speckle pattern evaluation, and
subset selection, is described in detail in Appendix A.

2.5. Surface Topography and Fracture Analysis

The surface topography of the DD1 sample was inspected using
the JCM6000 plus scanning electron microscope (SEM) from
JEOL (JEOL Ltd., Tokyo, Japan). Moreover, after the compression
test, the fracture surface was inspected using the S9i microscope
from Leica (Leica Microsystems GmbH, Wetzlar, Germany) and
the JCM6000 SEM. The surface topography was inspected to
identify surface characteristics that could promote the sample

fracture or affect the dimensional wall thickness accuracy. The
analysis of the fracture surface, instead, allows for the evaluation
of the fracture mode in the specific case of the DD1 sample, a
sample that failed in a brittle manner.

3. Results

3.1. Characterization of Morphology

Figure 3 illustrates the outcomes calculated from tomographic
analyses related to actual relative density, volumetric deviation,
and the presence of internal closed porosity, i.e., referred to
as pores or voids trapped inside the solid material regions of
the TPMS bulk walls that result from incomplete melting, gas
entrapment, or lack of fusion during the AM process. In
Figure 3, moving from left to right along the x-axis, the structures
are ordered by increasing the actual relative density (blue dotted
line in Figure 3). Overall, the specimens exhibited a minimal
occurrence of enclosed small pores (green line in Figure 3), with
a material density exceeding 99.99%, as evidenced in Figure 3,
where the porosity across all samples remained below 0.002%. At
this threshold, the material can be considered as effectively fully
dense, with negligible internal voids affecting structural integ-
rity.[38] Slight differences were found in the porosity of the sam-
ples. DV1, DV2, DD1, DX2, DC1, and DUT2 present a porosity
comprised between�0.001% and 0.0013% whereas DUT1, DC2,
DX1, and DD2 exhibited slightly higher porosity values, exceed-
ing 0.0015%.

The data about volume percentage deviation, reported in the
red line in Figure 3, shows that the fabricated samples were con-
sistently smaller than their nominal counterparts. This discrep-
ancy may be attributed to the absence of any geometric
compensation in the design phase to account for shrinkage dur-
ing cooling. Accurately predicting and correcting for such shrink-
age, especially in thin-walled structures with varying thicknesses,
remains a significant challenge. As shown in Figure 3, the

Figure 3. Results of the average nominal/actual relative densities, actual volume percentage differences from nominal STL, and porosity of the samples.
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percentage deviation in volume relative to the nominal design
increases with both the average relative density and the associ-
ated wall thickness. The data about the actual relative density
(blue line in Figure 3) shows a similar trend. The produced sam-
ples had a density systematically lower than the nominal. The
percentage difference ranges from �3.8% for DUT1 to �9.3%
for DUT2. These represent the smallest and largest values, with
all other samples having a deviation within this range.

Figure 4 shows an example of the deviation and wall thickness
analysis conducted on samples DX2 and DUT2, respectively. The
analysis of the volume of the fabricated samples and the relative
density can be further extended by considering the actual wall
thicknesses of the structures.

The highest deviations comparing the actual geometry to the
nominal geometry, �0.9mm, are located at the base of the sam-
ple, where the sample is attached to the start plate (marked in red
in the colormap of Figure 4a), followed by a rapid decrease
toward small deviations (green areas in Figure 4a). The direct
connection of the samples on the start plate may have influenced
the thermal behavior during the initial stages of fabrication and
subsequent cooling, leading to localized shrinkage effects.[39,40]

The thermal influence of the start plate, which behaves as a ther-
mal basin, can induce thermally driven distortions, such as posi-
tive deviations in geometry or slight warping of the deposited
layers perpendicular to the build direction, resulting in negative
deviations[41] leading to consistently lower heights of the samples
than the nominal 30mm. This reduction indicates geometric
deformation along the build axis due to thermal inhomogeneities
during the process, particularly due to non-uniform temperature
distribution near the start plate along the build direction.[42]

Figure 5 compares the wall thickness distributions derived
from the reference STL files (nominal CAD design) with those
obtained from CT-scan reconstructions (actual produced struc-
ture). The peaks in these distributions represent the most fre-
quently occurring thicknesses within each structure. Table 1
reports the mean (M) and relative standard deviation (SD) for

the produced samples compared to the data obtained from nomi-
nal CAD files. As shown in Figure 5, all structures exhibit a slight
leftward shift in the wall thickness distribution compared to the
nominal distribution, indicating that the characteristic wall thick-
ness of the structure is consistently smaller than the designed
value. While the STL-based distributions display well-defined
dominant thicknesses (represented by sharp peaks in the black
curves of Figure 5), the fabricated structures show a more gradual
variation, with increased variance and a smaller mean (Table 1).
The actual distributions are broader than those of the STL models,
with minimumwall thicknesses smaller andmaximumwall thick-
nesses larger than the nominal values. This wider distribution sug-
gests the presence of regions with thicknesses exceeding the
nominal values. Such deviations are consistent with the typical
characteristics of the PBF-EB process, where surface roughness
and partially sintered powder particles, particularly on down-skin
surfaces, contribute to irregularities in wall thickness.[34]

In the case of the structure with uniform wall thickness with
nominal values of 0.7 mm for DUT1 and 1.4mm for DUT2, the
actual measurements revealed less pronounced peaks and
broader distributions. Moreover, the peak occurs at a smaller wall
thickness than the designed one. Also, graded structures exhib-
ited less pronounced peaks, corresponding to intermediate thick-
nesses between the designed minimum and maximum values.
In fact, the average values of the wall thickness distributions dis-
play increasing absolute percentage differences between the
nominal and actual geometries as the relative density increases.
Specifically, as reported in Table 1, DUT1 shows the smallest
deviation, ��1.5%, which progressively increases up to �8%
for specimens with a relative density above 35%. This trend is
consistent with the volumetric deviation pattern previously dis-
cussed. Furthermore, all distributions display right-skewed tails
in the CT-scan data (actual geometries), indicating the presence
of thicker regions compared to the nominal STL models. These
thicker regions are attributed to the material accumulation
observed at the junctions where the surfaces adjacent to the

Figure 4. Example of a) nominal/actual comparison and b) wall thickness analysis for the structures DX2 and DUT2, with high deviation and high wall
thickness regions highlighted in the analysis contour plots. BD refers to the building direction.
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Figure 5. Wall thickness analysis results of the comparison between the distributions of the nominal STL geometries and the distributions obtained from
CT scans.
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internal channels intersect with the diagonal struts of the TPMS
structure, as shown in Figure 4b. The extent of this thickening
appears to increase with local wall thickness. Figure 6 shows an
example of the surface topography, with several powder particles
partially melted on the surface of the structure, particularly the
down-skin surface. The arrow in Figure 6 points at some of these
powder particles, which can be identified as a possible reason
behind the deviation of the wall thickness.

The difference between the nominal and the actual geometry
is further corroborated by the nominal-to-actual comparisons
shown in Figure 7. The relative and cumulative deviation distri-
butions for all samples overlap, with the graded structures falling
between the two uniform-thickness structures, DUT1 and DUT2.
Specifically, DUT1 exhibited a peak deviation of �0.020mm,
while the denser DUT2 showed a peak at �0.057mm. This con-
sistent pattern may be interpreted as a systematic deviation or a

characteristic signature of the manufacturing process. However,
in the case of uniform structures such as DUT1 and DUT2
(exhibiting the lowest and highest relative densities, respectively),
the deviation between the actual and nominal peak values
remains �11%, despite a volume percentage deviation more
than double in DUT2 compared to DUT1.

The core (DC) and cross (DX) graded structures exhibited behav-
ior similar to that observed in structures with UT. At higher densi-
ties, higher discrepancies are observed in the deviation between the
actual and nominal distributions (DX2 andDC1) compared to those
found in specimens with lower thicknesses (DC2 and DX1).

Figure 7 also shows the cumulative deviation of the wall thick-
ness. The trend of the cumulative deviation was found to be anal-
ogous to the relative deviation distribution, characterized by the
cumulative deviation for DUT1 and DUT2 at the right and left
extremes, respectively. The other structures with wall thickness
gradation have a cumulative deviation intermediate between
DUT1 and DUT2.

The cumulative deviation of all the samples produced, consid-
ered in an aggregate form, is characterized by a D10=�0.236�
0.025mm, D50=�0.032� 0.014mm, and D90= 0.225�
0.012mm. In particular, the D10 value is higher in absolute
terms, indicating a slightly larger negative deviation and greater
dispersion compared to the positive deviations represented by
D90. This happens for the samples DUT1 and DC2. These sam-
ples, characterized by the lowest values of relative densities,
exhibit an asymmetric behavior in the left-hand region of the dis-
tribution, with maximum negative deviations not exceeding
�0.35mm as highlighted in Figure 7 (red circle).

3.2. Mechanical Properties and Mechanism of Deformation and
Failure

Figure 8 displays the stress–strain curve for each geometry.
These curves are obtained by averaging the data from the three

Table 1. Mean (M) and SD values were calculated for the wall thickness
distributions of the samples, and percentage differences (delta %)
between the mean values.

Wall thickness CT STL Delta [%]

M [mm] SD [mm] M [mm] SD [mm]

DUT1 0.633 0.009 0.643 0.002 �1.5

DC2 0.696 0.019 0.722 0.019 �3.6

DX1 0.823 0.029 0.879 0.030 �6.3

DD2 0.929 0.056 0.999 0.054 �7.1

DV1 0.926 0.041 1.000 0.041 �7.4

DV2 0.946 0.046 1.026 0.043 �7.8

DD1 0.974 0.057 1.058 0.055 �8.0

DX2 1.040 0.042 1.127 0.030 �7.7

DC1 1.169 0.037 1.266 0.021 �7.7

DUT2 1.212 0.027 1.319 0.011 �8.1

Figure 6. Surface topography of the produced samples. The red arrows indicate powder particles partially melted on the surface of the sample.
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replicas of each geometry. Based on the relative densities of the
structures, in agreement with the literature,[43,44] the stress–
strain curves of the graded structures lie above the curve of
the reference UT structure DUT1.

Table 2 reports the characteristic mechanical index for each
structure according to ISO 13314:2011. The values are reported
as mean and SD, based on the tests on the three replicas.

The data reveal a clear correlation between structural configu-
ration and mechanical performance. Samples such as DC1 and
DX2 stand out for their high compressive offset stress (σc),
FMCS, and plateau stress (σpl), indicating superior load-bearing
capacity and stability under compression. These samples also
show the highest absorbed energy (W50), suggesting enhanced

energy dissipation capabilities. Conversely, DUT1 and DC2, with
lower values across most parameters, reflect more limited
mechanical efficiency. The quasielastic gradient follows a similar
trend, reinforcing the influence of internal architecture and den-
sity on stiffness and overall mechanical response. The C and X
type gradations, displaying quasielastic gradients of 2456 and
about 3500MPa respectively, resulted in the most and least stiff
structures in the group with the thinnest initiator surface. The
opposite occurred for the structures where the initiator surface
was the thickest, with C and X gradations being the least and the
most stiff, respectively (3946MPa and 2823MPa). Figure 9
shows the corresponding Eulerian strain fields calculated along
the compression axis obtained from DIC analyses. Both tensile
and compressive strains coexist within each sample during load-
ing. The local tensile strains observed under overall compressive
loading originate from bending and shear deformation of the cell
walls. This behavior is closely related to the local orientation of
the TPMS surfaces with respect to the loading direction, which
naturally leads to heterogeneous strain states throughout the
structure. It should be emphasized that the tensile strains
detected are significantly smaller in magnitude compared to
the compressive strains. Although the color map may visually
suggest comparable levels, the scale indicates that tensile strains
are limited to values up to 0.05, while compressive strains reach
values down to 0.20. Figure 10 shows the deformation and failure
of the structures during the compression test. Considering the
strain in the thickness-graded structures, these exhibited an
instability behavior similar to that of the UT structures. The
structural collapse, which initiates at the FMCS, consistently
occurs for the graded structures in the regions at lower relative
densities. The failure initiation zones are localized in specific
areas depending on the gradation patterns. The variable thick-
nesses within the geometry, based on the type of initiator

Figure 7. Relative deviations and cumulative deviations obtained from the nominal/Actual comparison analysis for the diamond structures considered in
this work.

Figure 8. Stress–strain plots of the compression tests.
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surfaces, perturb the layer-per-layer failure propagation mecha-
nism. As a result, the failure modes that arise are contingent
upon the gradation pattern that is implemented. The gradation
pattern also influences the strain distribution in the samples.
Structures such as the DV1 or DD1, characterized by thinner
mid and diagonal regions, respectively, exhibit localized com-
pression strains located at the thinner area, while the remaining
area of the sample remains almost unloaded (orange). A detailed
discussion of the structural behavior is provided below for each
geometry. 1) In the case of uniform thickness structures (DUT),
distinct mechanical behaviors were observed between DUT1 and
DUT2. DUT2, designed with a nominal wall thickness of
1.4mm, exceeded the load cell capacity of the tensile testing
machine, reaching forces above 100 kN shortly before the
FMCS. As a result, the test was interrupted prematurely.
Conversely, DUT1, with a nominal thickness of 0.7 mm, exhib-
ited more localized strain concentrations, both tensile and com-
pressive, particularly at the junctions of the unit cells, as
noticeable in Figure 9. These stress concentrations led to struc-
tural instabilities, manifesting as buckling and the formation of a
horizontal shear band (Figure 10), ultimately causing the struc-
ture to collapse layer by layer. This behavior is consistent with
previous findings in the literature[45] where such instabilities
are associated with lower relative densities. The DIC contour
plots in Figure 9 further illustrate the differences in deformation
behavior. DUT2 shows a more uniform strain distribution,
reflecting a smoother transition from elastic to plastic deforma-
tions. This is in line with the observations reported in,[46] which
suggest that TPMS structures at higher relative densities tend to
distribute loads more evenly. Additionally, the most stressed
regions in DUT1 are located on surfaces inclined between 0°
and 5° relative to the loading direction, areas particularly prone
to stress accumulation due to their load-bearing capacity, as also
noted by.[47] These regions are subjected to the highest compres-
sive stress, visible in blue in the DICmaps, especially in the walls
adjacent to the internal channels (Figure 9). 2) Core (DC). DC1
exhibited pronounced barreling during compression, indicative
of significant lateral expansion. Following the FMCS, a notice-
able stress drop was observed in the stress–strain curve, suggest-
ing a sudden collapse of the initial load-bearing layers (visible in

Figure 10). The subsequent plateau region displayed a progres-
sively increasing slope (Figure 8), likely due to densification
effects and the sequential engagement of stiffer regions. The fail-
ure mode was characterized by an initial layer-wise failure up to
the longitudinal mid-line of the specimen, followed by the for-
mation of a downward-oriented diagonal shear band (as marked
in Figure 9 and 10). A secondary diagonal failure path emerged
in the cells under the cells that failed first, indicating localized
shear and sliding phenomena. In contrast, specimen DC2 did
not exhibit barreling (Figure 10), suggesting a more uniform
axial deformation. The strain distribution and the observed fail-
ure mode resemble those of the uniform structure with lower
density, characterized by localized strain concentrations and high
spatial gradients. Indeed, DC1 displays a more uniform strain
distribution compared to DC2, once again consistent with find-
ings in the literature for TPMS structures with higher densi-
ties.[46] The collapse initiated similarly with a layer-wise
mechanism up to the specimen’s mid-line, but the shear band
propagated upward rather than downward. This was followed
by a progressive, layer-by-layer failure, reflected in the stress–
strain curve as a series of successive stress peaks (Figure 8).
The plateau region was more stable compared to DC1, indicating
a more controlled and gradual collapse. Notably, the lower-
density region at the base of the specimen was the first to
undergo a deformation, with a relatively uniform strain distribu-
tion across layers prior to FMCS. The stress drop after FMCS was
significantly less pronounced than in DC1, suggesting a more
energy-absorbing and stable collapse process. Considering the
two DC structures, the central region played a key role.
Changes in the relative density of the core of the structure per-
turb the layer-wise collapse mode typically observed in the uni-
form structures. The propagation direction of the diagonal shear
band tends toward regions of lower density. In the case of DC1, it
propagates downward toward the thinner core; conversely, in
DC2, it propagates upward. 3) Diagonal (DD). Specimens
DD1 and DD2 exhibited comparable values of FMCS and yield
strength, despite DD1 demonstrating �20% higher stiffness.
However, their post-yielding behavior diverged significantly
due to differences in gradient orientation and structural config-
uration. DD1 failed in a brittle manner immediately after

Table 2. ISO 13314:2011 calculated mechanical performance indexes reported as the mean (M) values and the relative SD.

Sample Quasi elastic gradient [MPa] Compressive offset stress (σc) [MPa] FMCS [MPa] Plateau stress (σpl) [MPa] Absorbed energy (W50) [MJ m�3]

M SD M SD M SD M SD M SD

DUT1 2324.4 161.7 83.2 6.3 102.7 2.2 72.0 6.2 35.8 3.7

DUT2 4430.0 358.2 201.3 16.3 – – – – – –

DC2 2456.0 160.9 86.6 5.4 107.3 3.3 87.7 7.2 43.6 3.2

DD2 2749.5 216.6 103.3 9.3 124.4 5.9 112.9 9.7 56.1 5.1

DV2 2840.0 162.1 108.2 8.4 150.5 6.4 146.5 11.2 72.9 4.9

DX2 3496.3 303.3 155.1 14.2 191.4 3.8 162.1 15.3 80.7 7.5

DC1 3945.8 322.4 178.6 15.8 225.7 1.8 162.6 13.3 86.2 8.3

DD1 3253.5 212.2 111.5 6.7 124.5 2.9 – – – –

DV1 3066.3 243.0 111.7 7.3 129.6 7.0 118.3 8.6 58.9 3.8

DX1 2822.9 252.4 105.8 8.2 123.6 1.1 72.2 6.1 – –
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Figure 9. Eulerian longitudinal strain obtained from DIC analysis. The regions most highly stressed are highlighted in white, corresponding to the areas
where strain concentration is more pronounced.
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reaching its FMCS. The collapse initiated along the diagonal cor-
responding to the region of minimum wall thickness, as illus-
trated in Figure 9. This resulted in a complete separation of
the specimen into two distinct halves, with no subsequent recov-
ery of mechanical load-bearing capacity. The abrupt failure sug-
gests a highly localized and catastrophic failure mode, dominated
by the weakest gradient path. In contrast, DD2 exhibited a more
progressive and stable deformation response. Failure initiated in
the two triangular regions at lower density, located at the top-
right and bottom-left corners of the specimen (Figure 9). As load-
ing progressed, the specimen underwent a noticeable rotation
under compression, as shown in Figure 10. The diagonal with
a larger thickness of 1.4 mm gradually reoriented perpendicular
to the loading direction, effectively redistributing the stresses and
delaying the catastrophic failure. This behavior resulted in a
modest stress drop following FMCS and a relatively stable pla-
teau region in the stress–strain curve, indicative of a more ductile
and energy-absorbing collapse mechanism. While the gradient of
DD1 promoted early localization and brittle fracture, the config-
uration of DD2 enabled a more distributed deformation and
enhanced post-yield stability. 4) Vertical (DV). DV1 exhibited
noticeable barreling during compression, with failure initiating
at the central layer of the specimen (blue region in Figure 9),

which had the thinnest wall thickness. This was followed by a
sequence of successive stress peaks in the stress–strain curve,
indicative of the progressive layer-by-layer collapse mechanism,
also visible in Figure 10. The deformation was localized in the
central thinner region of the sample and evolved in a stepwise
manner, with each layer contributing incrementally to the overall
failure process. In contrast, DV2 exhibited a more uniform and
stable deformation behavior. Failure initiated in the upper region
at lower density (strain concentration in Figure 9) and propagated
gradually, resulting in a smooth and continuous plateau in the
stress–strain response, without the distinct stress peaks observed
in DV1. This plateau reflects a significantly enhanced energy
absorption capacity, approximately double that of the DV1 speci-
men. Comparing the FMCS of the two structures, DV2 reached
FMCS at a higher strain level, with a peak stress �15% greater
than that of DV1, despite having a nearly 7% lower quasielastic
gradient. This suggests that the tailored gradient in DV2 effec-
tively delayed the onset of failure and promoted a more efficient
load redistribution. The collapse mode in DV2 remained layer-
wise, similar to DV1, but was more evenly distributed and less
abrupt, contributing to the improved mechanical performance.
5) Cross (DX). DX1 exhibited a failure mode similar to that of
DD1, characterized by a sudden and brittle collapse along one

Figure 10. Deformation behavior and failure modes.
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of the diagonals corresponding to the region of minimum wall
thickness. This abrupt failure resulted in a complete loss of struc-
tural integrity, with no significant post-peak load-bearing capac-
ity, as shown in Figure 9. In contrast, DX2 failed in a more
progressive and controlled manner. The initial collapse occurred
in the upper triangular region with lower density (Figure 9), fol-
lowed by a layer-by-layer deformation sequence. This led to a hor-
izontal plateau in the stress–strain curve, indicative of stable
energy dissipation throughout the compression process.
Notably, DX2 achieved an absorbed energy of up to 80.7MJm�3,
significantly outperforming DX1. Moreover, DX2 demonstrated
a 25% higher stiffness and an FMCS�1.5 times greater than
that of DX1. These results highlight the effectiveness of the spe-
cific gradient configuration in DX2 in enhancing both the struc-
tural stiffness and energy absorption capacity, while also
promoting a more ductile and stable failure mode.

Figure 11 provides additional insights about the correlation
between the geometry of the structure and the strain distribution.
Figure 11a maps the angular deviation between the directional
cosine of the surface and the build direction (Z-axis). In
Figure 11a blue surfaces (90°) are aligned with the build direc-
tion, whereas horizontal surfaces (red, 0°) are orthogonal to it.
Figure 11b displays the Lagrangian longitudinal strain at the
FMCS region obtained from DIC analysis. Comparing
Figures 11a,b shows a clear correspondence between the surface
orientation and the strain concentration: vertical surfaces pre-
dominantly concentrate higher compressive strains, while hori-
zontal surfaces are associated with tensile zones. This link is
reinforced in the reported magnifications (Figure 11c,d), where
the color-adjusted contour maps overlay visually correlating sur-
face orientation and deformation response. The two boxed
regions in Figure 11d highlight pronounced strain gradients
along adjacent rib structures, alternating between zones of mod-
erate and high compression (yellow and blue). These gradients
suggest intense localized deformation, likely contributing to
shear-dominated fracture pathways with cracks propagating
obliquely across the ribs. Figure 11e represents an image of
the sample under compression, and Figure 11f a magnification.
Figure 11f illustrates additional failure modes: white lines indi-
cate buckling and folding in compressed vertical regions, while
red highlights mark zones of inter-rib sliding and rupture.
Together, these insights suggest that surface orientation plays
a decisive role in strain localization and failure evolution during
mechanical loading, with a combination of buckling and shear
responses shaping the final fracture patterns.

Figure 12a shows an optical microscopy image of the fracture
surface of the sample DD1. For the area identified with a rect-
angle, Figure 12b,c shows SEM images of the fracture surface
at low and high magnification, respectively. The fracture surfaces
in Figure 12a are tilted from the orthogonal of the wall thickness.
This is most likely the area of the samples where a shear stress
concentration occurred. The failure angle is not homogeneous,
and the differences are visible in Figure 12a, where the incident
light of the optical microscope adopted is reflected directly
toward the camera or deviated, according to the angle of the sur-
face. Overall, the SEM image (Figure 12b) shows that the mate-
rial does not have large internal defects or porosities, in
agreement with the porosity results obtained from CT-scan anal-
yses. The fracture surface shows the presence of large smooth

surfaces (facets) and some regions with dimples. This is charac-
teristic of a ductile-brittle failure mode. As noted by Sombatmai
et al.,[47] reduced wall thickness facilitates crack propagation and
limits plastic deformation, a behavior opposite to the typical
behavior of the Ti6Al4V. The fracture morphology shown in
Figure 12a,b indicates a mixed brittle–ductile failure mode, with
initial instabilities triggered by shear banding in the thin-walled
regions. The final rupture occurred at a surface defect acting as a
local stress concentrator. In this area, the sample broke after a
plastic deformation, visible as the equiaxed dimples on the
surface.

In addition to their distinct mechanical responses, the inves-
tigated structures exhibit significant differences in energy
absorption characteristics. Figure 13 illustrates these properties,
with Figure 13a,b showing the cumulative absorbed energy per
unit volume and Figure 13c,d depicting the energy absorption
efficiency. The reference uniform structure, DUT1, demon-
strated an absorbed energy of 35.8MJm�3 at a global strain
of 50%. Within the set of graded structures, DC2 showed the
lowest cumulative energy absorption capacity, recording a value
of 43.6MJm�3, only slightly higher than that observed for
DUT1. As presented in Table 2 and Figure 13c,d, the specimens
can be categorized into two distinct groups based on their energy
absorption capacity. This capacity generally correlates with the
average relative density: specimens with higher relative density
absorbed more energy. Exceptions to this trend include DD1 and
DX1, which experienced brittle failure immediately after reach-
ing the FMCS, and DUT2, for which testing was not feasible due
to its strength exceeding the capacity of the testing apparatus.
Higher energy absorption per unit volume is typically observed
in specimens that fail progressively throughmultiple stages. This
behavior was particularly evident in DV2 and DX2. Regarding
energy absorption efficiencies (Figures 13c,d), among the speci-
mens with the thinnest wall thickness at the initiator surface,
DV1 exhibited slightly higher efficiency compared to DC1 and
DUT1, both of which showed an overlapping trend. DV1 main-
tained superior efficiency to all the other structures up to �40%
global strain, after which the efficiency reached a plateau at
around 31%. DUT1, closely aligned with DC1, reached an effi-
ciency of 35% at 50% strain. Within the structures with the
thicker wall thickness at the initiator surface, DX2 and DV2 dem-
onstrated the highest efficiencies, with DX2 reaching an effi-
ciency of 40%. Their efficiency curves overlapped up to about
35% strain, beyond which DV2 exhibited an inflexion point, sub-
sequently following a trend similar to DUT1. DD2, instead, mir-
rored the behavior of DC2 up to 40% strain, where it reached the
highest efficiency of �32% before undergoing a marked decline.
This drop is attributed to structural rotation under load, which
compromises energy absorption efficiency by prematurely initi-
ating densification. In fact, the peaks observed in the energy
absorption efficiency curves correspond to the onset of densifi-
cation, where the peak stress surpasses the corresponding FMCS
values. At these strain levels, significant compaction occurs, re-
establishing contact between the failed and heavily deformed
regions and the remaining structure, thereby enhancing the
load-bearing capacity.

A comprehensive comparison of the mechanical performance
across the different gradation patterns considers the mass-
normalized values of Espec, FMCSspec, and SEA (calculated as
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Figure 11. Comparison between the surface orientation of the structure and the strain location. a) A map of the angular deviation between the directional
cosine of the surface and the build direction. b) The Lagrangian longitudinal strain at the FMCS region obtained from DIC analysis. c,d) magnification of
the areas marked in (a,b) respectively. e) Image of the sample under compression and f ) magnification with highlighted failure patterns.
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Figure 12. Fracture surface: a) Optical image of the total fracture surface. b,c) Local SEM images. In (b) BD is the build direction. In (c), the dashed area
represents the location of the dimples.

Figure 13. Cumulative energy absorption per unit volume and efficiency plots.
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described in Section 2.4). These parameters are indicative of the
resulting stiffness, strength, and crashworthiness capabilities of
the structures. The specimens were grouped into three relative
density clusters to minimize the influence of global density and
emphasize the effect of internal gradation. The clusters are
defined as follows: 1) Low-density group (blue in Figure 14):
DC2 (relative density 0.24). 2) Medium-density group (orange
in Figure 14): DD2 (0.32), DV1 (0.32), DV2 (0.33), and DD1
(0.33). 3) High-density group (gray in Figure 14): DX2 (0.36)
and DC1 (0.41).

Samples DD1 and DX1 were excluded from the analysis
as they failed catastrophically immediately after exceeding
their FMCS.

Considering the E–SEA plot (Figure 14a), structures DC2 and
DV2 exhibit the highest SEA values, identifying them as the most
suitable candidates for applications where substantial energy
absorption is required, such as the core of sandwich panels.
Although both structures show comparable SEA, they belong
to different relative density classes. In particular, DC2 has a lower
relative density, making it especially attractive for applications
where mass reduction is critical, such as aeronautical lightweight
components. Moreover, DC2 displays an E� 2.27� 106 m2 s�2

that is larger than that of DV2 (E� 1.97� 106 m2 s�2), indicating
that while both structures absorb approximately the same
amount of energy (similar values of SEA), DC2 does so with
smaller deformations. This behavior is likely associated with
the presence of a thicker core region, which limits the deforma-
tion capacity and promotes a stiffer response. The absence of
clear clustering by relative density in the E–SEA space further
suggests that relative density is not the dominant parameter con-
trolling the mechanical response of these graded TPMS struc-
tures. Instead, the specific wall-thickness gradation pattern
plays a more decisive role.

A similar interpretation arises from the FMCS–SEA plot
(Figure 14b), as an example, when comparing structures
DD2 and DC1. Despite their comparable SEA values
(SEA� 10 J g�1), DC1 exhibits a markedly larger elastic field
(FMCS� 0.125� 106 m2 s�2), making it more suitable for appli-
cations where higher allowable loads prior to failure are required,
for example, in lightweight structural elements. This difference
again originates from the gradation strategy. The thinner regions
in DD2 likely induce an early stress localization, drastically
reducing its FMCS. Conversely, the FMCS of DC1 is less affected
by the presence of a thinner spherical core, which is structurally

Figure 14. Comparative plots of the normalized performance parameters: a) Espec – SEA, b) FMCSspec – Espec, and c) Espec – FMCSspec.
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more efficiently supported by the surrounding material. Further
insight is provided by the E–FMCS plot, particularly when exam-
ining structures DC1 and DV1. Although both present a similar
stiffness of E� 2.2� 106 m2 s�2, their FMCS differ significantly:
DC1 reaches �0.125� 106 m2 s�2, whereas DV1 reaches only
about 0.09� 106 m2 s�2. This indicates that, despite sharing a
thin-core configuration, their load-bearing capabilities differ sub-
stantially. The most plausible explanation lies in the geometry
and spatial distribution of the thin regions. In DC1, the thin
spherical core is centrally located and fully surrounded by thicker
material, a configuration that mitigates its influence on the global
structural resistance. In contrast, DV1 features an extended thin
region spanning the entire cross-section at mid-height. This
large, planar thin region collapses at lower loads and therefore
governs the overall mechanical response.

The comparative analysis indicates that the most effective
designs are not those that maximize a single mechanical attribute,
but rather those that achieve an appropriate balance among stiff-
ness, strength, and crashworthiness. Structures with very high
stiffness tend to exhibit brittle, premature collapse and therefore
offer limited energy absorption, whereas configurations optimized
solely for SEA may lack the strength required to ensure structural
integrity under load. The lack of any discernible clustering with
respect to relative density in Figure 14 further confirms that den-
sity alone is not a sufficient predictor of mechanical performance
for graded TPMS architectures. Instead, Figure 14 clearly demon-
strates that the wall-thickness gradation pattern exerts a dominant
influence on both the mechanical response and the deformation
mechanisms, irrespective of the overall density.

4. Conclusions

This paper investigates the effect on surface morphology and
mechanical properties under compression load of introducing
3D gradations of the wall thickness in lattice structures based
on the diamond TPMS. The gradation (vertical (V), diagonal
(D), cross (X), and core (C)) is realized by varying the thickness
of the structure from a minimum thickness at the initiator sur-
face (0.7 mm, named “1”) to a maximum thickness (1.4mm,
named “2”) and vice versa.

As expected, wall thickness gradation produced stress–strain
curves that lie between those of the corresponding structures
designed with UTs corresponding to the minimum or maximum
thickness.

However, while the UT structures either fail linearly with com-
paction of the cells along the load direction (thinner structure
DUT1) or do not fail (thicker structure DUT2), the graded struc-
tures exhibit a deformation behavior that is driven by the grada-
tion pattern. The structures with a thinner central section (DC1
and DV1) show a barreling deformation before the failure. The
structures characterized by a thin diagonal (DX1 and DD1) fail in
a brittle manner, resulting in the complete separation of the
structures into two distinct halves along the initiator surface.
The structures with a thick diagonal, such as the DX2 and
DD2, are characterized by a progressive failure located at the
thinner areas of the structure, e.g., the triangular-shaped areas
on top of the structure with cross gradation (DX2) or the corners
of the structure with diagonal gradation (DD2). This behavior is

explained by the energy absorption capability of the structures,
which can be correlated to the relative density of the structure.
The higher the density, the more energy is absorbed by the struc-
ture. The higher energy absorption was found in structures char-
acterized by progressive failure, such as those with vertical
gradation and a thicker core (DV2) and a cross gradation with
larger thickness (DX2). This, however, comes with some excep-
tions, such as the structures with a thin diagonal (DD1 and DX1),
which are characterized by a high relative density but fail in a
brittle manner, thus absorbing less energy.

From the findings of this work, a few guidelines could be
extracted to drive further development and design of such struc-
tures according to the design requirements. For example, to
achieve a structure that collapses in a controlled manner, charac-
terized by an extended plateau region and good energy absorption
properties, it is preferred to use a structure with a thicker core
(such as DC2, DV2, or DX2). These kinds of structures would
be well-suited to sandwich panel applications. This would allow
light structures with a controlled plate displacement or a controlled
failure when compressed. Samples with the thinner core (DC1)
and the thicker cross (DX2) showed the best performances in
terms of compressive offset stress (σc), FMCS, plateau stress
(σpl), and energy absorption capability (W50). On the other hand,
the structure with a thicker core (DC2) was the structure that
showed the lowest mechanical properties among the wall thick-
ness graduated samples. Overall, if a brittle fracture is preferred,
a thin core or a thin diagonal (like the DC1, DD1, or the DX1)
should be adopted. These structures may find applications as
mechanical fuses, where the failure occurs when a specific load
mode or value is reached. Structures like the DD1 or the DX1
may also find applications in other structures where a clean fail-
ure, without debris, is desired, such as in single-use medical devi-
ces (surgical tools), where detachment should not leave debris.

Overall, this study demonstrates that the grading of the wall
thickness within TPMS-based lattice structures may be performed
strategically to control the deformation and failuremodes while also
achieving an overall weight reduction, as the material is efficiently
distributed to guide the fracture path and mode. This tailored dis-
tribution results in lightweight yet mechanically reactive structures
capable of responding predictably and effectively to compressive
loading. A further degree of freedom in the use of graded
TPMS structures for tailoring deformation and failure mechanisms
lies in the orientation of the applied load. Given the intrinsic geo-
metric anisotropy of TPMS architectures, particularly in the case of
3D grading, different loading directions may activate distinct local
and global deformation modes, leading to variations in stiffness,
strength, and failure patterns. While the present study focuses
on a single loading direction, future work may systematically
explore the influence of loading orientation and combined loading
states. Such investigations would not only deepen the understand-
ing of direction-dependent behavior but also open opportunities for
deliberately tuning the mechanical response of TPMS structures
through the controlled alignment of load paths in design.

Appendix

Together with the data on stress and strain collected during the
compression test, the 2D DIC technique was employed to
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investigate the deformation and failure modes of the samples.
The DIC allows for following, at the part scale level, the strain
field distribution during the compression test using multiple
images acquired during the test, and analyzed using specific
tools such as Ncorr,[48] a toolbox developed for MATLAB
(MathWorks, Massachusetts, USA). The analysis of subsequent
images during deformation is obtained by tracking specific ref-
erence points on the structure, typically created by applying a
speckle pattern on the surface of the object. However, following
the methodology proposed in other studies,[49,50] the DIC analy-
sis was conducted without applying a speckle pattern, as the sur-
face topography and roughness of the PBF-EB as-built surface
reflect light, creating a natural speckle pattern adequate for
the analysis. The images were acquired at a rate of 1 image
per second and processed considering only a ROI. When per-
forming such an analysis on complex structures, attention
should be paid to the fact that, due to the complexity of the defor-
mation, out-of-plane regions may appear, and the natural speckle
pattern deforming with the structure pattern may change the
light reflection during the deformation. These issues were over-
come by identifying the ROI for the DIC analysis on the
deformed state of the sample, after the compression test. The
choice of the ROI, therefore, excluded the area of the samples
where it was not possible to detect the speckle pattern. In addi-
tion, since the quality of the speckle pattern impacts the quality of
the DIC analysis, it was preliminarily analyzed using a MATLAB
script, which calculates three key parameters: the average speckle
diameter, the minimum distance between speckles, and the total
coverage area. The speckle diameter influences the spatial reso-
lution. The average distance between speckles affects the ability
to track the deformation with low correlation errors. The cover-
age area, defined as the ratio between the area covered by the
speckles and the total area, impacts the contrast and effectiveness
of the pattern. Figure A1 a shows a DIC reference image adopted
to evaluate the quality of the speckle pattern, while Figure A1b
shows the relative cumulative percentage plot and the magnifi-
cation of the area adopted for the evaluation of the quality of the

pattern. From these analyses, a mean speckle diameter of
3.62� 1.84 pixels and an average minimum distance between
the speckles of 5.76� 2.17 pixels were calculated. These values
indicate a good quality of the speckle pattern according to the
guidelines of the International Digital Image Correlation
Society (iDICs),[51] which suggests an equivalent mean speckle
diameter within the range of 3–5 pixels.[51,52] The coverage area
of the speckle pattern of the structure was approximately equal to
26%. These data contributed to the choice of the subset radius. In
DIC, the subset is defined as the region of pixels centered around
each point of interest in the reference image. During the corre-
lation process, the algorithm tracks how this subset moves and
deforms between the undeformed and deformed images to cal-
culate local displacements and strains. The choice of subset
radius is critical because it must be large enough to contain a
sufficient number of speckles for accurate correlation, but small
enough to capture local strain gradients.[51] Based on these
parameters, a subset radius of 12 pixels was selected for the
DIC analysis. In this case, the chosen radius allowed accurate
measurements at the sample scale and the correct identification
of where the most considerable deformations occur.

The local strains along the loading direction, identified as
Eulerian strain (ε), were used to analyze the deformation behav-
ior of the structures. For the DIC analysis, a single deformation
stage was selected for each structure, corresponding to the strain
at the (εFMCS). This specific point was chosen as it represents the
onset of structural instability and allows for a direct comparison
of the critical strain localization sites and failure patterns in the
structures.
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