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Abstract
This paper presents a multiscale strategy for modeling the degrading influence of internal defects on the compressive 
mechanical response of an octet truss lattice structure produced by Powder Bed Fusion and made of AlSi10Mg alloy. Start-
ing from micro-CT scans of a 2 × 2 × 2 lattice structure, the internal defects population is determined and Finite Element 
Analyses (FEAs) are performed on Representative Volume Elements, i.e., the strut with internal defect, to determine the 
effective stress–strain response for each defect size. The stress–strain curves are used as material response randomly assigned 
to each element of the FE model of the lattice structure. By randomly varying the location of the defects within the speci-
men, the scatter of the compressive response can be accounted for. The effectiveness of the proposed approach is shown by 
comparison with the experimental results of compressive tests on 2 × 2 × 2 and 3 × 3 × 3 lattice specimens.

Keywords  Multiscale · Compression · Damage-tolerant · Experimental · Numerical

1  Introduction

Additive manufacturing (AM) has become a key produc-
tion technology, recognized as a pillar of the Industry 4.0 
revolution [1, 2]. AM enables the creation of components 
with optimized shapes and material distribution tailored for 
specific applications [3–5]. Unconstrained design has pro-
moted the development of innovative structural solutions 
that efficiently distributes the material to accomplish any 
combination of strength, stiffness, and lightweight require-
ments [6–11]. The advent of AM promoted the development 

of lattice structures [12–15], which are challenging to pro-
duce using traditional manufacturing.

Lattice structures are designed to either enhance the 
mechanical properties, like stiffness and strength [16–20] 
or unlock exotic material response (e.g., Poisson’s ratio 
[21–23], shape memory [24, 25]). They can also replace 
honeycomb core [12] or serve as fillers for lightweight 
design [26, 27], with the unit cell optimized for the specific 
application. Researchers have focused on optimizing these 
structures to achieve exceptional homogenized properties 
while minimizing cell density [12, 28, 29].

Despite these advantages, structural integrity concerns 
persist, particularly for in-service applications [30–32]. Cur-
rent design methodologies must be validated or revised to 
address AM-specific microstructures [33, 34] and defects 
[35, 36]. New design approaches are needed particularly for 
innovative structural solutions that are specifically devel-
oped for AM production, such as lattice structures [37, 38].

The primary challenge lies in deviations between ideal and 
manufactured geometries caused by defects formed during 
the AM process [39–42]. These defects can initiate damage, 
promote fatigue cracks, or reduce local stiffness and strength 
[43–45]. For example, the variability in material properties due 
to randomly distributed defects significantly impacts compres-
sive properties, often triggering premature collapse [46, 47]. 

 *	 Alberto Ciampaglia 
	 alberto.ciampaglia@polito.it

	 Carlo  Boursier Niutta 
	 carlo.boursier@polito.it

	 Alessandro Benelli 
	 alessandro.benelli@polito.it

	 Andrea Tridello 
	 andrea.tridello@polito.it

1	 Department of Mechanical and Aerospace Engineering, 
Politecnico di Torino, Turin, Italy

2	 Inter-Departmental Multi-Disciplinary Research Centre 
J-TECH @PoliTO, Turin, Italy

3	 Department of Applied Science and Technology, Politecnico 
di Torino, Turin, Italy

http://crossmark.crossref.org/dialog/?doi=10.1007/s40964-025-01026-3&domain=pdf


4108	 Progress in Additive Manufacturing (2025) 10:4107–4121

Accurate models accounting for these defects are essential for 
predicting mechanical behavior.

Finite Element Analyses (FEAs) are widely used to study 
stress distribution in lattice structures [41, 48, 49]. However, 
simulating such small-scale geometries is computationally 
intensive, necessitating simplified models [43, 50–52]. For 
instance, in [53], an equivalent diameter was introduced to 
account for discrepancies between the ideal and the manufac-
tured strut geometries in octet-truss Ti6Al4V specimens mod-
eled with 1D elements. Micro-CT inspections revealed thin-
ner struts than designed, with equivalent diameters improving 
simulation accuracy.

Similarly, [9] showed that geometric imperfections, such 
as strut waviness and thickness variation, significantly affect 
stiffness and failure modes. Other studies modeled defects as 
circular voids or sinusoidal surface roughness in thin struts, 
demonstrating reduced mechanical performance [54]. In 
[43], a double-diameter correction modeled defect influence 
in PA-12 lattice structures, enabling simplified yet accurate 
simulations.

Homogenization techniques, increasingly combined with 
machine learning, have also been explored to reduce compu-
tational demands [55]. For example, [56] studied the influ-
ence of geometric imperfections on the elastic properties of 
2D and 3D periodic trusses by introducing randomly spaced 
defects in Representative Volume Elements (RVEs). In [51], 
a micro-CT-based approach simulated compressive responses 
of AlSi10Mg octet-truss lattice structures using 1D beam ele-
ments to balance accuracy and computational efficiency.

The analysis of existing literature highlights significant 
advancements in simulating the mechanical behavior of AM 
lattice structures, particularly through defect characteriza-
tion and modeling techniques. However, many studies rely on 
simplified approaches, such as equivalent diameters [9, 51, 
53] or defect-based corrections [39, 43], while computation-
ally efficient, lack the integration of detailed defect data into 
multiscale frameworks. Other approaches, like homogeniza-
tion techniques and machine learning [55, 56], have reduced 
computational effort but often overlook the critical influence 
of defects on mechanical performance. Additionally, experi-
mental validation is frequently limited or absent, restricting 
the applicability of these methods for real-world applications.

In this study, we propose a multiscale methodology for 
simulating the compressive response of AM lattice structures, 
specifically Powder Bed Fusion (PBF) AlSi10Mg specimens 
with octet-truss unit cells. The novelty of our approach lies in 
integrating defect populations—assessed via high-resolution 
micro-CT inspections—into Representative Volume Element 

(RVE) simulations to accurately model defect influence on 
stress–strain behavior. These RVE-derived results are trans-
ferred to lattice-scale simulations using 1D beam elements, 
enabling efficient modeling of large-scale structures. Surface 
roughness is accounted for through an effective diameter 
derived from micro-CT data, while random defect distributions 
are incorporated to produce scatter bands in the force–dis-
placement response, capturing the inherent variability of AM 
processes.

The methodology is validated against experimental com-
pression tests on 2 × 2 × 2 and 3 × 3 × 3 lattice specimens, 
demonstrating its strengths and limitations compared to prior 
works [51, 57].

2 � Materials and experiments

2.1 � Additive manufacturing of AlSi10Mg specimens

2.1.1 � AlSi10Mg: AM process and lattice structure 
specimens

The experimental activity has been carried out on AlSi10Mg 
specimens produced by PBF (Beam-It, Italy). The process 
parameters were optimized by the supplier for industrial appli-
cations, using a 30 μm layer thickness. After production, speci-
mens underwent the Beam It Aging heat treatment at 200°C 
to relieve residual stress. The chemical composition of the 
AlSi10Mg powder, with an average size of 45 μm (D10 = 33 
μm, D90 = 62 μm), is detailed in Table 1.

The experimental activity characterized the compressive 
response of AlSi10Mg specimens using an octet-truss unit 
cell (Fig. 1a) optimized in a previous study [58]. The geom-
etry, created in Creo (PTC Inc., USA), features a nominal strut 
diameter of 1.5 mm and a cell size of 9 mm. Two specimen 
sizes were tested:

•	 2 × 2 × 2: Cubic specimens with 2 cells per side (1 test, 
Fig. 1b).

•	 3 × 3 × 3: Cubic specimens with 3 cells per side (2 tests, 
Fig. 1c).

Standard dog-bone specimens, produced using the same 
process parameters as the lattice structures, were subjected to 
quasi-static tests to determine the material properties for the 
Finite Element Model. Details of the experimental tests are 
provided in Sect. 2.3.

Table 1   Chemical composition 
of the AlSi10Mg powder used 
for the experimental activity

Si Mg Cu Ni Fe Mn Ti Al

10 0.4  < 0.03  < 0.05  < 0.5  < 0.4  < 0.15 bal
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2.2 � Lattice structure defects: computed 
tomography and scanning electron microscope 
analyses

Internal defect analysis was performed using a custom X-ray 
computed tomography (CT) system at J-Tech@PoliTO, 
equipped with a 300 kV X-ray source, 5 µm focal spot size, 
and a 2048 × 2048 pixel flat panel detector.

The optimized scanning parameters for defects analysis 
included:

•	 Scanning Parameters: 140 kV voltage, 80 µA current 
(11.2 W power), 1200 mm source-to-detector distance, 
and 150 mm source-to-sample distance, achieving a spa-
tial resolution of 25 µm/voxel.

•	 Filtering: A 0.2 mm Cu filter minimized noise and 
enhanced reconstructed volume quality.

The 3D volumes were reconstructed using the filtered 
back-projection algorithm in VG MAX 3.5 (Volume Graph-
ics GmbH, DE) from 1600 projections. Defects were identi-
fied via greyscale threshold voxel analysis, using a software-
property algorithm. To reduce artifacts, material within 30 
µm of the surface was excluded, and defects smaller than 
0.0004 mm3 (below the system’s resolution) were disre-
garded as they do not impact compressive response.

Figure 2 shows the reconstructed volume of the 2 × 2 × 2 
lattice sample analyzed with micro-CT.

Figure 2a shows high defectiveness in the specimen, with 
defects of varying sizes randomly and uniformly distributed. 
The histogram in Fig. 3a illustrates the maximum defects 
diameter for the 2 × 2 × 2 specimen. This maximum diameter, 
representing the largest permissible defect size, is a key param-
eter affecting compressive response, particularly when it lies in 

the beam's cross section. Other descriptors, such as equivalent 
diameter or projected area, could also be considered [44]. The 
choice of defect descriptor is further detailed in Sect. 3.1. The 
total material volume of the analyzed specimens is 1.89 × 1012 
µm3, with a defect volume ratio of 0.44%.

The sphericity of a defect is a key parameter for AM parts 
as it captures the irregular morphology of defects in addi-
tion to their size. As defined in the VG MAX 3.5 manual, 
sphericity is the ratio of the surface area of a sphere with the 
same volume as the defect to the actual surface area of the 
defect. Defects with sphericity near 0 have more irregular 
shapes. Figure 3b shows the relationship between spheric-
ity and maximum defect diameter in the 2 × 2 × 2 specimen.

Figure 3b shows that sphericity decreases with increas-
ing defect diameter, with larger defects exhibiting more 
irregular shapes (sphericity < 0.5). This aligns with litera-
ture trends [59] and highlights the critical impact of large 
defects on compressive response as they can locally weaken 
the trusses and initiate failure. Figure 3a further illustrates 
the significant scatter in defect distribution, contributing 
to the variability in mechanical response and complicating 
stress assessment during design. Additionally, SEM observa-
tions were conducted to examine surface roughness, which 
was incorporated into the numerical model using an equiva-
lent diameter [43, 53]. Figure 4 shows the surface finish for 
the 2 × 2 × 2 specimen (Fig. 4a) and the 3 × 3 × 3 specimen 
(Fig. 4b).

2.3 � Experimental tests

2.3.1 � Tensile tests for material characterization

To determine the quasi-static properties of the AlSi10Mg 
alloy for FE analyses of lattice structures, tensile tests 

Fig. 1   AlSi10Mg lattice structure specimens subjected to experimental tests (not in scale): a octet truss unit cell; b 2 × 2x2 specimen; c 3 × 3x3 
specimen
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Fig. 2   Reconstructed volumes 
after micro-CT inspections: 
a 2 × 2x2 specimen; b largest 
defect in terms of diameter

Fig. 3   a Histogram of the defect diameter and b sphericity with respect to the maximum diameter in the 2 × 2 × 2 lattice sample
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were performed on standard dog bone specimens with a 
4 × 10 mm cross section and a 100 mm free span [57]. Two 
specimens were tested on an Instron 8801 servo hydraulic 
machine at a 1 mm/min crosshead displacement rate. Strain 
was measured using Digital Image Correlation (DIC) to cap-
ture the necking region and derive the true stress–true strain 
curve. Images were processed with VIC 3D 9.1.6 software, 
using a subset size of 30 px and a step size of 7 px, maintain-
ing a step-to-subset ratio below 1/3 as recommended [60].

Figure  5 shows minimal discrepancy between the 
stress–strain curves of the tested specimens. The average 
Young’s modulus was 72 GPa, yield stress 220 MPa, and 
strain at failure 10.5%. The averaged plastic region of the 
true stress–true strain curve was used in the numerical 
model.

However, literatures [61, 62] suggest that lattice strut 
properties may differ from bulk material. To verify the local 
elastic modulus of the struts, nano-indentation tests were 
conducted as detailed in the next section.

2.3.2 � Nano‑indentation test

The elastic properties of PBF-produced metal alloys vary 
within the part due to differing thermal histories, which 
impact microstructure and mechanical behavior. Conse-
quently, tensile testing on rectangular specimens is unsuit-
able for characterizing lattice beam materials. Instead, nano-
indentation was employed to measure the Young’s modulus 
of AlSi10Mg directly on lattice trusses.

Nano-indentation tests were conducted using a Nanovea 
CB500 nano-indenter equipped with a 200N piezoresistive 
load cell and a diamond Berkovich tip. Two samples were 
prepared with material extracted from vertical (VT) and 
diagonal (DT) trusses. The lattice beams were embedded 
in epoxy, polished, and flattened for accuracy. The Young’s 
modulus was calculated using the Oliver–Pharr method [63], 
where the indentation area Ap and the reduced modulus Er 
of the contact bodies are related by the Hertzian theory with 
Eq.:

Fig. 4   Surface defect analysis using Scanning Electron Microscope (SEM); a 2 × 2 × 2 specimen, b 3 × 3 × 3 specimen

Fig. 5   True stress–true strain curves tested AlSi10Mg specimens
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where S is the slope of the unloading curve at the maxi-
mum displacement point, Ap is the projected area adjusted 
to account for the tip rounding though the contact depth at 
full load and the surrounding deformation. Indentations were 
performed at the center of the beam’s cross-sectional sur-
face under load control ranging from 80 to 250 mN, gradu-
ally increased until convergence of the measured module 
(Fig. 6). Additional tests were conducted on lattice nodes to 
assess stiffness variability between trusses and intersections.

Young’s modules have been calculated using Eq.  1 
applied to the unloading curves in Fig. 6. The results in 
Fig. 6c indicate convergence to E = 53 GPa, significantly 
lower than the value obtained from tensile tests on the bar 
as it has been previously observed in the literature [62]. This 

(1)Er =

√
�

2

S√
Ap

discrepancy could be due to the different thermal history of 
the fused material in the lattice beam and the bar. For sub-
sequent analyses, the local elastic modulus of the pristine 
AlSi10Mg truss is taken as E = 53 GPa.

2.3.3 � Compression tests of lattice specimens

Quasi-static compression tests were conducted on 2 × 2 × 2 
and 3 × 3 × 3 lattice specimens using a Zwick Roell Z050 
electrodynamic machine with a 50 kN load cell. The cross-
head displacement rate was set to 1 mm/min to minimize 
inertial and strain rate effects. Force–displacement curves 
from these tests were used to validate the proposed multi-
scale approach. Additional details on the test configuration 
and 3 × 3 × 3 specimen tests are available in [57].

Fig. 6   The load–depth curves 
measured during the nano-
indentation tests on the truss a 
and the node b and the calcu-
lated Young’s modulus c 
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3 � Multiscale models of the as‑built lattice 
cell

3.1 � Representative Volume Element of the as‑built 
AlSi10Mg

This section outlines a multiscale numerical strategy to 
model microstructural variability in AM structures. Inhomo-
geneities at the lower scale are represented within an RVE 
to compute the homogenized material response, which is 
then applied at the higher scale to evaluate defect effects on 
structural performance.

The approach assumes an inhomogeneous RVE with 
known constituent behaviors, enabling computational 
homogenization using:

where � and � are the homogenized stress and strain, respec-
tively, while � and � are the stress and strain fields in the 
RVE when specific boundary conditions (BC) are applied. 
The BCs must comply with the Hill-Mandel macro-homo-
geneity principle:

If Eq. 3 is satisfied, the variation of the strain energy den-
sity is also preserved in the homogenization process.

In this work, the RVE of the lattice truss containing a 
manufacturing defect is a cylindrical RVE (CY-RVE) with 
a randomly positioned defect (as shown in Fig. 7).

Common cubic RVEs assume 3D material periodicity, 
while CY-RVEs limit periodicity to the truss's axial dimen-
sion, modeling its response for a given diameter and arbi-
trary length.

(2)

⎧⎪⎨⎪⎩

� =
1

V(Ω)
∫
Ω

�(x)dV

� =
1

V(Ω)
∫
Ω

�(x)dV

(3)𝜎 ∶ 𝜀̇ = ∫
Ω

�(x) ∶ �̇(x)dV

Linear Kinematic Boundary conditions (LKBCs) are 
used:

The RVE size is determined through a sensitivity analy-
sis of homogenized stiffness and yield stress (Sect. 4.1). 
To ensure damage propagation modeling and faster con-
vergence, periodic microstructures are used when defects 
intersect RVE boundaries.

Defects in the lattice structure arise from stochastic pro-
duction anomalies, forming statistically distributed defects. 
To capture their effect on homogenized response, a Stochas-
tic Volume Element (SVE) is introduced, defined proba-
bilistically based on the experimental defect distribution. 
Following [64], the defect equivalent diameter's cumulative 
density function is subsampled into discrete values, and an 
SVE is generated for each diameter. These SVEs are then 
assigned to material points, preserving the defect diameter 
distribution.

Bulk elastic properties are derived from nano-indentation 
tests, while plastic behavior is calibrated using tensile tests. 
The plastic response is modeled with a J2 plasticity model 
and an isotropic hardening law.

3.2 � Multi‑cell model 
with the manufacturing‑induced variation 
of material properties

In this section, FE element model of the compression tests 
of the lattice structures is presented and detailed. The model 
adopts 1D beam elements to limit the computational effort 
without significantly affecting the simulation accuracy 
[65]. For the determination of the beam diameter, which 
consistently affects the global response of the lattice speci-
men, a specific procedure based on 3D FE analyses has been 
employed as detailed in the following.

(4)u
i
= �

ij
x
j
, x ∈ �

D
Ω

Fig. 7   a Geometry of a CY-
RVE with an internal defect; b 
An example result of a RVE test 
with LKBc



4114	 Progress in Additive Manufacturing (2025) 10:4107–4121

3.2.1 � Assessment of the effective beam diameter

Figure 4 shows significant surface roughness on the struts 
of the 2 × 2 × 2 lattice specimen, comparable to the strut 
diameter, which can impact mechanical response. SEM and 
micro-CT analyses reveal that surface roughness varies with 
orientation, being higher in horizontal struts than in inclined 
ones.

Previous works [53] have shown that the superficial por-
tion of the struts contributes minimally to deformation under 
load. To determine an effective strut diameter, representing 
the deformable portion under load, the strut geometry was 
reconstructed from micro-CT scans and meshed with 3D 
tetrahedral elements using a 0.05 mm mesh size to capture 
surface details. Five horizontal and five inclined beams were 
randomly sampled from the specimen for analysis. Figure 8 
illustrates the extraction locations and an example of a 
meshed horizontal beam.

In the LS-Dyna environment, FE linear implicit analy-
ses were performed on the extracted beams. One surface 
was constrained, and a distributed force was applied to the 
opposite surface via rigid connections to a master node. A 
linear elastic isotropic material law was used. The effective 

diameter for the 1D beam elements of the 2 × 2 × 2 lattice 
model was calibrated to match the stiffness of the 3D strut 
model using the same strut length as the 3D model.

Table 2 lists the effective 1D beam diameters for the 
extracted horizontal and inclined beams, while Fig. 8 com-
pares the real strut cross section with the corresponding 
effective cross section.

Table 2 shows that the average effective diameter of the 
2 × 2 × 2 specimen is 1.4 mm for both horizontal and inclined 
struts, slightly below the nominal value of 1.5 mm.

3.2.2 � FE model of the quasi‑static compression 
of the lattice structures

Quasi-static compression tests on lattice specimens were 
replicated in LS-Dyna using nonlinear explicit FE analyses. 
The lattice was modeled with 1D beam elements using the 
Hughes–Liu formulation, with a 1 mm length and a diameter 
of 1.4 mm as determined in the previous section.

The CY-RVE simulations provided the stress–strain 
response for struts with varying internal defects. The 
defect size distribution was derived from micro-CT scans, 
and its probability density function was used to assign 

Fig. 8   Example of extractions 
and mesh of beams for the 
identification of the effective 
diameter: a horizontal strut; b 
inclined strut; c mesh of hori-
zontal strut; d mesh of inclined 
strut
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material properties to individual 1D elements. Specifically, 
a MATLAB script mapped the defect probability distribu-
tion onto the lattice, ensuring that each beam element was 
assigned a defect size based on random sampling from the 
distribution. The corresponding elasto-plastic response for 
each defect size was implemented in LS-Dyna using the 
*MAT_PIECEWISE_LINEAR_PLASTICITY material 
law. The total effective volume fraction of defects within 
the lattice was estimated based on the statistical distribu-
tion of defect sizes and their occurrence across all beam 

elements. It has been observed that the total defective vol-
ume computed with the micro-CT scans (8.24 mm3), while 
the defective volume was equal to 3.6–4.2 mm3, depending 
on the random sampling from the distribution. However, 
as will be shown later, smaller defects have a negligible 
influence on the mechanical response. If only the defects 
determining a reduction of the yield and ultimate strength 
higher than 5% are retained, the discrepancy between the 
experimental and the numerical porosities becomes neg-
ligible. It is worth highlighting that the whole defect vol-
ume can be accounted for by increasing the total number 
of 1D elements of the lattice model and accordingly the 
computational cost. A flowchart of the multiscale model 
is reported in Fig. 9.

Defect populations and locations were randomized for 
each simulation, and the analyses were repeated to account 
for variability, producing a band of responses.

The compression test setup included two rigid walls: 
one stationary and one compressing the structure. Walls 
were modeled with shell elements and a rigid material 
law (*MAT_RIGID) for accurate contact stiffness. Contact 
between walls and the lattice was defined using *CON-
TACT_AUTOMATIC_SURFACE_TO_SURFACE_MOR-
TAR, while *CONTACT_AUTOMATIC_GENERAL was 
used for beam-to-beam self-contact, crucial during post-
failure densification.

Table 2   Effective diameter of the equivalent 1D beam element for the 
horizontal and inclined struts

Beam Effective 
Diameter 
[mm]

Horizontal struts 1 1.42
2 1.38
3 1.39
4 1.42
5 1.40

Inclined struts 6 1.41
7 1.42
8 1.39
9 1.39
10 1.41

Fig. 9   Flowchart of the multiscale framework to model the effect of internal defects on the compressive response of the lattice cell
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4 � Results

4.1 � Modeling the response of AlSi10Mg lattice 
beams produced by PBF

4.1.1 � Micromechanics simulations of as‑built lattice truss

The effect of the CY-RVE diameter was assessed by exam-
ining the convergence of the homogenized Young’s modu-
lus and yield stress across various RVE realizations with 
increasing sizes and different defects (Fig. 10).

The elastic modulus of the CY-RVE converges rap-
idly to a homogenized value at around 1 mm, while the 
yield stress converges more slowly. Most CY-RVEs do not 
achieve convergence at the nominal lattice truss diameter 
of 1.4 mm, as the defect scale and truss cross-sectional 
dimensions are not distinctly separate. Thus, only 1D axial 
periodicity can be modeled, making a CY-RVE with a 1.4 
mm diameter appropriate.

A total of 21 CY-RVEs were generated, each represent-
ing a defect class defined by the histogram in Fig. 3. The 
defect diameter was set to the average of each class, while 
the beam diameter and the length were fixed at 1.4 mm 
and 2 mm. The RVE models used a global mesh size of 
0.05 mm, with local refinements around defects down to 
0.005 mm, resulting in approximately 500,000 elements. 
A 0.2 mm displacement was applied to the beam's bound-
ary face, and simulations were performed in Abaqus CAE 
using a nonlinear implicit solver on 16 CPUs. The homog-
enized material response for each defect class (Fig. 11) 

was computed using the discrete form of Eq. (2), based on 
the stress, strain, and volume values of each mesh element.

Elastic modulus, yield stress, and maximum stress were 
calculated for each RVE. Yield stress was defined as the 
stress corresponding to 0.2% plastic deformation, while 
maximum stress was defined as the homogenized stress at 
which 10% of the RVE volume reaches the bulk material's 
ultimate strain at failure. Figure 12 shows how these proper-
ties vary with defect size.

The elastic modulus is minimally affected by defects, 
whereas maximum and yield stresses decrease as defect size 
increases. This reduction is attributed to stress intensifica-
tion around pores, leading to local plastic zones that weaken 
the truss. A significant drop in maximum and yield stresses 
occurs when defect diameters exceed 200 μm, below which 
defect effects are negligible.

The material response from micromechanical simulations 
is transferred to the higher-scale lattice model, with each ele-
ment assigned a corresponding RVE as detailed in Sect. 3.2.

4.2 � Compression test of lattice cubes

This section compares the experimental and numerical 
results for the 2 × 2 × 2 specimen to validate the proposed 
multiscale approach. Additionally, it includes a comparison 
with experimental results for a 3 × 3 × 3 lattice specimen 
from [51].

4.2.1 � 2 × 2x2 lattice specimen

Figure 13 shows the comparison of the experimental and 
numerical results of the 2 × 2x2 lattice specimen.

Fig. 10   Analysis of the homogeneous elastic moduli a and yielding stress b with varying diameters of the cylindrical RVE
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For the numerical simulations, a band of results is pre-
sented, reflecting the variability in mechanical response 
due to differences in defect populations and their spatial 
distribution within the specimen. Thirty simulations were 
performed, each randomly selecting defect populations and 
varying defect locations. The band, representing the 95% 
confidence interval, assumes a normal distribution of the 
force for each crosshead displacement. It is important to note 
that while the simulations respect the probability distribution 
of defect sizes, the rarest and largest defects were not always 
included due to the random selection process.

Additionally, a simulation of a defect-free specimen, 
with all beam elements assigned bulk material properties, 
is provided for comparison. Figure 13 shows that the pro-
posed multiscale model closely matches the experimental 
force–displacement curve, with the numerical band oscil-
lating around the experimental results. In contrast, the 
defect-free model significantly overpredicts the compres-
sive response, particularly in terms of absorbed energy (area 
under the force–displacement curve). The multiscale model 
more accurately predicts the first peak force, with the experi-
mental value at 13.5 kN (46.7 MPa), the defect-free model 
at 14.7 kN (51 MPa, 9% error), and the multiscale model 
ranging between 13.3–13.7 kN (46—47.5 MPa).

However, the multiscale model shows a less-pronounced 
plastic deformation before the first force drop compared 
to the experimental curve, indicating earlier failure. This 
brittle behavior is attributed to the failure criterion used in 
RVE analyses, where beams fail when at least 10% of the 
RVE volume reaches the ultimate strain. Developing a more 
refined failure criterion at the microscopic level is beyond 
the scope of this work. The load drops observable in the 

numerical results are due to the progressive failure of the 
beams, which lead to contact loss with the rigid wall and 
consequent numerical fluctuations.

In conclusion, these results demonstrate that defects 
impact the compressive response of lattice structures, and 
their influence must be properly modeled. The multiscale 
approach not only predicts the compression response accu-
rately but also provides a response scatter estimate, enabling 
the identification of a safe lower bound for design.

4.2.2 � 3 × 3x3 lattice specimen

Figure 14 shows the comparison of the experimental and 
numerical results.

For the 3 × 3 × 3 specimen model, the beam diameter was 
set to 1.3 mm as determined in [51], while the defect popu-
lation from the 2 × 2 × 2 specimen was used. As with the 
smaller model, 30 simulations were performed, randomizing 
defect populations and locations. A defect-free model was 
also simulated for comparison.

As shown in Fig. 14, the numerical model accurately pre-
dicts the compression response, with the scatter band align-
ing with experimental results. Like the 2 × 2 × 2 model, the 
defect-inclusive approach better predicts the first peak force 
compared to the defect-free model though with a slightly 
higher discrepancy. The experimental first peak force is in 
the range of 25–26.5 kN (38.4—40.8 MPa), while the defect-
free model predicts 30 kN (46 MPa) and the defect-inclusive 
model estimates approximately 28.5 kN (43.8 MPa). This 
discrepancy likely arises from using the defect population of 
the 2 × 2 × 2 specimen as defect distributions vary between 
specimens and with material volume [57].

Fig. 11   Material response of the 
RVEs associated with the differ-
ent classes of defects extracted 
from the micro-CT analysis
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Fig. 12   Variation of the mate-
rial properties with the diameter 
of the spherical defect

Fig. 13   Comparison of the 
experimental and numerical 
force–displacement curves of 
the 2 × 2 lattice specimen. On 
the right, snapshots of the lattice 
at its undeformed state (top) and 
at 1.5 mm compression (bot-
tom), where colors indicating 
the different material properties 
related to defects

Fig. 14   Comparison of the 
experimental and numerical 
force–displacement curves of 
the 3 × 3 lattice specimen. On 
the right, snapshots of the lat-
tice at its undeformed state (top) 
and at 2 mm compression (bot-
tom), where colors indicating 
the different material properties 
related to defects
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Despite this, the defect-inclusive model better captures 
the post-peak failure behavior and absorbed energy com-
pared to the defect-free model. These findings confirm that 
the multiscale methodology effectively captures the degrad-
ing influence of defects on the compressive response of lat-
tice structures. By incorporating randomized defect popula-
tions and locations, the methodology accounts for response 
scatter and supports the identification of a lower-bound 
design curve through statistical analysis.

5 � Conclusions

In this work, a multiscale methodology has been proposed 
and validated, which accounts for the degrading influence of 
internal defects on the mechanical response of octet-truss lat-
tice structure in AlSi10Mg produced by Powder Bed Fusion. 
Starting with defect population characterization via micro-
CT scans, Finite Element Analyses (FEAs) were performed 
on Representative Volume Elements (RVEs) with variable 
defects to determine the effective stress–strain response. The 
resulting stress–strain curves at the microscopic level were 
integrated into a lattice FE model in accordance with the 
defect class probabilities obtained from micro-CT data. By 
randomizing defect populations and locations, the compres-
sive response scatter was captured. The excellent agreement 
between the multiscale model and the experimental results 
for 2 × 2 × 2 and 3 × 3 × 3 specimens confirms the effective-
ness of the proposed approach.

Key findings include:

•	 Nano-indentation tests revealed a 30% reduction in the 
elastic modulus of lattice struts compared to bulk mate-
rial, consistent with literature [62] and attributed to the 
manufacturing process.

•	 The surface roughness, comparable to the strut diameter, 
affects the mechanical response. An effective diameter 
was determined via micro-CT reconstructions and FEAs 
to account for this.

•	 The comparison between defect-free and multiscale mod-
els highlights that internal defects significantly degrade 
the mechanical response, with the multiscale methodol-
ogy effectively capturing this influence.

•	 By randomly extracting the defect population and ran-
domly distributing the defects within the specimen, the 
proposed multiscale methodology can account for the 
response scatter of lattice structures and supporting dam-
age-tolerant design strategies through statistical lower-
bound curve identification.

•	 A proper microscopic failure criterion is crucial as it sig-
nificantly impacts the macroscopic response, warranting 
careful consideration in multiscale approaches.

It should be noted that non-spherical defects with low 
sphericity may induce localized stress concentrations not 
fully captured by the micromechanical simulation with 
spherical voids. Future work will explore 3D modeling and 
refined beam discretization to assess the effects of the defect 
morphology.
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