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Abstract. This paper presents a simulation-based study of hybrid sandwich structures composed of
composite facesheets and additively manufactured AlSi10Mg lattice cores. Analytical predictions us-
ing First-Order Shear Deformation Theory (FSDT) are validated through finite element simulations
performed in ANSYS under three-point bending conditions. Homogenized models of lattice cores are
developed to significantly reduce computational cost while maintaining mechanical accuracy. The re-
sults demonstrate strong agreement between analytical and numerical models in terms of deformation
and stress distributions, confirming the suitability of FSDT for lightweight lattice-core sandwich anal-
ysis. The study emphasizes the role of homogenization in accelerating simulation-driven design and
provides insights for the optimization of AM-based sandwich components in aerospace and automo-
tive applications.

1 INTRODUCTION

Sandwich structures are widely used in aerospace, automotive, and civil engineering applications
due to their high specific stiffness and strength, lightweight nature, and excellent energy absorption
capacity. A sandwich structure typically consists of two strong outer facesheets and a core (Figure 1).
The facesheets primarily carry in-plane and bending loads, whereas the core provides shear stiffness
and stabilizes the facesheets against buckling [1–3].

The rapid development of additive manufacturing (AM) has enabled the production of lattice cores
with highly complex geometries that were previously unachievable using conventional manufactur-
ing methods. These architected lattices can be tailored for superior stiffness-to-weight ratios and
enhanced energy absorption [4–6]. Among AM techniques, Laser Powder Bed Fusion (LPBF) al-
lows precise fabrication of metallic lattice cores (e.g., AlSi10Mg) with intricate strut arrangements,
offering significant design flexibility for lightweight structures [7, 8].

Recent studies have highlighted the mechanical advantages of integrating AM-produced lattice
cores in sandwich panels. Experimental and modeling works report higher stiffness and load-carrying
capacity compared with conventional honeycomb concepts and demonstrate reliable structural mod-
eling strategies for strut-based cores [9, 10]. In parallel, homogenization-based approaches have
been used to reduce computational cost while retaining mechanical fidelity, providing continuum-
equivalent descriptions of periodic lattices [11–14].
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In this context, the present study investigates a hybrid sandwich structure composed of Carbon
Fiber Reinforced Polymer (CFRP) facesheets and an additively manufactured AlSi10Mg lattice core.
The structural response under three-point bending is analyzed using both an analytical model based on
First-Order Shear Deformation Theory (FSDT) and finite element simulations, following established
sandwich mechanics [15]. Building upon the analytical and numerical framework of Dereli et al. [16],
the study focuses on bending and shear behavior and assesses the influence of lattice aspect ratio on
global stiffness and deformation.

Figure 1: Components of a sandwich panel.

2 MATERIALS AND METHODS

2.1 Materials and geometry

The investigated sandwich beam consists of carbon-fiber-reinforced polymer (CFRP) facesheets
and a numerically modeled AlSi10Mg lattice core concept. This configuration combines the high
in-plane stiffness and low density of composite laminates with the geometric flexibility of metallic
lattice architectures typically produced by Laser Powder Bed Fusion (LPBF). The CFRP facesheets
were modeled as cross-ply laminates [0/90/90/0] to eliminate bending–shear coupling. The lattice
core was numerically modeled with an f2ccz topology, representative of LPBF-fabricated AlSi10Mg
lattices. This structure consists of vertical and inclined struts forming a periodic and symmetric cell
arrangement, providing enhanced shear stiffness and compressive stability compared to conventional
lattice types. The geometry of each unit cell is defined by the edge length a and the strut thickness t,
and their ratio determines the aspect ratio AR, as expressed by

AR =
a

t
(1)

Figure 2: f2ccz lattice core geometry.
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In the present study, a unit-cell edge length of a = 4 mm and aspect ratios of 6, 8, and 16 are
considered. The mechanical properties of the CFRP and AlSi10Mg materials are summarized in
Table 1a and Table 1b, respectively, and the schematic of the lattice configuration is shown in Figure 2.

(a) Mechanical properties of CFRP

Property Value Unit
Exx 150,000 MPa
Eyy 9,000 MPa
Ezz 9,000 MPa
νxy 0.34 -
νyz 0.40 -
νzx 0.34 -
Gxy 5,000 MPa
Gyz 5,000 MPa
Gzz 5,000 MPa

(b) Mechanical properties of AlSi10Mg

Property Value Unit
Yield strength 250 MPa
Modulus of elasticity 70,000 MPa
Shear modulus 25,925 MPa
Poisson’s ratio 0.35 -
Density 0.0267 g/mm3

Table 1: Mechanical properties of the materials used in the analysis.

The beam was modeled under three-point bending conditions, with simple supports located at both
ends of the span and a concentrated load applied at the mid-span (Figure 3). This setup enables
simultaneous evaluation of global bending stiffness and core shear deformation effects. Simply sup-
ported boundary conditions were applied at both ends of the beam, restricting vertical displacement
and rotation as appropriate for three-point bending.

The bending moment distribution along the left half of the beam is expressed as:

Mxx = −Px
2b
, 0 ≤ x ≤ L

2
(2)

The moment and force resultants acting on the sandwich beam can be written in matrix form as:

M̄ =

Mxx

0
0

 , N̄ =

00
0

 (3)

where M̄ and N̄ are the bending and axial force resultants on the sandwich beam, respectively.

Figure 3: Lattice core model and overall dimensions
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Table 2: Sandwich beam dimensions

Notation Value Description
h 10 mm Sandwich beam thickness
hf 1 mm Facesheet thickness (each)
hc 8 mm Core thickness
hk 0.25 mm Lamina (layer) thickness
b 12 mm Sandwich beam width
l 130 mm Length of sandwich beam
ltest 100 mm Test span (three-point bending)
Structure type f2ccz Atomic type

2.2 Homogenization

The mechanical response of the lattice core was characterized using a homogenization approach
to represent its periodic microstructure as an equivalent continuum medium. This allows the discrete
lattice geometry to be replaced by an orthotropic solid whose stiffness reflects the combined effects
of the cell geometry and the base material, thus significantly reducing computational effort while
maintaining structural accuracy. The schematic representation of this process is illustrated in Figure 4.

Figure 4: Homogenization schematic view for the lattice structures.

In this study, the lattice core exhibits orthotropic material characteristics, although the struts within
the unit cell are isotropic. The effective elastic constants of the homogenized unit cell, including the
moduli of elasticity E∗

xx and E∗
zz, the shear modulus G∗

xz, and Poisson’s ratio ν∗xz, were computed
through finite element simulations under uniaxial tension and shear loading conditions. The resulting
expressions, similar to those proposed by Ashby for the f2ccz unit cell, are given as:

E∗
xx

Es

= 1.6
(a
t

)−2

,
E∗

zz

Es

= 3.9
(a
t

)−2

,
G∗

xz

Gs

= 7.4
(a
t

)−2

, ν∗xz = −∆az
∆ax

, ν∗zx = ν∗xz
E∗

zz

E∗
xx
(4)

where Es and Gs are the elastic and shear moduli of the lattice base material, respectively, as
summarized in Table 1b.
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2.3 Analytical approach

The analytical model of the sandwich beam is developed based on the First-Order Shear Defor-
mation Theory (FSDT), following the formulation proposed by Carlsson and Kardomateas [15]. This
theory enables the inclusion of transverse shear deformation, which is significant in sandwich struc-
tures with relatively soft cores.

The following assumptions are made in the formulation:

• The face sheets are thin compared to the core (hf ≪ hc) and sustain in-plane normal stresses,
while transverse shear stresses in the faces are neglected.

• The in-plane normal and shear stresses in the core are negligible.

• The in-plane displacements u and v are uniform through the faces and vary linearly through the
core thickness, see Figure 5.

• The transverse displacement w is independent of the z-coordinate.

• Continuity of displacements is maintained at the core–facesheet interfaces.

Figure 5: Cross-section of a sandwich structure with dimensions and displacements.

Based on these assumptions, the displacement field of the core mid-plane can be expressed as:

u = u0(x, y) + zψx(x, y), v = v0(x, y) + zψy(x, y), w = w0(x, y) (5)

where u0, v0, and w0 are the mid-plane displacements, and ψx, ψy denote rotations of the normal
about the y- and x-axes, respectively.

The in-plane normal and shear strains in the facesheets are obtained from the above displacement
field as:

εxx = ε0xx + zκxx, εyy = ε0yy + zκyy, γxy = γ0xy + zκxy (6)

The force and moment resultants are obtained by integrating the stresses across the thickness of
the sandwich element:Nxx

Nyy

Nxy

 =

∫ hc/2

−hc/2

σxxσyy
τxy

 dz,
Mxx

Myy

Mxy

 =

∫ hc/2

−hc/2

z

σxxσyy
τxy

 dz, [
Qx

Qy

]
=

∫ hc/2

−hc/2

[
τxz
τyz

]
dz (7)
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The transverse shear stress in the core is obtained by assuming that the entire transverse load is
carried by the core:

τxz = − P

2bhc
(8)

The deflection of the sandwich beam under three-point bending can then be derived as:

δ =
Pl3d11
48b

+
Pl

4hcbGxz

(9)

where d11 is the bending compliance term andGxz is the equivalent shear modulus of the core obtained
from the homogenization procedure.

The analytical model provides a means to evaluate both the bending and shear contributions to the
overall beam deflection, which are later compared to finite element results under identical boundary
conditions.

2.4 Numerical analysis

A finite element (FE) study was conducted to validate the analytical model on sandwich beams
with both homogenized and lattice cores, as illustrated in Figure 6. Two FE models were devel-
oped in ANSYS under a three-point bending configuration consistent with the analytical setup. The
geometries were created in SolidWorks and imported into ANSYS for static structural analysis.

A force-controlled static analysis ensured equilibrium between internal and external forces, with
force convergence used as the accuracy criterion. Identical material properties, boundary conditions,
and load magnitudes were applied to both models to enable direct comparison. The lattice model
required finer meshing due to its geometric complexity, while the homogenized core was meshed
using regular quadrilateral elements.

(a) Non-homogenized (lattice) core (b) Homogenized core

Figure 6: Finite element models of sandwich beams with (a) non-homogenized lattice core and (b)
homogenized core under three-point bending.

Boundary conditions included simple supports at both ends of the beam, a concentrated load at
mid-span, and frictional contact between the beam, supports, and loading fixture. The resulting FE
models allowed a consistent comparison between analytical and numerical results, providing insight
into the influence of core representation (lattice vs. homogenized) on global stiffness, deflection, and
stress distribution.

3 RESULTS

This section presents the deformation and stress behavior of sandwich beams with both lattice
(non-homogenized) and homogenized cores subjected to three-point bending. The results obtained
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from the Finite Element (FE) simulations are compared with the analytical predictions based on the
First-Order Shear Deformation Theory (FSDT). The primary focus is to evaluate the effect of lattice
aspect ratio (AR) and homogenization on the global stiffness, deformation, and stress distributions.

3.1 Deformation behavior

Figure 7 illustrates the deformation profiles for the non-homogenized and homogenized sandwich
beams. The maximum deflection occurs at the beam’s mid-span, consistent with theoretical pre-
dictions. The homogenized model exhibits slightly higher deflection compared to the lattice model
(about 3% difference), which is attributed to the continuous material representation of the core. De-
spite this simplification, the deformation pattern closely matches that of the actual lattice structure,
demonstrating that homogenization accurately captures the global stiffness behavior.

(a) Non-homogenized core (b) Homogenized core

Figure 7: Deformation comparison of (a) non-homogenized and (b) homogenized sandwich beams
under three-point bending.

Figure 8: Deformation comparison of non-homogenized (a) and homogenized (b) sandwich beams
under three-point bending.

The influence of the core-to-facesheet thickness ratio (hc/hf ) on deflection is shown in Figure 8.
Increasing the core thickness leads to higher bending stiffness, reducing total deflection. However,
beyond a certain ratio, the improvement diminishes due to shear deformation effects becoming dom-
inant. This observation aligns well with the FSDT assumptions, where thicker cores contribute to
increased shear stiffness but also greater shear deformation.
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3.2 Normal stress distribution

Figure 9 compares the normal stress distributions in the lattice and homogenized cores. In both
models, the maximum compressive stress appears on the top facesheet, while the maximum tensile
stress occurs on the bottom facesheet. The stress pattern is nearly symmetrical and consistent with
bending theory. The homogenized model exhibits slightly smoother stress gradients due to the con-
tinuum representation of the core, whereas the lattice model reveals localized peaks at strut junctions.

(a) Non-homogenized core (b) Homogenized core

Figure 9: Normal stress distribution in sandwich beams: (a) non-homogenized and (b) homogenized
core models under three-point bending.

Figure 10: Normalized normal stress distribution through the sandwich thickness for different aspect
ratios.

Figure 10 illustrates the normalized normal stress distribution through the sandwich thickness for
different aspect ratios (AR6, AR8, AR16). According to FSDT, the geometric and material properties
of the facesheets mainly determine the normal stresses, while the core stiffness has little direct influ-
ence. However, FEM results indicate that variations in the core’s mechanical properties significantly
affect the normal stress distribution. Among the analyzed cases, AR16 exhibits the closest agreement
with FSDT results, confirming that the assumption Ec ≪ Ef remains valid for low modulus ratios.
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3.3 Shear stress analysis

The shear stress profiles (τxz) obtained for the lattice and homogenized cores are shown in Fig-
ure 11. The lattice core reveals localized shear peaks along strut intersections, while the homogenized
model shows a smoother, nearly linear distribution consistent with FSDT assumptions. The homog-
enized approach effectively represents the global shear transfer mechanism, despite neglecting the
fine-scale stress localization observed in the lattice model. In addition, the normalized shear stress
distribution through the sandwich thickness, presented in Figure 12, further validates this trend, where
the FSDT and homogenized core results converge closely, especially near the neutral axis, confirming
the applicability of homogenization in predicting overall shear behavior.

(a) Non-homogenized core (b) Homogenized core

Figure 11: Shear stress distribution comparison of (a) non-homogenized and (b) homogenized sand-
wich cores under three-point bending.

Figure 12: Normalized shear stress distribution through the thickness for different aspect ratios.

Overall, the FE results confirm that homogenization provides a computationally efficient yet ac-
curate means of predicting deformation and stress fields in lattice core sandwich structures. The
close agreement with FSDT validates its applicability for structural design, with deviations mainly
attributed to local effects not captured by continuum models.
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4 CONCLUSIONS

This study presents both analytical and numerical investigations on a hybrid sandwich structure
consisting of a composite facesheet and an additively manufactured lattice core. The mechanical per-
formance was evaluated under three-point bending using the First-Order Shear Deformation Theory
(FSDT) and Finite Element Method (FEM). The primary findings of the study can be summarized as
follows:

• Shear-dominated deformation in compliant cores: In structures with compliant cores, de-
formation predominantly occurs due to shear rather than bending. This behavior highlights
the necessity of considering shear effects in the design and analysis of lattice-based sandwich
structures, where the relative softness of the core plays a decisive role in global deformation.

• Consistency between FSDT and FEM analyses: The results show strong agreement between
the analytical FSDT predictions and FEM simulations. This validates the applicability of FSDT
for modeling the mechanical response of lattice core sandwich panels, offering a computation-
ally efficient alternative to detailed finite element modeling, particularly during early design
stages.

• Limitations and future scope: Despite its efficiency, FSDT assumes uniform core behavior
and may not fully capture the influence of varying core material properties or complex lattice
geometries. Future work should focus on extending the analytical approach using higher-order
theories to more accurately represent the mechanical response of anisotropic or graded lattice
cores.

Overall, the correlation between analytical and numerical approaches confirms that the homogenization-
based FSDT framework effectively predicts the mechanical performance of sandwich structures with
additively manufactured cores, while substantially reducing computational effort.
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