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Abstract: Metal-coated lattice structures hold significant promise for customizing mechanical proper-
ties in diverse industrial applications, including the mechanical arms of unmanned aerial vehicles.
However, their intricate geometries pose computational challenges, resulting in time-intensive and
costly numerical evaluations. This study introduces a parameterization-based multiscale method
to analyze body-centered cubic lattice structures with metal coatings. We establish the validity and
precision of our proposed method with a comparative analysis of numerical results at the Represen-
tative Volume Element (RVE) scale and experimental findings, specifically addressing both elastic
tensile and bending stiffness. Furthermore, we showcase the method’s accuracy in interpreting
the bending stiffness of coated lattice structures using a homogenized material-based solid model,
underscoring its effectiveness in predicting the elastic properties of such structures. In exploring
the mechanical characterization of coated lattice structures, we unveil positive correlations between
elastic tensile stiffness and both coating thickness and strut diameter. Additionally, the metal coating
significantly enhances the structural elastic bending stiffness multiple times over. The diverse failure
patterns observed in coated lattices under tensile and bending loads primarily stem from varied
loading-induced stress states rather than external factors. This work not only mitigates computational
challenges but also successfully bridges the gap between mesoscale RVE mechanical properties and
those at the global structural scale.

Keywords: body-centered cubic lattice; multiscale analysis; elastic tensile stiffness; elastic bending
stiffness; copper-coated lattice

1. Introduction

Lattice structures are of great interest in various fields due to their unconventional me-
chanical properties, such as high specific stiffness [1], excellent energy absorption capability [2],
and negative Poisson’s ratio [3,4]. These structures have found applications in the manufactur-
ing processes of angioplasty stents [5,6], bone tissue engineering [7], and cranial remodeling
orthosis [8]. With the advent of three-dimensional (3D) printing technology, the design of
lattice structures has become increasingly diverse, enabling the fabrication of complex compo-
nents using highly automated processes [9–11]. Typically, flexible and non-toxic biocompatible
polymers [12], such as resin and polyurethane, are used to manufacture lattice structures,
but they often lack sufficient stiffness and strength. To address this limitation, metal-based
additive manufacturing (AM) has been used to fabricate lattice metamaterials using metals
such as copper alloy and titanium alloy [13,14]. Although some structures having both
resilience and stiffness were fabricated, the geometrical and application restrictions were
extremely rigorous [15].

Presently, the simultaneous improvement in multiple mechanical properties in lattice
structures composed of a single material poses a significant challenge [16,17]. Consequently,
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there is a growing focus among scholars on composing lattices using diverse materials
and reinforcement strategies, offering advantages such as enhanced strength and energy
absorption [18–20]. The combination of the stability and shape recoverability after de-
formation of polymetric cores, along with the overall mechanical performance provided
by metallic coating shells [21–23] (e.g., high plasticity-induced deformation limitation,
impressive stiffness, strength, and conduction properties of copper material), underscores
the considerable potential of AM-based metal-coated lattices across various industrial ap-
plications. In addition to overcoming the weaknesses of individual materials and yielding
exceptional mechanical properties [24–26], scholars have extensively explored the tunable
mechanical properties of lattice metamaterials. For instance, Kao et al. [27] verified the
high cell adhesion capacity of coated 3D-printed scaffolds for bone tissue replicas, and
Xiao et al. [28] proposed a titanium-coated lattice structure for mandibular prosthesis to
improve compressive strength and biocompatibility. Finite element (FE) definition methods
have been analyzed for appropriate simulation due to the micron-sized dimension of the
coating [29,30], and coating layer performance and contribution to general mechanical
properties have been studied analytically [31], numerically [32,33], and experimentally [34].
Song et al. [35] analyzed the structural response of a nickel-coated body-centered cubic
(BCC) lattice structure, which showed a 68% effective elastic modulus compared with
pure polymer lattices. However, due to the diverse loading conditions that lattice struc-
tures can encounter, understanding the impacts of micro/mesoscopic scale-based design
factors on macroscopic structural capacities is crucial. Despite this, global level-based
mechanical property studies of lattice structures are resource-intensive, and peculiar lat-
tice characteristics require strict requirements for element discretization and numerical
calculation, limiting research on the impacts of coated lattice design parameters on entire
structural properties.

Multiscale analysis, serving as a bridge between global and local perspectives, has
proven to be effective for studying the mechanics of various structures with symmetry
and periodicity, such as composites [36], hollow structures [37], and thin-walled pressure-
bearing structures [38]. By using the volumetric averaging method and constitutive rela-
tions based on homogenization theory [39,40], multiscale analysis anticipates structural
properties. The Representative Volume Element (RVE), which is the minimal repeatable
microscale structure for homogenization, enables large-scale structure analysis at limited
computation costs. Lattice structures, comprising solid rods and voids, are a special type
of composites, and the rationality of mapping local properties to the equivalent global
level by multiscale analysis has been validated from this perspective [41]. However, most
multiscale studies only consider the geometry compatibility of the single geometric cell
as the RVE and neglect the impact of the RVE size on the structure. Despite research on
homogeneous lattice structures, little attention has been paid to numerically predicting the
material properties of metal-coated lattices.

Due to their exceptional lightweight performance, discontinuous fracture mechanism,
and the metal-based aging retardation of the photopolymer matrix, we have successfully im-
plemented metal-coated BCC lattice structures in a representative application—specifically,
the frame arms of unmanned aerial vehicles (UAVs), as illustrated in Figure 1 [42]. In this
context, we conduct mechanical characterizations of multifunctional BCC copper-coated
lattice structures using a multiscale analysis method. This approach accounts for the in-
fluence of lattice cell numbers within a single RVE. The structure of this study unfolds
as follows: Section 2 outlines the material and model preparations for both macroscopic
experiments and numerical calculations. Additionally, we propose a numerical method to
anticipate the mechanical properties of coated lattices using a multiscale analysis based on
periodic boundary conditions (PBCs). Moving on to Section 3, we validate the rationality
and precision of our proposed method with a comprehensive comparison of simulation
and experimental results. Furthermore, we uncover the impacts of configuration design
and coating film on the structural elastic tensile and bending properties.
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600HD, UnionTech, Beijing, China, 355 nm) was used here to prepare the lattice bases 
made of photo-curable resin (SH8801, UnionTech). The critical print parameter, layer 

Figure 1. The schematic of the UAV design featuring the lattice framework arm [42].

2. Materials and Methods
2.1. Sample Design and Experimental Test
2.1.1. Specimen Design and Manufacturing

Each lattice cell was designed with dimensions of 3 mm × 3 mm × 3 mm using
Creo 8.0, as depicted in Figure 2a. To ensure both feasibility and cost-effectiveness in 3D
printing lattice structures consisting of unit cells with this configuration, the permissible
rod diameter d was designed to range from 0.6 mm to 1.5 mm. In order to thoroughly
investigate the rationality and applicability of the proposed numerical method, BCC lattices
with d values of 0.6 mm and 1 mm were printed for the subsequent sections, focusing
on numerical method validation and characterization interpretations. Utilizing these
designated parameters, lattice structures with multiple cells were created in an array,
as depicted in Figure 2b, constituting the final specimen models for experimental tests.
Specifically, sample models for both tensile and bending tests were established with a
framework of 15 × 4 × 3 and 30 × 5 × 4 in the x, y, and z directions, respectively, as
illustrated in Figure 2c,d.
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Figure 2. The process flowchart of sample modeling, initiating with (a) the single lattice cell, progress-
ing to (b) the cell array, and culminating in the final specimens for the (c) tensile and (d) bending tests.

Subsequently, a high-precise stereolithography appearance (SLA) 3D printer (Lite
600HD, UnionTech, Beijing, China, 355 nm) was used here to prepare the lattice bases made
of photo-curable resin (SH8801, UnionTech). The critical print parameter, layer thickness,
was set to 0.05 mm. Then, as recommended by UnionTech, the resin lattice specimens
were washed with isopropanol (IPA) for 1 min (25 ◦C) and then were post-cured with a
355 nm UV light at 60 ◦C for 45 min durations. As electroplating involves the electrolysis
principle to deposit metal layers on conductive surfaces, electroless plating was used in
this study. It served to deposit a nickel conductive layer onto the insulating resin lattice
matrix, harnessing the benefits of uniform coating thickness and robust solution dispersion
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capabilities associated with electroless plating [26,43]. This step was undertaken in prepa-
ration for the subsequent electroplating process. As mentioned by previous studies [21,35],
the electroless plating process can be summarized into four major steps: (1) etching, (2) sen-
sitization/activation, (3) acceleration, and (4) nickel plating. Based on our peers’ previous
study focusing on the influence of etching and adhesion film [44], the electroless plating
process in this study was carried out as follows: The lattice samples were coarsened in
200 g/L KOH at 40 ◦C to improve surface roughness and washed thoroughly with DI
water. Subsequently, the samples were pre-soaked in an acidic environment with 15%
HCl at 25 ◦C and then immersed in a palladium catalyst activator containing 60 g/L of
NaCl, 230 mL/L of HCl, and 10 mL/L colloidal palladium 878 for 5 min at 25 ◦C. After
rinsing with DI water, they were put into 10% HCl at 40 ◦C to fully expose palladium
catalysts. Then, the samples were immersed in electroless nickel plating solution (20 g/L of
NiSO4·7H2O, 30 g/L of NaH2PO2·H2O, and 10 g/L of Na3C6H5O7) at 35 ◦C for 15 min. In
this context, the nickel conductive layer has a thickness of less than 0.5 µm, as established
in our prior studies [23]. This thickness is considerably smaller when compared with the
thickness of the copper coating film. Consequently, the adhesive impact of the nickel film
can be considered negligible during the subsequent numerical analysis. With the nickel
conductive layer, the copper layer could be electroplated on the lattice structures in a bath
containing 200 g/L CuSO4·5H2O and 30 mL/L H2SO4, which was conducted in the Haring
cell with anode and cathode. This way, the copper-coated samples with diverse coating
thicknesses T could be acquired correspondingly. To evaluate the process consistency of
SLA and electroplating, five samples were printed for each coating thickness group. The
completed manufacturing processes are schematically illustrated in Figure 3a.
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Figure 3. Integrated manufacturing processes and property characterization experiments, featuring
(a) the comprehensive fabrication steps for copper-coated lattice samples, (b) dimensions of the
dog-bone samples, (c) quasi-static in situ tensile tests, and (d) three-point bending tests for the
copper-coated lattice samples.

2.1.2. Mechanical Property Test

To facilitate material configuration in simulations and establish a connection between
the mechanical properties of the mesoscale RVE and the macroscale structure, we conducted
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tensile and bending tests following the ASTMD638-14 standard [45]. Initially, dog-bone
group samples, as depicted in Figure 3b with specified dimensions, were printed for tensile
tests to ascertain the equivalent Young’s modulus of the resin matrix Eresin. Subsequently,
using the aforementioned electroplating technique, copper-coated lattice structures were
printed with T varying from 10 µm to 80 µm and were categorized into tensile and bending
groups. The corresponding tests were carried out as illustrated in Figure 3c,d. Notably,
each group comprised 5 test samples, and all quasi-static tensile and bending tests were
conducted with displacement control at a rate of 1.5 mm/min.

Scholars have delved into the unique mechanical properties exhibited by metallic thin
films, noting distinctions from their bulk counterparts. These disparities arise from factors
such as microscopic thickness, micromachining methods, or specific microstructures [46–48].
However, due to the challenges posed by the extremely small T, using existing techniques
or standards for precisely characterizing the mechanical properties of copper films becomes
problematic. Traditional in situ tensile tests, commonly effective for larger materials, face
significant hurdles when it comes to accurately assessing the equivalent Young’s modulus
of the copper film (Ecopper). To address this issue, we propose a reverse approach: drawing
on insights from previous investigations into the mechanical properties of electrodeposited
copper films [46,49], we numerically parameterize Ecopper within the range of 100 GPa to
110 GPa, guided by the actual electrodepositing current density of 2 A/dm2. For clarity,
Elattice and Flattice of the subsequent sections denote the corresponding elastic modulus and
external loads of the copper-coated lattice derived from the numerical method, while E∗

lattice
and F∗

lattice represent their counterparts obtained from experimental tests. By comparing
Elattice across various Ecopper values with E∗

lattice, we can retroactively determine the most
appropriate value for Ecopper.

The macroscopic behavior of the BCC structure can exhibit anisotropy, deviating from
the isotropic nature of the bulk material due to preferential orientations resulting from the
lattice RVE’s symmetry. However, under certain assumptions—namely, (1) elastic response
in the RVE material and (2) neglecting structural buckling—the BCC lattice cell, following
cubic syngony, assumes equal Young’s moduli along three orthogonal coordinate axes,
denoted as E1 = E2 = E3 [41,50]. With the conformity between the loading and geometrical
directions of symmetry axes, the directional Young’s modulus (Ei, i = 1,2,3) is regarded as
equivalent to Elattice in this study. In this context, as schematically described in Figure 4,
two types of stiffness, Elattice and the bending stiffness kb, can be assessed. The detailed
calculations are illustrated as follows:{

Elattice =
Σ1
E1

= Ft/A
u/L = FtL

uA
kb = Fb

δ

. (1)

where Σ and E denote the macroscopic stress and strain, respectively. Ft is the uniaxial
reaction force caused by the input tensile loading, u is the uniaxial external displacement, L
and A represent the dimension and cross-sectional area of the lattice cell, Fb stands for the
external bending load, and δ is the deflection induced by Fb.
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2.2. Numerical Implementation
2.2.1. Multiscale Evaluation Based on PBCs

The homogenization theory, relying on PBCs, assesses volume-weighted values for
stress and strain. Scholars have widely used this approach to gain a comprehensive
understanding of various lattice structures [51,52]. At its core, this theory posits that
homogenized physical properties can be understood as parameters of a homogeneous
material, exhibiting an overall response “close” to that of the heterogeneous periodic
material as the cell size approaches zero [39,53]. Building on the PBC application method
to lattice structures proposed in our earlier work [54], the loadings on the RVE of the
BCC lattice structure should mirror the mechanical loading conditions of stress or strain
on a macroscopic scale. In practical terms, the macroscopic pressure loads (equivalent
with Σ) are applied on the boundary, assuming that each RVE is subject to the local stress
field σE with the relationship

〈
σE〉 = Σ, where ⟨·⟩ denotes the volume average operator.

Additionally, the alignment of loading directions with symmetry axes results in u and strain
ε on the periodic boundaries of the RVE with ⟨ε(x)⟩ = E. Thus, detailed mapping relations
between the macroscopic mechanical properties of metal-coated lattice structures and the
microscopic properties of lattice RVEs can be established as follows:

div
(
σE) = 0 in VRVE

⟨ε⟩ = E
σE = d : ε = d : E in VRVE〈

σE〉 = Σ

us symmetric on ∂VRVE
∼
u =

∼
ε = 0 periodic on ∂VRVE

σE·n anti-periodic on ∂VRVE

. (2)

where
∼
u represents the periodic displacement field and

∼
ε denotes the correlation between

the microscopic ε and the PBCs.
Utilizing PBCs on the periodical surfaces of the copper-coated BCC lattice RVE in

three orthogonal directions, Elattice is assessed with the applied u. Moreover, in the context
of copper-coated lattice structures in this study, defining the RVE based on geometrical
configuration is inappropriate due to internal voids inherent in lattice structures. Conse-
quently, selecting an appropriate number of lattice cells for the RVE becomes essential to
eliminate edge effects, a critical factor in determining structural mechanical properties at
the micro/mesoscale [55–57]. To ascertain the minimum RVE unit size that exhibits size-
independent equivalent mechanical properties, RVE models with six types of composed
lattice unit sizes are considered, ranging from 1 × 1 × 1 to 6 × 6 × 6. Tetrahedral elements
with quadratic interpolation mode (Solid187 element) are used to discretize the lattice unit
base, chosen for their accuracy and adaptability to lattices with high geometrical com-
plexity. Overall, as depicted in Figure 5, the multiscale analytical hierarchy of the coated
lattices unveils the equivalent mapping from macroscale experiments to micro/mesoscopic
RVE-based simulations.
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2.2.2. FE Modeling of the Metal Coating and Lattice Bulk

The CAD models of the BCC lattice cells are established with a parameterized vari-
able, d. The ratio η of struts accounting for the lattice cubic volume is determined by
η = Vsolid/Vcubic. For the numerical simulation of the metal coating, given that T is in the
mesoscale and considerably smaller than d, its stiffness behavior is assumed to be mem-
brane and bending [58]. Consequently, the coating film can be constructed with one-layer
elements on top of the strut base, considering the stiffness behaviors of membrane and
bending. The transverse shear stiffness Etrans of the coating film is described as follows:

Etrans =

[
kGT 0

0 kGT

]
, (3)

where k represents the shear-correction factor and G represents the shear modulus. Al-
though the base-film contacting settings are neglected, the versatility of this coating model-
ing method in both linear and nonlinear elasticity implies its comprehensive use in diverse
material models. Moreover, when discretizing the coating film based on solid elements, it
is necessary to use tiny element sizes, which, in turn, would lead to a significant increase
in element numbers. To strike a balance between computation efficiency and calculation
precision, the one-layer element-based modeling method was chosen over others with
advanced hybrid elements.

3. Results and Discussion
3.1. Validation of the PBC-Based Multiscale Method and RVE Size Effect

Taking into account the geometrical configuration of the lattice cell, the appropriate
lattice cell number for an efficient and stable anticipation of the mechanical response is
determined with the mesh convergence study depicted in Figure A1. Under the applied
PBCs with a uniform u of 0.1 mm, the von Mises stress contour of the coated lattice structure
with d = 1 mm and T = 50 µm is described in Figure 6a. The results showcase excellent
compatibility between the RVE and the structural scale. Furthermore, a notable consistency
is observed between the maximum stress distribution and the crack patterns revealed in
the scanning electron microscope (SEM) graphs shown in Figure 6b. This validates the
rationality of the multiscale method in assessing the lattice structure’s property.

Moving on to the variation in Elattice with parameterized d, the results of the lattice
unit model based on the proposed multiscale method are compared with the results of
the 1 × 1 × 1 unit model by Refai [50]. Additionally, RVE models with the sizes of
2 × 2 × 2 and 3 × 3 × 3 are also evaluated. As illustrated in Figure 6c, a robust agreement
is presented between the author’s results and the literature results when predicting the
lattice’s effective structural property with the 1 × 1 × 1 unit model. This underscores the
precision of homogenization and PBC-based multiscale analysis methods. However, the
significant influence of RVE size on the structural evaluation is also revealed, indicating the
inevitability of RVE size consideration for lattice structures.

The significance of lattice cell numbers within a single RVE on Elattice is illustrated in
detail using the coated lattice RVE. Figure 6d denotes a significant variation when the RVE
dimension deviates from 1 × 1 × 1 to 3 × 3 × 3, while a relatively stable and converged
trend is witnessed with the size of the RVE model exceeding 3 × 3 × 3. In other words,
in contrast to the conventional RVE determination method used in composites, the RVE
definition of metal-coated lattice structures should consider the size effect of the RVE. The
existing mutual interference between coated lattice units cannot be neglected, and the
Elattice assessed based on cells comprising multiple units is more stable than that based
on a single unit. Considering the growth rate of element numbers with increased RVE
unit dimension shown in Table 1, the suggested minimum unit size of the RVE model for
metal-coated lattice structures is 3 × 3 × 3 for a more reasonable and efficient anticipation
of equivalent mechanical properties based on homogenization theory.
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Figure 6. Mechanical characterization of Elattice using a PBC-based mesoscale explanation: (a) RVE-
based lattice contour results of von Mises stress on a global scale; (b) SEM image of the cross-section
scheme of the copper-coated lattice structure with d = 1 mm andT = 50 µm; (c) Elattice comparison
based on RVE with ones obtained by Refai [50]; (d) impact of RVE size on Elattice; (e) variations in
Elattice and E∗

lattice with T (d = 0.6 mm); and (f) stress–strain curves of the resin matrix.

Table 1. Discretized element numbers of RVEs containing diverse cell numbers.

RVE Size 1 × 1 × 1 2 × 2 × 2 3 × 3 × 3 4 × 4 × 4 5 × 5 × 5 6 × 6 × 6

Element numbers 7101 54,258 187,971 469,571 942,533 1,632,026

3.2. Property Determination of Resin Matrix and Copper Coating

To mitigate the impact of copper film characterization on numerical analysis, we
analyze the equivalent properties of the coated lattice structure using four correspondingly
defined values of Ecopper. As depicted in Figure 6e, the utilization of a 3 × 3 × 3 lattice RVE
model with d = 0.6 mm results in favorable result alignments in RVE-based multiscale
evaluations, comparing well with the fitted global experiment results across all Ecopper
values. Additionally, a quasi-linear relationship between T and Elattice, as previously noted
by Zheng et al. [21], is evident. With variations in T, changes in Elattice under diverse
selections of Ecopper, as well as the fitted E∗

lattice, are anticipated and detailed in detail in
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Table 2. This validates the effectiveness and accuracy of the proposed multiscale method for
the mechanical characterization of the coated lattice. Furthermore, Ecopper is determined to
be 105 GPa for subsequent analyses under the current electrodepositing technique, ensuring
numerical precision.

Table 2. Comparisons between Elattice and E∗
lattice.

T
(µm)

Elattice (MPa)
T

(µm)
E*

lattice
(MPa)

Error
(MPa)

T
(µm)

Fitted E*
lattice

(MPa)Ecopper
= 100 GPa

Ecopper
= 105 GPa

Ecopper
= 108 GPa

Ecopper
= 110 GPa

0 60.074 60.074 60.074 60.074 0 56.61 4.44 0 61.251
5 90.048 91.262 91.983 92.459 10 117.25 8.52 5.04 85.488
10 113.99 116.01 117.2 117.99 30 216.36 6.26 10.01 109.340
15 135.98 138.71 140.33 141.4 50 249.20 23.47 15.05 133.576
20 157.38 160.83 162.88 164.23 80 385.98 31.64 20.02 157.429
25 178.82 183.03 185.52 187.16 25.06 181.665
30 200.64 205.63 208.6 210.56 30.03 205.517
35 223.02 228.85 232.32 234.61 35.07 229.754
40 246.08 252.8 256.8 259.44 40.04 253.606
45 269.9 277.56 282.12 285.15 45.00 277.459
50 294.54 303.2 308.35 311.77 50.05 301.695
60 346.45 357.25 363.68 367.96 55.01 325.547
70 388.49 404.78 416.24 419.56 70.07 397.873
80 430.89 452.64 463.75 469.75 80.00 445.577

Turning to the photopolymer matrix, as illustrated in Figure 6f, stress–strain curves
for five dog-bone samples are obtained and further fitted to define the material properties
of the polymer resin. Detailed information is presented in Table 3. Therefore, Eresin of
2.65 GPa is utilized for subsequent numerical predictions.

Table 3. Material properties of the resin and copper film.

Resin Matrix Copper Film

Eresin of samples (GPa) Mean of Eresin (GPa) Fitting of Eresin (GPa) Ecopper (GPa)
2.52, 2.82, 2.73, 2.46, 2.59 2.62 2.65 105

3.3. Characterization Interpretations of the Copper-Coated Lattice
3.3.1. Elastic Tensile Stiffness

Macroscopic evaluations of structural characteristics are carried out, focusing on the
impact of T on both the maximum F∗

lattice and E∗
lattice, with d set at 0.6 mm. As illustrated

in Figure 7a, the loading capacity represented by F∗
lattice demonstrates an increasing trend

with higher T, signifying an improvement in structural strength. Regarding structural
stiffness, E∗

lattice also exhibits a noteworthy enhancement with the rise in T. The greater
material density of the copper coating film, compared with the resin matrix, effectively
boosts structural stiffness. Additionally, there is a strong agreement between the 3 × 3 × 3
lattice RVE-based Elattice and the macroscale structure-based E∗

lattice, validating the efficacy
and accuracy of the proposed multiscale method. Building on this foundation, variations
in Elattice concerning the design variables of d and T are further explored at the RVE level
in Figure 7a. Elattice demonstrates a substantial improvement with increased T under each
condition of d. Furthermore, it is rational to observe that the higher η resulting from
the larger d contributes to the superior performance of the metal-coated lattice structure.
Importantly, the increasing rate of Elattice over T is positively correlated to d, indicating
that the enhancement in Elattice is more efficient with higher η under the same extent of T
advancement. This holds significance for future designs of metal-coated lattices with high
elastic tensile stiffness.
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Figure 7. Elastic tensile stiffness characterizations of copper-coated lattice structures: (a) comparison
between Elattice and E∗

lattice and factor analyses concerning the influences of T and d on Elattice and
maximum F∗

lattice; (b) comparison between Flattice and F∗
lattice and variations in ductility for coated

lattice structures with different T values; (c) SEM image of coated lattice structures with T = 30 µm
under tensile loads including (i): an overview of the entire cross-section and (ii): a close-up view of
crack positions; and (d) SEM graph of coated lattice structures with T = 50 µm under tensile loads,
including (i): an overview of the entire cross-section and (ii): a close-up view of crack positions.

Concerning structural ductility, force–displacement relationships of the coated lattice
structures with varying values of T are examined, with d defined as 0.6 mm. Utilizing test
results from the lattice samples depicted in Figure A2, force–displacement dot-dash lines are
fitted from samples with five T values, as illustrated in Figure 7b. This analysis unveils an
overall enhancement in the ductility of the coated lattice structure compared with the resin
lattice matrix. Optimal ductility performance is observed at T = 10 µm, with a declining
trend for larger T. While copper generally exhibits superior ductile performance compared
with resin, increased T does not consistently enhance structural ductility. Surprisingly, the
relatively thick coating, compared with the curve result of the pure resin lattice matrix,
negatively impacts the overall structure’s ductility. For structural optimization, considering
a balanced improvement in structural strength and ductility, 30 µm coated lattice structures
achieve optimal performance. Moreover, within the elastic deformation range (u ≤ 0.1 mm)
shown in the detailed view in Figure 7b, the RVE-based force–displacement anticipation
lines of coated BCC lattices align closely with fitted test result lines under various T
conditions. This alignment highlights the precision and applicability of the proposed
multiscale method in evaluating applied force during elastic deformation.

For a more detailed explanation of the optimal balanced performance observed in
the 30 µm coated lattice structure, the fracture surfaces of the 30 µm and 50 µm coated
lattice structures are analyzed with SEM images. As shown in Figure 7c(ii),d(ii), striated
fracture surfaces are exhibited on the resin matrix of both coated lattice structures with
diverse T, and cracks emerge from the interface of adjacent layers, which is reasonable,
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owing to the layered print mechanism of 3D printing [26]. Specifically, the laminated
striations on the coating film of the 30 µm coated lattice structure in Figure 7c(i) reveal the
torsional effect that occurs during tension. However, for the coated lattices with T = 50 µm
in Figure 7d(i), there is no distinct torsional trace on the coating surface. Therefore, the
untraditional torsion effect generated during the tension test of the 30 µmcoated lattice
structure illustrates its impressive performances in both strength and ductility.

3.3.2. Elastic Bending Stiffness

Regarding kb of the coated lattice structure, the numerical evaluations are conducted
for both resin and copper-coated lattice structures, and the results are compared with
the tests. Initial mechanical interpretations of the coated lattices’ bending properties are
performed using SEM images of the fracture cross-sections of the coated lattice structures.
As described in Figure 8a(i), in terms of coating shedding, the copper coating electroplating
technique is shown to be effective and can withstand multi-load conditions of both bending
and stretching. In the enlarged view of the fracture surface in Figure 8a(ii), fracture cracks
exhibit river-like patterns, and their depths are much deeper than those deriving from the
tensile test in Figure 7c, revealing the better plasticity performance and potential of the
copper-coated lattice structure under bending loads than under tensile loads. Moreover,
coated lattice structures present edge-to-edge crack initiation and propagation charac-
teristics under bending, while point-to-center ones are observed under stretching. This
reasonably reflects the stress state differences between the two typical loading conditions.
In other words, the difference in the fracture failure pattern in the coated lattice structure
under stretching and bending is attributed to the stress diversity induced by external loads
instead of other factors, such as printing directions.
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Figure 8. Elastic bending stiffness characterizations of copper-coated lattice structures: (a) SEM
images displaying fracture cross-sections of the coated lattice structures under bending loads, with (i):
an overview of the entire cross-section, (ii): a close-up view revealing crack patterns, and (iii): river-
like fracture crack patterns; (b) numerical assessment of bending stiffness utilizing homogenized
material properties; and (c) evaluations of kb for the resin and copper-coated lattice structures,
comparing experimental and numerical methods.

Following this, the kb of both the resin and copper-coated lattice structures is numeri-
cally evaluated using solid FE models with homogenized material properties. Figure 8b
outlines the established model and boundary conditions, considering the geometrical and
loading symmetry of the lattice structures’ bending experiments, as shown in Figure 3d. In
this case, d and T are defined as 0.6 mm and 30 µm, respectively. Thus, the homogenized
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values of Elattice for the resin and copper-coated lattice structures are correspondingly
determined as 60 MPa and 205 MPa, respectively, as detailed in Table 2.

Figure 8c visually presents the impact of the copper coating, showcasing a significant
5-fold improvement in kb compared with the resin lattice matrix. The detailed view of the
elastic displacement region (δ ≤ 0.2 µm) not only validates the rationale and precision
of the homogenized material-based numerical method based on kb comparisons for both
conditions of the lattice structures—with or without copper film—but also underscores
the efficiency and precision of the multiscale method-based evaluations of Elattice. This
approach offers a streamlined and resource-efficient means of defining the mechanical
properties of metal-coated lattices, eliminating the need for time-consuming and resource-
intensive experimental setups.

4. Conclusions

This study introduces a lattice PBC-based multiscale evaluation method to efficiently
predict the mechanical properties of copper-coated lattice structures at the RVE scale. The
key conclusions derived from this research are as follows:

1. Feasibility Validation: The proposed method’s feasibility is substantiated by compar-
ing numerical and experimental results for both elastic tensile stiffness Elattice and
bending stiffness kb. The accuracy in assessing these properties demonstrates the
efficacy of the lattice PBC-based multiscale approach.

2. Homogenized Model for Numerical Analysis: The utilization of a solid homogenized
model in numerical analysis, where Elattice is defined through the proposed multiscale
method, proves effective in accurately evaluating kb. This streamlined approach offers
a precise means to comprehend the elastic behavior of coated lattice structures without
the need for intricate lattice cell discretization.

3. Impact of Design Parameters: The influence of design parameters on the mechanical
characteristics of copper-coated lattice structures is apparent. Specifically, Elattice
for coated lattices increases with greater coating thickness and strut diameter. The
presence of a metal coating significantly enhances the structural kb. Bending loads
exploit the structural plasticity potential of coated lattices more thoroughly compared
with pure resin lattice matrices. The diversity in structural failure patterns is primarily
attributed to loading differences. These findings provide valuable insights for future
coated lattice design and optimization efforts.
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Appendix A. Mesh Convergence Analysis

To mitigate the size effect of meshed elements, a mesh convergence analysis is per-
formed using a 4 × 4 × 4 copper-coated lattice RVE. As shown in Figure A1, Elattice exhibits
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fluctuations within 0.72% when the mesh size surpasses 0.2 mm. The element numbers
corresponding to mesh sizes of 0.18 mm, 0.15 mm, and 0.12 mm are more than 1.05, 1.37,
and 2.31 times that of the 0.2 mm size, respectively. Therefore, considering the balance
between accuracy and computational cost, a mesh size of 0.2 mm is deemed suitable for
the factor analysis of various coated lattice RVEs.
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Appendix B. Strength and Ductility Analysis of Diverse-Coated Lattices

See Figure A2.
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