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Abstract 

With the combination of 3D printing and electroplating technique, metal-coated resin lattice is a viable way 
to achieve lightweight design with desirable responses. However, due to high structural complexity, mechanical 
analysis of the macroscopic lattice structure demands high experimental or numerical costs. To efficiently investi-
gate the mechanical behaviors of such structure, in this paper a multiscale numerical method is proposed to study 
the effective properties of the metal-coated Body-Centered-Cubic (BCC) lattices. Unlike studies of a similar kind 
in which the effective parameters can be predicted from a single unit cell model, it is noticed that the size effect 
of representative volume element (RVE) is severe and an insensitive prediction can be only obtained from models 
containing multiple-unit-cells. To this end, the paper determines the minimum number of unit cells in single RVE. 
Based on the proposed method that is validated through the experimental comparison, parametric studies are 
conducted to estimate the impact of strut diameter and coating film thickness on structural responses. It is shown 
that the increase of volume fraction may improve the elastic modulus and specific modulus remarkably. In contrast, 
the increase of thickness of coating film only leads to monotonously increased elastic modulus. For this reason, there 
should be an optimal coating film thickness for the specific modulus of the lattice structure. This work provides 
an effective method for evaluating structural mechanical properties via the mesoscopic model.

Keywords  Metal-coated lattice, Homogenization theory, Parametric study, Elastic and specific modulus

1  Introduction
Engineers were interested to lighten the weight of indus-
trial components by creating perforations for decades 
[1–3]. The idea of making perforations was developed 
lattice structure concept, which offers very promising 
applications nowadays. Lattices keep the material only in 
necessary directions and critical zones, which can reduce 

the weight of the structure effectively [4]. To manufacture 
lattice structures, CNC milling machines were used to 
make appropriate cutouts but it limited to simple geome-
tries and size scales [5]. In recent years, the development 
of Additive Manufacturing (AM) greatly has enriched the 
diversity of lattice design [6] providing the possibility to 
fabricate complex lattice components with uniform prop-
erties through a highly automated process [7, 8].

The input material properties for 3D printing pro-
cess can be classified into metal and non-metal types. 
It is obvious that metal printed components over-
whelm the non-metal ones in mechanical properties, 
yet the expense both in 3D printing machine itself and 
the base material is far higher than the plastic ones. 
However, there are still some limitations for 3D print-
ing technique in terms of input material and desired 
performance for particular applications. In this regard, 
embedded metal coating film should be a possible 
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solution which can alter the material properties for 
desired structural characteristics. The coating treat-
ment may not only enhance structural stiffness and 
strength, but lead to super specific purposes, like resist-
ance against elevated temperatures, contact stress con-
centration, surface failures, fire flame, and corrosion 
[9–11].

Coating of 3D printed scaffolds leads to the surface 
improvement which offers high cell adhesion capac-
ity favorable for bone tissue replica [12]. Polylactic Acid 
(PLA) printed lattice structure coated by titanium wit-
nessed its improved strength applicable for mandibular 
prosthesis. Layered coatings were recommended to be 
applied into lattice structures to stimulate the bone tis-
sue behavior and improve their biocompatibility [13]. 
A recent study revealed 68% improvement of structural 
elastic modulus for Body-Centered-Cubic (BCC) lattice 
structure treated by coating film [14]. The general stress 
analyses of coated lattice structures were already studied 
through analytical [15], numerical [16, 17], or experimen-
tal approaches [18].

In analytical and numerical methods, lattice is treated 
as a special type of composites, whose equivalent prop-
erties are common to be mapped from local to global 
level. Multiscale evaluation of effective properties for lat-
tice structures with narrow rods was conducted through 
analytical formulations in previous studies [19]. This ena-
bles the researcher to avoid high computation cost in the 
simulation of large-scale structures. The bridge between 
local and global level is the homogenization theory, 
which assesses the structure properties through a volu-
metric averaging technique and mechanics constitutive 
laws [19–23]. However, most previous work in this field 
defined the single unit cell as the Representative Volume 
Element (RVE) only based on the geometry compatibility, 
ignoring the structural impact of the unit cell.

Moreover, little research has paid attention to the 
numerical prediction of homogenized material proper-
ties for coated lattices [24]. The rods in the plastic lattice 
are usually measured in millimeters, while the coating 
film in a micrometer scale. The appropriate finite element 
definitions played an important role in the simulation 
[25, 26]. In addition to various design references for lat-
tices, there are many uncertainties in the lattice printing 
and coating process, which involves plenty of parameters 
in the setting. Therefore, the central purpose of this work 
is to provide a reliable reference for evaluating mechanic 
properties of coated lattice structures through the multi-
scale numerical method. The BCC lattice structure was 
taken as an illustrative example to verify the numerical 
method and the rationality and precision of the proposed 
method were also validated by macroscopic experiments. 
Afterwards, factor analyses were conducted for assessing 

design impacts on the overall elastic performance of the 
coated lattice structure.

2 � Multiscale Analysis of Lattice Structure
2.1 � Mechanical Property Evaluation Based 

on the Homogenization Method
Like conventional multi-phase composite materials, it is 
extremely challenging to simulate structural components 
composed of micro/meso-scale lattices, due to the high 
modelling and computational cost. Based on the classi-
cal multiscale principle, the minimal repeatable structure 
can be defined as the RVE, which should be small enough 
not to be affected by larger scale parameters, simultane-
ously big enough to meet the research geometry para-
metrization requirement [27, 28].

The homogenization theory evaluates the volume 
weighted values for stress and strain. The core idea of this 
theory is that the homogenized physical properties can 
be interpreted as the physical parameter of the homoge-
neous material whose overall response is “close” to that 
of the heterogeneous periodic material, when the size of 
the cell tends to zero [20, 21]. It can be applied at micro/
meso-scales satisfying the problem requirements [23, 29].

For the RVE with voids, many researchers took the 
effect of voids of the same size into account, although in a 
more complex case, two populations of voids with differ-
ent sizes were studied [30]. In the present approach, the 
efficiency of the classic homogenization theory on pre-
diction of effective Young’s modulus (E) is investigated 
when the RVE includes void regions.

According to homogenization theory, the macroscopic 
stress � and strain E can be computed by integration over 
local stress σ(x) and strain ε(x) as follows:

where 〈∙〉 strands for the average operator on volume 
domain, and V  is the volume of the representative ele-
ment. For lattice structure, V = Vsolid + Vvoid while the 
stress of the void part is zero. Introducing the fourth-
order effective elastic tensor Cef f  and from the Eq. (1) 
and Eq. (2), the � and E satisfies:

Considering the 3D homogeneous material model and 
the geometrical symmetry, the BCC-like lattice RVE 
deforms isotopically; which means the properties are 
independent of direction. The typical directional Young’s 
modulus ( Ei , i=1, 2, 3 ) for each element can be estimated 

(1)� =
1

V

∫

V

σ (x)dV = �σ �,

(2)E =
1

V

∫

V

ε(x)dV = �ε�,

(3)� = Cef f : E.
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under uniaxial loading condition in the corresponding 
direction, and expressed as:

However, for ease of estimating E without the numeri-
cal integration of σ(x) and ε(x) based on average stress-
strain relations, due to the homogeneous material 
property and the uniaxial tensile test condition, another 
convenient way for the anticipation of E is utilized in this 
work as follows:

where F  is the uniaxial reaction force caused by the input 
loading, δ is the uniaxial external displacement, L and A 
represent the dimension and cross-sectional area of lat-
tice cell.

2.2 � Periodic Boundary Conditions (PBCs)
With the proposed homogenization method, the RVE 
should satisfy periodic conditions, which indicates that 
the deformed RVE under imposed loads may expand 
compatibly in both geometric and physical fields. There 
are 3 approaches in the numerical implementation, the 
uniform strain, the uniform stress and PBCs [31]. The 
first two methods are special cased and limited to sym-
metric geometries, while the last one is for general cases. 
In this work, the PBCs integrating the uniform strain 
condition are applied for symmetrical BCC models.

For BCC lattice unit cell, as shown in Figure  1, the 
equivalent configuration is a cube consisting 3 pairs of 
opposite surfaces, noted as 

{

Ai − A
′

i

}

, i = 1, 2, 3 . PBCs 

are applied on corresponding surfaces of A1 − A
′

1 , 
A2 − A

′

2 , and A3 − A
′

3 . The stress vectors on opposite 
directions have the magnitude but different signs. For a 
structure comprised of an enormous number of periodic 
cells and behaving in a homogenized form with the 
assumption of a homogenous body, the external 

(4)E1 = E2 = E3 =
�i

Ei
, i = 1, 2, 3.

(5)E1 = E2 = E3 =
�1

E1
=

F/A

δ/L
=

FL

δA
,

displacement results in a E over the body. Due to the 
presence of heterogeneous resulting from voids within 
the lattice, a correlation εper should be considered on the 
periodic boundaries and the microscopic strain ε can be 
regarded as the superposition of E and a fluctuating part 
ε
per , explained specifically as:

where u and uper(x) represent the corresponding dis-
placement and correlation part according to ε and εper(x).

In this work, the PBCs with the uniform strain condi-
tion (Voigt’s bound) is applied on the lattice cell that sat-
isfies the uniform strain rate within the lattice RVE. In 
this context, considering the symmetric geometry of the 
BCC lattice, the uniform strain E is imposed on ∂V  with 
the following formulations:

Then, the general boundary conditions are applied 
with:

where U0
i
 represents the global displacement of the RVE.

Based on Voigt’s bound-integrated PBCs, the uniform 
strain approach is adopted on one hand so that the uni-
form displacement restricts the deformation of the RVE. 
On the other hand, the conditions impose the constraints 
on both stress and strain fields, which results in stress 
and geometrical compatibility of the RVEs.

3 � Nickel Metal Coating
3.1 � Coating Process
Metallic coating treatment for 3D printed resin lattice 
structure was studied by a research team from Southeast 
University [32, 33]. Metallic coating is deposited on the 
surface of test sample via electroless plating process which 
includes four major steps [32]: (1) etching, (2) sensitization/
activation, (3) acceleration, and (4) plating. The preparation 
of coated lattices was carried out as follows: test samples 
were first ultrasonically cleaned in isopropanol (C3H8O), 
and then immersed in strong KMnO4 etchant for roughen-
ing the sample surface. After rinsing with deionized water 
(DI) water, the samples were sensitized/activated by dip-
ping into a Pd/Sn colloidal catalyst solution. Then, samples 

(6)
{

ε = E+ εper(x),
u = E · x + uper(x),

(7)


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Figure 1  Periodic boundary condition: (a) Lattice unit cell, (b) 
Equivalent lattice unit
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were submerged in acceleration solution for releasing Pd 
elementary particles. After thoroughly rinsing with DI 
water, the samples were immersed in alkaline nickel bath 
for metal plating.

3.2 � Numerical Model of Coating
The coating thickness is measured in micrometer, usually 
in the range of (0, 50 μm), which is far thinner than the rod 
thickness of the lattice unit. The surface coating was mod-
eled with the one-layer element named the Shell281 on the 
top of the matrix with the assumed transverse shear stiff-
ness Etrans = kGh . Specifically, parameters of k, G, and h 
represent the shear-correction factor, shear modulus, and 
the thickness of the coating film, respectively.

Following this method, the coating film can be discre-
tized by Shell281 elements with three stiffness behaviors: 
stress evaluation only (coating elements have no stiffness 
contribution to the model), membrane, and integration 
of membrane and bending. A drawback of this type of 
finite element modeling is lacking the possibility to study 
solid-surface interaction. However, simplicity and ease of 
modeling concerning both linear elasticity and nonlinear 
material assumptions is an advantage. On the other hand, 
surface-element-based modeling can eliminate huge num-
bers of discretized elements compared with hybrid solid 
elements.

4 � Multiscale Evaluation Results
4.1 � Finite Element Modelling and Material Preparation
The 3×4×15 BCC lattice model and coated lattice RVE 
is established at global and micro/mesoscopic scales, as 
shown in Figure  2(a), (b), respectively. The dimension of 
the lattice cell is 3 mm×3 mm×3 mm. η is the volume frac-
tion of the lattice cell, which can be determined as:

which reveals that η has the positive correlation with 
strut diameter ( d ) of the lattice. Considering the impact 

(9)η% =
Vsolid

Vcube

,

of d on the E of the metal-coated lattice structures, lat-
tice cell models with three different d and corresponding 
η are listed in Table 1.

The lattice base is meshed by tetrahedron elements, 
while its coating film is meshed by Shell281 with three 
assumed stiffness behaviors as mentioned previously. 
The precision and effectiveness of these three proposed 
stiffness behaviors are also further assessed through 
numerical simulation and experiments. To determine 
the material properties of printed resin matrix, five dog-
bone resin specimens were produced by SLA, as shown 
in Figure  3(a). The samples were printed by Formlabs2, 
with 45° printing orientation, adding the thickness up to 
0.05 mm and exposing to air for one week. Then, speci-
mens were subject to in-situ tensile tests by the Instron 
5982 series extensometer with the stretching rate of 2 
mm/min. Subsequently, it can be seen in Figure 3(b) that 
an adequate number of 3×4×15 lattice structures made 
of pure resin were manufactures through 3D printing-
based additive manufacturing technology. After the coat-
ing processes, all lattice samples were coated with nickel 
films, as shown in Figure 3(c).

Due to the same standard manufacturing processes 
of nickel coating film stated in Ref. [34], the material 
properties of coating film for numerical simulation are 
selected accordingly. Hence, the material properties 

Figure 2  BCC-like lattice structure modeling at (a) global level 
and (b) RVE level

Table 1  Lattice unit cells with different values of d

Lattice cell

d(mm) 0.5 1.0 1.5

η(%) 12.85 42.32 67.73

Figure 3  Experiment procedures with (a) resin dog-bone samples 
for material definition, (b) 3D printed lattice structure samples, and (c) 
coated lattice samples
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of the base matrix and nickel film are obtained and 
described in Table 2.

4.2 � Validation of Numerical Modeling
To verify the proposed numerical evaluation approach, 
the printed pure lattice matrix without coating were 
analyzed.

4.2.1 � Special Case: Solid Cube with Homogenous Material
A homogeneous lattice cube made of pure resin was first 
studied under the proposed Voigt’s bound-integrated 
PBCs, E was accordingly evaluated, as shown in Table 3. 
Excellent matching is achieved between the initial mate-
rial property and the homogenization-based method. 
Here, exact material properties of the base resin set in 
ANSYS Workbench 2020 R2 are based on Table 2. Con-
sidering the magnitude of d, the element size is set as 
0.25 mm.

4.2.2 � Literature Case of Metal Lattice Unit without Coating
The proposed PBC-based homogenization was secondly 
validated through a reference case by Refai [35]. A pure 
metal BCC lattice cell with parametrized d were studied 
for numerical evaluation of E . The material properties 
are selected accordingly as those in Ref. [35]. Under the 
proposed boundary conditions and uniaxial displace-
ment δ=0.01mm in x direction, the stress distribution 
and displacement contours of single lattice cell and the 
stress contour of the global structure were illustrated in 
Figure 4 and Figure 5, respectively. Obviously, good com-
patibilities of the displacement field within lattice cell and 
stress fields in global structure scale guarantee the ration-
ality of the proposed method.

Based on the comparison between the obtained E 
by author and the reference, as indicated in Figure  6, 

an acceptable agreement is reached for the proposed 
homogenization-based methods. Thus, for lattice 
structures, the simple homogenization method using 
volumetric averaging of stress has probably led to the 
relative larger discrepancy due to a non-homogene-
ous mass moment of inertia attributing from a non-
uniform spread of internal voids. According to the 
aforementioned deduction, RVE-based evaluation of 
the structural mechanical property following Eq. (5) is 
adopted for following numerical studies.

Table 2  Material properties of base matrix and coating film

Note: 1 Photosensitive resin DSM Somos 14120 from Xiamen Jiecheng 3D 
Technology; 2 Nickel alloy [34]

Young’s 
modulus (GPa)

Poisson’s ratio υ Density (kg/m3)

Resin1 2.46 0.3 1100

Coating2 50 0.28 8500

Table 3  E comparison between the benchmark and the 
proposed RVE-scale evaluation

Result source Material benchmark Homogenization-based 
method

E (GPa) 2.46 2.46

Figure 4  Result contours of the lattice unit with (a) stress field, 
and (b) transverse displacement

Figure 5  Stress field from the global perspective

Figure 6  Comparison of E for BCC lattice RVE with parametrized d
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4.2.3 � Experimental Validation
With pure polymer resin and nickel-coated lattices, the 
validation of the proposed method is thirdly carried out 
by the comparison of E obtained by RVE-scale-based 
numerical anticipation and structure-scale-based experi-
ments. Here, the numerical model of the lattice cell and 
3×4×15 lattice samples with d of 1 mm and 1.5 mm are 
utilized. As the output of tensile tests, stress-strain rela-
tionships of global lattice samples can be acquired, as 
shown in Figure 7(a), (b). Subsequently, E from numeri-
cal prediction is compared with its experimental coun-
terpart, as indicated in Figure  7(c). The histograms 
correspond to the numerical result, and the error bars 
colored in red refers to the range of experimental results.

The (min, max) errors of numerical modeling with 
respect to experiments are achieved (3.22%, 9.55%) and 
(0.38, 5.78%) for resin BCC lattice structure with d of 1 
mm and 1.5 mm, respectively. That is to say, the experi-
mental data of lattice samples with d of 1.5 mm is smaller 
than that with d of 1 mm, which is probably affected by 
the washing treatment. The lattice samples with d of 1.5 
mm were immerged in the cleaning fluid longer time to 
remove the supporting materials of the voids.

Moreover, E of nickel-coated lattice structures are also 
evaluated through micro/mesoscopic lattice numerical 
RVE with 3×3×3 lattice cells and macroscopic experi-
ments with samples of d=0.5 mm and coating thickness 
( T)=5 μm, as shown in Figure  8. For Shell281 element 
with the stiffness behavior of stress evaluation only, it 
ignores the impact of T  . This mainly explains why the 
considerable disparity is witnessed between experiments 
and simulations. However, the numerical accuracy is sig-
nificantly improved for the two coating models with the 
stiffness behavior of membrane and bending. Therefore, 
it is worth noting that for accurate E assessment of the 
nickel-coated lattice structure, numerical elements of the 
nickel coating film should comprise the stiffness behavior 
of membrane and bending.

4.3 � Stability of RVE Definition
An RVE is defined appropriately when its homogenized 
properties are size independent. For the lattice structure 
made of uniform cells, if the smallest repeatable unit 
can represent the homogenized material properties, the 
same volume monolithic structure (rectangular solid 
cube) should have the same properties. No matter it was 
expanded to other dimensions, the effective properties 
should be stable. Here, RVEs comprising three differ-
ent numbers of lattice cells (1×1×1, 2×2×2, 3×3×3, and 
4×4×4) are selected to evaluate E under the condition 
that d is fixed to 0.5 mm, 1.0 mm, and 1.5 mm and T  var-
ies from 0 to 25 μm.

Figure 7  Method validation by E comparison of the resin lattice 
between numerical and experiment results
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It can be observed from Figures 9, 10, 11 that homog-
enized material properties based on RVE tend to con-
vergence when RVE size exceeds 2×2×2. In contrast, 
the property derived from RVE with a single cell has 
a relatively large discrepancy with the multiple ones. 
Therefore, compared with the conventional method of 
defining the minimal repeatable cell as the RVE of tra-
ditional composite materials, it can be concluded that 
for lattice structures, E evaluated from RVE with the 
multi-cell size should be more stable than from the 
RVE with the single cell. For coated BCC lattice struc-
tures that this work focuses on, the appropriate RVE 

size can be selected as 2×2×2 or 3×3×3 to achieve pre-
cise evaluations of the material properties.

4.4 � Influence of the Strut Diameter and Coating Thickness
Although the impact of d on structural E was studied as 
a crucial parameter on lattice structure in the previous 
study [14], the variation of E concerning d is studied for 
the coated lattice structure at the RVE level for the first 
time. As shown in Figure 12, both positive contributions 
are made to E by d and T  of the nickel-coated BCC lat-
tice structure. However, d owns much larger sensitiv-
ity (75.90%) to E than T  (25.78%), which means that the 
impact of d tends to be more aggressive. It provides an 

Figure 8  Comparison of E between numerical simulations based 
on diverse coating modeling methods and experiments

Figure 9  E variation of nickel-coated BCC lattice RVE concerning T  
with different number of cells ( d  = 0.5 mm)

Figure 10  E variation of nickel-coated BCC lattice RVE concerning T  
with different number of cells ( d   = 1.0 mm)

Figure 11  E variation of nickel-coated BCC lattice RVE concerning T  
with different number of cells ( d  = 1.5mm)
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efficient way to improve coated BCC lattices’ mechanical 
response in the structural design.

Based on the 2×2×2 lattice RVE, the influences of d and 
T  on E are indicated in Figure 13. Apparently, E increases 
with the increase of either d or T  , and vice versa. Moreo-
ver, the significant soar of E with increased d reason-
ably guarantees the effectiveness of sensitivity results in 
Figure 12.

4.5 � Stiffness to Weight of Nickel‑coated Lattices
It is obvious that the coated film will increase the elas-
tic stiffness and strength of the entire lattice structures 
compared with lattices made of pure resin owing to the 
density of the coating material is much higher than the 
base matrix. Therefore, the overall performance of stiff-
ness-to-weight ratio, also known as specific modulus e is 
studied. e can be calculated as follows:

where ρ is the average density defined as total mass over 
the lattice cubic volume. High specific modulus materi-
als may have wide applications where minimum weight 
is required.

As shown in Figure 14, e of lattice RVEs with the nickel 
film increases remarkably compared with that with-
out coating. However, the increasing rate tends to slow 
down with the rising d . It reveals that the metal coating 
film has a more obvious contribution to the mechanical 
property improvement of the BCC lattice structure with 
smaller struts. However, when T  increased linearly, e is 
not improved monotonously. Therefore, there should be 
an optimal T  for the maximum stiffness-weight-ratio of 
the coated lattice structure. For the BCC nickel-coated 
lattice structure in this work, 15 μm could be a recom-
mend value.

5 � Conclusions
A multiscale evaluation of mechanical properties for 
nickel-coated BCC lattice structures is well studied in 
this work. Some conclusions can be drawn:

(1)	 When performing the homogenization analysis of 
coated BCC lattice, compared to the volume aver-
aged stress, utilizing the reaction force yields a 
more accurate prediction.

(2)	 For lattice homogenization, RVE with multiple 
coated lattice cells combined with stiffness behav-
ior of membrane and bending in coating modeling 
should be selected for more precise numerical eval-
uation.

(10)e =
E

ρ
,

Figure 12  Overall impacts of d and T  on E with the corresponding 
response surface

Figure 13  E evaluation of the nickel-coated BCC lattice with different 
d and T  based on the 2×2×2 sized RVE

Figure 14  The e variation of nickel-coated lattices with d and T  
based on 2×2×2 sized RVE
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(3)	 The increase of volume fraction, also represented by 
the strut diameter, has a big impact on the equiva-
lent Young’s modulus and specific modulus of the 
coated lattices.

(4)	 The coating film may remarkably increase the stiff-
ness and specific modulus of the coated lattice 
structures. However, there should be an optimal 
coating thickness for the maximum structural stiff-
ness-weight-ratio.
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