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Abstract

Although single-unit cell lattice structures are commonly used in engineering, multi-morphology
composite lattice structures offer enhanced mechanical properties and diverse functionalities by tailoring
their microstructures. This study presents a novel framework for generating a digital unit cell library to
optimize the design of multi-morphology lattice structures. The framework involves creating the library
using modular encoding and an adjacency matrix while addressing connectivity constraints. A voxel
model is employed to streamline the homogenization process of the various unit cells in the library. This
homogenization dataset trains a Radial Basis Function Neural Network (RBFNN) to evaluate the elasticity
tensor of the unit cells. The compliance of the multi-morphology lattice structure is minimized by
identifying optimal unit cell volume fractions and types through topology optimization and 0-1 integer
programming. The former utilizes sensitivity analysis via RBFNN to determine the optimal volume
fractions, while the latter focuses on minimizing the element strain energy and considers constraints that
satisfy the optimal volume fractions of unit cells. The effectiveness and feasibility of this method are
demonstrated through three benchmark numerical examples. Experimental results from additive
manufacturing samples show that the proposed multi-morphology lattice structures achieve a 44.24%
increase in initial stiffness and a 47.70% increase in ultimate strength compared to single-unit cell lattice

structures.

Keywords: lattice structure, unit cell library, radial basis function neural network, topology optimization,

additive manufacturing
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Acronyms
AM
DLP
LCD
FDM
BCC
FCC
SNBCC
GBCC
TPMS
TO

RBFNN

additive manufacturing

digital light processing

liquid crystal display

fused deposition method
body-centered cubic

face-centered cubic

spherical node-body-centered-cubic
graded-strut body-centered cubic
triply periodic minimal surface
topology optimization

radial basis function neural network
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1. Introduction

Lattice structures outperform solid materials(such as steel and plastic) by offering lightweight and
enhancing multifunctional properties, like energy absorption[1,2], heat dissipation[3], sound
absorption[4], electromagnetic wave absorption[5], and biocompatibility performance[6]. Compared with
the stochastic cellular structure, lattice structures provide superior strength along with remarkable
programmability advantages by controlling micro-features[7—9]. For instance, by integrating diverse
micro-unit cells in specific regions of lattice structure, it is possible to create multi-morphology lattice
structures that not only exhibit enhanced stiffness and bearing capacity but also possess immense potential
for multifunctional properties improvements[10-13]. Additionally, advances in additive manufacturing
(AM) technologies like Digital Light Processing (DLP) and Liquid Crystal Display (LCD),etc. have
overcome accuracy and defect challenges associated with traditional fused deposition method(FDM)[14—
17], which have paved the way for the fabrication of sophisticated multi-morphology lattice structures.
However, most existing research remains largely confined to a limited range of simplistic or single micro
unit cell, which often struggle to satisfy the developmental demands for advanced structures that achieve

higher performance with reduced material usage.

Investigation of diverse unit cells to improve the performance of lattice structure has, therefore,
attracted increasing attention in the past few years[18,19]. Typically, the generation of unit cells can be
dichotomized into two methodologies: manual generation and mathematical generation[20]. Traditional
manually generated unit cells, encompassing structures such as Kagome, octet truss, Kelvin, body-
centered cubic (BCC), face-centered cubic (FCC), and cubic configurations, are known for their merits in
stiffness, stability, and energy absorption capacities[21-24]. Besides, Ren et al.[25] introduced a lattice
structure termed spherical node-body-centered-cubic(SNBCC), showecasing superior stiffness and
diminished stress concentration. Similarly, Bai et al.[26] unveiled a lattice configuration named graded-
strut body-centered cubic(GBCC), outperforming BCC lattices in terms of stiffness. In contrast,
mathematical generation techniques leverage parameterized geometry for the facile definition of diverse
unit cells, offering a more efficient alternative to manual methods, notably in the creation of unit cell
libraries. Liu et al.[27] delineated a methodology to effectively generate a truss unit cell library by defining
15 key nodes and a transformation matrix, addressing constraints from manufacturability. Li et al.[28]
introduced a graph-based deep learning generative model, creating a comprehensive latent space for a

wide range of truss unit cells; however, many of the unit cells fail to connect effectively with each other
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to form lattice structures. Hamza Sulayman Abdullahi et al.[29] utilize a hierarchical approach to generate
candidate unit cells and establish a unit cell library after screening, but only 0.196% of these cells meet

the connectivity constraints.

Based on the above research concerning the microstructure of unit cells, many design methods have
been proposed for lattice structures, which are primarily categorized into two types: uniform and
functionally graded. Uniform lattice structures are designed through the arrangement of identical micro-
unit cells, which can be optimized for either high strength, negative Poisson's ratio or enhanced heat
transfer by parameter optimization or topology optimization (TO)[30-33]. Building upon this foundation,
and to ensure that the optimized lattice structures meet the smoothness requirements for applications,
Montemurro et al.[34-36] and Bertolino[37] separately developed multiscale topology optimization
design framework for multi-material lattice structures and anisotropic cellular materials based on NURBS
hyper-surfaces. In addition, achieving improvements in various performances through variations in
cellular porosity to create functionally graded lattice structures is simpler and more feasible[38—40]. Under
the assumption of scale separation, functionally graded lattice structures as well as other multi-scale
structures, can be designed with greater efficiency and accuracy through homogenization-based topology
optimization.[41-43] Zhang et al.[44], Chen et al.[45] and Simsek et al.[46] independently utilized
homogenization theory to formulate regression equations for the elastic modulus of plate, truss, and triply
periodic minimal surface (TPMS) unit cells, considering changes in micro volume. Integrating these
equations with the variable density method facilitated homogenization-based topology optimization,
reducing the compliance. Furthermore, to overcome the challenge in accurately evaluating the
homogeneous mechanical properties of unit cells with multiple design variables using regression
equations, Wu et al.[47]and Wang et al.[48] utilized neural network as surrogate models for calculating

the micro unit cell's homogeneous elastic tensor in the optimization design of lattice structures.

Although initial improvements in the mechanical properties of lattice structures were driven by the
functional gradient of single unit cells [50,51], incorporating multi-morphology unit cells can enhance the
stress adaptability and functionality of the lattice structure in different local regions[52,53]. To take
advantage of this, many studies utilize multiple design variables to characterize the artificial hybrid unit
cell, enabling conversion to various microstructures by adjusting parameter values and driving the
homogenization-based topology optimization design of multi-morphology lattice structure[49-52].

Additionally, multi-material interpolation models[53], Kriging metamodels and sigmoid functions[54,55]
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are employed to define multi-morphology lattices for topology optimization. Contrary to the limited
diversity of artificial hybrid unit cells featuring two or three morphologies, adopting the unit cell library
for multi-morphology lattice structures increases available microstructural configurations and broadens
their physical properties[56-58]. Alzahrani et al.[59] emphasize the significance of lattice unit cells
selection from the library, advocating for assigning unit cells with superior mechanical properties to
regions of higher relative density. On this basis, Liu et al.[27] additionally took into account the ratio of
mechanical properties to density proposed weighted selection functions. However, these selection
functions exclusively consider the Young's modulus and volume fraction of unit cells, overlooking the
variance in global elasticity tensor between different unit cells and stress states in different regions of
macrostructure. Finally, the owversight results in suboptimal unit cell configurations in regions
predominantly subjected to shear or coupling forces, thereby limiting the potential for performance

improvement in multi-morphology lattices.

This study aims to develop a rapid method for generating a digital unit cell library for optimizing the
design of multi-morphology lattice structures. The research is organized as follows: Section 2 delves into
a digital generation technique for the unit cell library based on combinatorial mathematics and graph
theory. Additionally, a radial basis function neural network (RBFNN) surrogate model is established to
quickly evaluate the mechanical properties of the unit cells. Section 3 introduces an optimization design
method for multi-morphology lattice structures based on the RBFNN model. Section 4 validates the
effectiveness of the proposed method in designing high-performance, lightweight lattice structures
through three numerical examples. Finally, Section 5 showcases the optimized design results through

Digital Light Processing (DLP) technology for additive manufacturing and mechanical testing.
2. Construction and performance evaluation of unit cell library

In this section, taking the truss lattice as an example, a simple and efficient method of unit cell library
generation is proposed by defining the basic component with modular encoding, which can effectively
ensure the diversity and connectivity of the lattice. Meanwhile, the voxel model is derived through the
modular encoding of each unit cell, and then homogenized to obtain the corresponding elasticity tensor.
Finally, based on the established unit cell library, hyperparameter optimization and training of the RBFNN
are conducted to develop a surrogate computational model that maps the design variables to the elasticity

tensor.



121 2.1 Unit cell construction method

122 The process of establishing a unit cell library is summarized in the flowchart shown in Fig. 1 and
123  involves the following steps. By modifying the base components, this method can be extended to construct

124 aunit cell library for arbitrary truss lattices, ensuring connectivity between them.
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126 Fig. 1 Unit cell library creation process
127 Step 1. The process begins by determining the geometries of the n base components, represented by

128 letter elements, and records their node coordinates and the node numbers at the ends of the rods into a .txt

129 file. For details, see section 2.1.1.

130 Step 2. The hybridization and combination of k base components into varying unit cells is analogous
131  to a combinatorial problem with letter elements. As k ranges from 1 to n, the methodology exhaustively

132  identifies all feasible unit cell hybrids. For details, see section 2.1.2.
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Step 3. The introduction of 0-1 Boolean value enables the quantification of the existence of each base
component within a combination, leading to the generation of n-bit binary encodings representing each

possible unit cell combination. For details, see section 2.1.2.

Step 4. The adjacency matrix of an undirected graph serves to eliminate modular encodings that fail
to meet connectivity constraints, thus ensuring that the unit cells contribute to the cohesiveness of the

lattice structure. For details, see section 2.1.3.

The initially established .txt file is crucial in translating the geometric model into the graph structure,
allowing for the identification of connectable components in the hybrid lattice. The specific details of the

process unfold as follows.

2.1.1 Base components of unit cell

The choice of the basic components is crucial for determining the performance range of the library.
Eight selected base components, shown in Fig. 2, are derived from proven truss unit cells with excellent
mechanical properties, including BCC, RBCC, FCC, octet, and tesseract[9,20]. These components have
been widely used in the optimization design of lattice structures[27,29,53-55,60], exhibiting symmetry
across three orthogonal central planes as well as cubic symmetry. The nodes and rods of each unit cell
component are coded in the order of counterclockwise rotation from the bottom left corner to the top, the
reference frame of the node coordinates is the spatial body-centered coordinate system, and the two
shortest points along the length of the rod are defined as the nodes at rods’ ends, and all the information

is written in a .txt file for the subsequent hybridized combination and homogenization analysis.

S 7

/ C
(a)Component A (b)Componenf B (c)Component C (d)Component D
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Fig. 2 The selected base component
2.1.2 Hybridized combinations and modular encoding

The process of manually selecting and generating a new unit cell from the eight unit cell components
in Fig. 2 is essentially a classical combinatorial mathematical problem, which can be conveniently solved
by exhausting all possible combinations using Eq.(1), which allows for the initial identification of

candidate unit cells.

: n!
Num=;m (1)

where Num=255 indicates the total number of possible combinations; n=8 is the number of base
components; and k is the number of base components contained in the unit cell produced by the

hybridization combination.

Fig. 3 provides examples of unit cells derived from hybridized combinations with different values of
k and the corresponding modular encoding, respectively. The modular encoding characterizes the
combination type contained in the current unit cell, using a 0-1 Boolean value to create a binary encoding
of length n, with components represented by A~H. For example, if components A and B are not included
with k=6, the corresponding modular encoding Xcis[0 0111111 11]. This approach is straightforward
and can quickly parameterize all candidate unit cells.
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Fig. 3 Hybrid combination of lattice unit cells

2.1.3 Connectivity constraints of unit cell

To ensure that the created unit cell library exhibits superior manufacturability and mechanical
properties, it is imperative to meticulously screen all obtained candidates. From both the macro lattice
structure and micro unit cell perspectives, we can derive three connectivity constraints for the truss unit
cell, along with corresponding implementation methods. It is important to note that the theoretical
constraint methods presented are universally applicable for generating an interconnected digital unit cell
library using any basic truss components; the only requirement is to adjust the corresponding constraint

parameters accordingly.

(1) Nodes must contain the 8 vertices of the cube: unit cells in different regions of the macroscopic
lattice structure are typically connected to each other through their own vertices or face-centered points,

resulting in overall connectivity. The more intersections between different unit cells, the more stable the

10
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lattice structure becomes, so it is necessary to ensure that there are at least 8 vertices shared between each
unit cell and the surrounding unit cells. To satisfy this constraint, the sum of the second to fourth elements
in modular encoding must be greater than or equal to 1, as shown in Eq.(2). This is because only

component B, C, or D possess the 8 vertices of the cube.
4
> % -1=0 )
i=2

(2) No dangling components: Each component of the unit cell must be connected to form an effective
load transfer path and ensure manufacturability. Since all the nodes and connections of the unit cell
components are defined in the corresponding .txt files mentioned above, the unit cell generated by the
combination can easily obtain all the nodes and connections through modular encoding, which is exactly
the same definition of the undirected graph in Eq.(3).

G=(V,E)V =2

V(G) ={v,,V,,V;,....V, } 3

E(G) ={(V1,V,), (v, Va)s ey (v, V) }

where G denotes an undirected graph; V is the set of vertices; E is the set of edges, an unordered binary
geometry consisting of elements in V; for an undirected graph G, the unordered pairs (vi,vj) and (vj,vi)

denote the same edge.

Considering that connectivity graphs in graph theory require paths between any two nodes in G,
transforming the geometric information of the unit cell into an undirected graph G can reveal hanging
components that do not satisfy the requirement. And the basic property of the connectivity graph is that it
consists of only one connected component, meaning the graph is fully connected, so the connectivity
analysis can be carried out on the undirected graph G of the unit cell through the adjacency matrix Am, so

as to filter out all invalid encodings in candidate unit cells with more than one connectivity component.

11



201
202
203
204

205

206
207
208
209
210
211
212
213

214

215

. Adjacent matrix .
Geometric Models_ and ; 7 REIGEIGIE 1 Undirected graph
Modular Encoding 2 1 ofcojojolofololo R
3(o] [o] olofofo]ofofofo]0 > ‘__3
4B oEloo|o] ofofajofofofefo]o e
er ] 1“551 ofofofofofofola]o Sgi Connected ™ \
A b L o] ojojojojojojojojo — Components 1 .
] 7(o ol oo JKloEMo[ofolofofofolo]o 9@ T
g|ofojo |EHENoMo|ofolojololofolo]o T N
— ‘sﬂouuuunﬂnuuununn » — \1
(4 | 1(ofojofofofofofofo]o[o]o[EMololo]0 10@ —
K l t1]ofofolofofofofo[ofo]o]oEMolo]o]0 Connected o7,
| - 12|{0]ofojoo]o|o|ofofojojojglofolo]o A0 Components 2
13[0fofofoofo oo |KIENENEN o ENENERE N ),
[01000100] t4{ofofofoJofofofo[o[o[o]o|klolo]o]o A ° ¢
' ey 15/0 /0o fofo|ofofofo]o]o|ofEMolo|o]0 ~ o P
Constraint unsatisfied wloToToToToToToTo oo o o Bl o To o o o + o
17{ofofololofofofofofo]ofojglololo]o 0
12345 6 7 8 9 10111213 14 15 16 17 Number of connected components#1
i = 1 ’_'r Geometric Models and . ?d]acet m:tl:xo aToToTo 1 Undirected graph
R ‘ Modular Encoding 2 1 loJfllelolofololo]o % e >
3(0] ofoJflo/o[ofo]o]0 - = -
. S
y i ’ <K o[oloflolo]oo]o e AV
[ B . l | s | ololofofojklolo]o] L \-'\
| = [R‘K F @ HE 1 R 0 olofofo]flolo } Soel
\ 7 (o [o] 18 o/ofafo]o [ Je Y
| Hﬂ11 @lolojooojojololo p‘ﬂ %1
— sflofofofofofofofofofc[oENololoo
Jé y 100 JElloJofofo[o]o[ofo[o]o|EMolo[o]o 10@
X 110 (o fllojofolojofo]ojo oEMololo]o o7
5\71 12|00 (o flofofo]o]o uuuunu N . -
13/ofofoolofolo]o |KTENENEN o KNERERE
] 7
41?"6_ [01010100] 1400 oo ffllolofooo]o|olololo|o N2 5 ¢
4’12"\3 c traint satisfacti 150 0 ofofoflolofofo[o]o/EMo[o]0]0 ‘20—: ] N
IQ onstraint satistaction 16(0f0]ojojojoglo|o0 o/ogmoO|0|0|0 A =
\ 170]oofofo]o oElo[o[o]oEMo[o]o]0 .
! 2 12345678 9101112131415 1617 Number of connected components = 1

Fig. 4 Screening method based on adjacency matrix of undirected graph
Fig. 4 shows two examples of determining whether there is a hanging combination in the geometric

model by the adjacency matrix Am of the undirected graph G.
The process is as follows:

® Read the .txt file: Obtain the node and connection information of the unit cell according to the
modular encoding;

® Generate the adjacency matrix Am: According to Eq.(4), the matrix Am is constructed. In this matrix,
the element ajj represents the connection weight of the i-th node and the j-th nodes in the undirected
graph G. If there is a connection between two nodes, the weight is 1; otherwise, it is 0.

® Determine the number of connectivity components: This is done using Laplace matrix Lm, The
matrix Lm is calculated as shown in Eq.(5), and the eigenvalue decomposition is performed on Lm.

The number of eigenvalues equal to 0 indicates the number of connectivity components.

1ifvv. €E

ij :{ ! . (4)
0 otherwise

Lm = Dm _Am (5)
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where a;j is the element of the i-th row and j-th column of the adjacency matrix Am; Lm is the Laplace
matrix corresponding to the undirected graph Gm; Dm=diag(d(v1),d(v2),...,d(vn)) denotes the degree matrix,
and d(vn) denotes the degree of the first node vy, i.e., it is the number of vn's neighbors, which is defined

as the following set of nodes {v; & V|vnv; EE}.

(3) All internal nodes must be connected to at least two nodes: to prevent the presence of suspended,
non-functional rods within the unit cell. These suspended rods neither transfer loads effectively within the
unit cell nor contribute to the connectivity between unit cells in the lattice structures. As illustrated in Fig.
5, the reason this constraint is not simply defined as disallowing suspended rods is that Component G (Fig.
2) can create a situation where rods are suspended. However, this type of suspension is acceptable if it
aids in connecting different locations within the lattice structure, particularly when the suspension occurs
at the center of a face rather than within the cell. To enforce this constraint, we examine the sum of each
row or column in the adjacency matrix Am, which indicates the number of neighbors for each node. If any
element in the vector obtained by summing the rows of the adjacency matrix equals 1, and the fourth digit
of the modular encoding is 1, the constraint is not satisfied. This scenario indicates that the unit cell

contains Component D (Fig. 2), which does not meet the requirement.
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Fig. 5 Useful and useless suspension bars for improving connectivity
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2.2 Homogenization method of unit cells

The overall stiffness matrix of the lattice structure depends on its own microstructure. Thus,
estimating the elasticity tensor of each microscopic unit cell is a crucial step for optimizing the lattice
structure in this study. Notably, the homogenization framework based on the 3D voxel model, as
established by Dong et al.[61] and building on the method developed by Andreassen et al.[62] can greatly
simplify the homogenization process for unit cell libraries. This framework uses a voxel model, which
is a hexahedral mesh defined by a 3D logical matrix. It can achieve the required accuracy and solve the
problem efficiently when the voxel resolution is set to 50, while also effectively accounting for the
volume of overlapping nodes compared to using truss or beam elements[61]. For example, considering
the BCC unit cell shown in Fig.6, the volume V.o is calculated as 0.1635 from Eq.(6). This value is only
0.426% different from the geometric model volume of 0.1642, which was calculated using Rhino7

software for a unit cell side length 1.

VI NELE! ©6)

where VLC is the 3D logical matrix of combined voxel model. ny, ny, n; are the number of voxels in the

X, Y, Z direction, which is equal to the size of the resolution of the voxel model.

Fig. 6 shows the homogenization process after the synthesis model is obtained in this paper by taking
BCC with modular code [0 101 01 00] as an example. In other words, the lattice wireframe is generated

by reading the txt files of the base component of the current unit cell according to the modular encoding.

When the voxel resolution is 50, the voxel number along the x, y and z axes is 50. Then, the 3D logical

matrix of each base component is determined by the rod radius size, and the 3D logical matrix of the
combined voxel model is obtained by the fetch and union operation. The element type is set as an eight-
node hexahedral element, the global stiffness matrix and load vector are established, and the corresponding
element displacement is obtained by applying periodic element strain conditions. Then the element
displacement and global displacement field are used to calculate the elastic tensor matrix D, where the
elements can be calculated according to Eq.(7).

L ONIORY o) (i) ©
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where 1% is the element displacements corresponding to the prescribed unit test strain field[61]. Ke is
)

(i)

(e IS the

the element stiffness matrix. (2 is the total volume of the unit cell of the lattice structure.?y

displacement field obtained from the global stiffness equation.
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Fig. 6 Homogenization process of unit cell

2.3 Unit cell performance evaluation model

2.3.1 Performance data set

Based on the above modular encoding unit cell generation, screening and homogenization methods,
the design variable in the data set include the modular encoding and volume fraction of unit cell. The
physical characteristics of the data set include the elastic tensor of the unit cell under different geometric
parameters, the relative elastic modulus, Poisson's ratio, and shear modulus calculated according to
Eq.(8), in addition, the ratio of the unit cell to the mechanical characteristics of the material E/Eo, v/vo,
G/Go, and so on. Here Eo= 210GPa, vo=0.3, Go= 808GPa.

15



272

273
274

275

276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295

1/ El - 12/ El _Vls/ E1 0
_V21/ Ez 1/ Ez _Vza/ Ez 0
_V3l/ E3 _V32/ Ea ]/ Es 0

O O O o
O O O O o

S= 8
0 0 016G, ®)
0 0 0 0 1/G,
0 0 0 0 0 1G]

where S is the inverse of D. Since the unit cell composed of hybrids exhibits cubic symmetry, the relative

elastic modulus and Poisson's ratio in all directions are the same as in the shear model, that iISE1=E=Eg3,

G1=G2=G3, V12=V13=V21=V23=V31=V32,

The high quality of the unit cell library is primarily reflected in three aspects: a wide distribution of
mechanical properties, a rich variety of unit cell types, and the absence of invalid rods with effective
connectivity between all unit cells. Based on the eight base components selected in this paper, 133
effective unit cells can be screened from the 255 unit cells generated using the construction method
outlined. This represents a proportion of 52.2%, which is significantly higher than the 0.196% reported
by Hamza Sulayman Abdullahi et al.[29]. This indicates that a substantial number of invalid
configurations can be avoided by carefully selecting and configuring the base components. The resulting
library includes not only commonly used unit cells such as cross, FCC, and BCC, but also many new
configurations. The high quality of the unit cell library is primarily reflected in three aspects: a wide
distribution of mechanical properties, a rich variety of unit cell types, and the absence of invalid rods,
ensuring effective connectivity between all unit cells. Based on the eight base components selected in this
study, 133 effective unit cells were identified from the 255 unit cells generated using the outlined
construction method. This represents a proportion of 52.2%, indicating that a substantial number of invalid
configurations can be avoided through careful selection and configuration of the base components. The
resulting library includes not only commonly used unit cells such as cross, FCC, and BCC, but also many
novel configurations. Using these effective unit cells, different rod radii were assigned to generate voxel
models for homogenization, with the relative density calculated using Eq.(6) to determine Vyo. The range
of rod radii for each unit cell was set between 0.03 and 0.43 times the cube edge length. Different radius
values within this range were selected within this range to ensure that each unit cell contains at least one
sample point in the Vyo ranges of 0-10%, 10-20%, 20-30%, ..., 70-80%, and 80-85%. Additionally,
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samples with Vo greater than 85% were removed, as high-density lattice structures approach solid
materials. 1399 samples satisfying the above requirements were generated.

Fig. 7 illustrates the range of mechanical properties for 1,399 samples in the unit cell library dataset.
The ranges for equivalent Young's modulus, shear modulus, Poisson's ratio, and relative density are
[0.021, 151.69] MPa, [0.0029, 58.51] MPa, [0.019, 0.495], and [1.37, 84.99] %, respectively. Although
research by Panetta et al. and Liu et al.[27]'s generates more unit cell types by varying rod radius and key
point positions, the Young's modulus and shear modulus ranges in the current work are broader within the
given density range [1.37, 84.99]%. Furthermore, the connectivity between different types of unit cells is
more advantageous compared to the libraries constructed by Liu et al. and Li etal. [27,28]. The framework
presented here is adaptable to any number of base components, and as the number of base components

increases, the variety of unit cell configurations obtained through hybridization will become more diverse.
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Fig. 7 Relative Young’s modulus, shear modulus, and Poisson ratio for the unit cell library
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2.3.2 Radial Basis Function Neural Network

To drive subsequent optimization designs of multi-morphology lattice structures based on proposed
unit cell library, it is imperative to establish a computational model for the elastic tensor D that accounts
for the unit cell's relative density pe and modular encoding xc. Given that the RBFNN exhibits superior
local approximation capabilities, essential for accurately capturing the microscopic performance
characteristics of various unit cells, we have chosen to employ RBFNN for hyperparameter optimization
and training using the dataset established in Section 2.3.1. This approach ensures an accurate assessment
of the performance of different unit cells. In this configuration, the input layer consists of a discrete
modular encoding Xc=[X1, X2, ...Xg] and a continuous relative density value pe, while the hidden layer is

composed of n radial basis functions, as represented in Eq.(9) below.
1 2
;/i,(x):exp(—z—szDX—CiD) ©)

where X=[Xc, pe] is the input vector. ci=[Cis,...,Cio] IS the center vector of the i-th radial basis function,

determined during the training of the RBFNN. s; is the spread parameter of the radial basis function.

The output vector y=[D11,D44,D12] is calculated by Eq.(10). For the elasticity tensor of unit cell in
unit cell library, D11=D2,=D33, D24=Dss=Dss and D12=D13=D21=D23=D31=D35.

Y =Zn:vvij¢i(x)+bj 1=12,3 (10)

where wij is the weight from the i hidden layer neuron to the j output layer neuron.bj is the bias of the j

output layer neuron.

The choice of RBFNN hyperparameters will directly influence the accuracy of the computation of
the unit cell elasticity tensor Dj;. Compared to other hyperparameter optimization methods, such as grid
and random search, the Bayesian optimizer offer several advantages. It automates and streamlines the
optimization process by leveraging historical information, considering uncertainty, and adapting to
continuous hyperparameter spaces. Therefore, to ensure that the developed RBFNN is accurate and
without overfitting, a Bayesian optimizer was utilized to optimize the hyperparameters of a RBFNN,
including the spread parameter s; of the RBF function in Eq.(9) and the maximum number of hidden layer
neurons n in Eq.(10).

18



335
336
337
338
339

340
341
342
343
344
345
346
347
348
349
350

Fig. 8 illustrates the hyperparameter search scope of RBFNN and the chosen objective function was
the mean of squared errors obtained through five-fold cross-validation, which enhanced the robustness
and reliability of the evaluation process by minimizing the risk of overfitting and accounting for different
data configurations. The convergence criterion of the hyperparametric optimization is set to reach the

maximum number of iterations 100 or then the rate of change of the objective function is less than 0.001.
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Fig. 8 The process of five-fold cross-testing in hyperparametric optimization.

Through hyperparameter optimization, the optimal hyperparameters of RBFNN are determined as
n=298 and si=1.91. Fig. 9 depicts the performance evaluation result of the RBFNN model, optimized
through hyperparameter tuning. This evaluation reveals that the model achieves remarkable precision in
predicting the unit cell’s elasticity tensor values within the library database. Specifically, the coefficient
of determination (R?) for both the training and test datasets consistently lies between 0.994 and 0.999.
Furthermore, the model demonstrates an exceptionally low average relative error rate (errmean) of merely
1.3%, coupled with a standard deviation of the error rate (errsa) below 0.4%. These metrics underscore

the RBFNN model's high accuracy and robustness against overfitting, underscoring its substantial

reliability for calculating the elasticity tensor of unit cells.
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Fig. 9 Performance obtained by training RBFNN with optimal hyperparameters.
3 Design of multi-morphology structure using digital unit cell library

In this section, we propose an optimization design method for multi-morphology lattice structures
using unit cell library, as depicted in Fig. 10. As mechanical characteristics of the macro lattice structure
depend on the type and volume fraction of the micro unit cell, the topology optimization design of the
lattice structure is first carried out to obtain the ideal volume fraction of the microscopic unit cell, and
determine the stress vector of each unit cell. Then, a 0-1 integer programming model is developed with
the objective of minimizing the element strain energy, taking into account the limitations of the volume
fraction of the microscopic cells. The model will traverse the various modular encodings x in the unit cell
library to determine the optimal type of each microscopic unit cell. After updating the unit cell type,
secondary topology optimization is performed for the macroscopic lattice structure. Throughout the
process, the updating of the stiffness matrix and sensitivity information relies on a Radial Basis Function

Neural Network (RBFNN). Specifically, the elastic tensor for each element during the optimization
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365  process can be computed using Eq.(10), which is then used to assemble the stiffness matrix. For the
366  detailed derivation of sensitivity calculations using RBFNN, please refer to Eq.(13) in Section 3.1. The
367  detailed process of calculating the radius of unit cell in the post-processing in Fig. 10 is shown in Appendix
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3.1 Density field design of multi-morphology structures

The unit cell through homogenization can be regarded as a set of solid elements with different volume
fractions that make up the macro lattice structure. The optimization variable of the topology optimization
is the density value p, which is equivalent to the volume fraction V, of the micro unit cell, and the obtained
optimal density field guides the selection of the volume rate of the unit cell inside the lattice structure.

The formula for density field updating of multi-lattice structures is given in Eq.(11):

Find: p={p,,... oy}
N
Minimize: C(p)=U"KU =) uiK.u,

e=1
N
Subject to: > pV, -1V, <0 (11)
e=1
KU=F

0<Pin P P €=1...,N

where K = ZS K, = ZS '[Q_ B'D,BdQ); is the global stiffness matrix of lattice structures, and De uses the

RBFNN of Eq.(10) for calculation. C is the compliance of the lattice structure. U and F are the global
displacement and load vectors of lattice structure, respectively. K is the global stiffness matrix of the
lattice structure, which is determined by the type and volume rate of the unit cell. pmin and pmax are the
minimum and maximum volume rates of the unit cell, respectively. # is the volume rate of the lattice
structure. Ve and Vi, are the volumes of hexahedral units and lattice structures internally filled with unit
cells, respectively. N is the number of all unit cells in the lattice structure. ue and ke are the displacement

vector and stiffness matrix of the unit cell, respectively.

The density field of lattice structure is updated by the Optimality Criterion rule[63] and density
filtering is introduced to ensure the existence of Eq.(11) solution[64]. In addition, sensitivity analysis is
needed to drive topology optimization. Consider that elastic tensor matrix D of the unit cell depends on
its own volume rate and the type of structure, so the expression for the sensitivity of the objective function

is as follows Eq.(12).

oC, =-u, K, u, =-u, I B MBdQe u, (12)
op. op. o P
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where Ce isthe compliance of i-th unit cell at the macro scale. B is a geometric matrix of 8-node hexahedral
elements. €, is the elemental domain. By combining Eq.(9) with Eq.(10) and applying the chain rule of

calculus, we can derive the partial derivative of the RBFNN output vector y=[D11,D44,D12] with respect to
the density p, as shown in Eq.(13).

%Y; Z o4, ZW o¢  olx—c [P
op, S 6pe = " olx-c¢[F  09p,

n

Z ij 2 (pe

(13)

where cig is the eighth component of the center vector of the i-th hidden layer node. Through Eq.(13), the

oD, (p,,X)/0p, in Eq.(12) can be calculated according to Eq.(14).

oD, /dp,
oD,,/op, oD, /dp, symmetry
D, (£, X) _ 0Dy, /0p, 0D, /0p, Dy /0p, (14)
op, 0 0 0 oD,,/op,
0 0 0 0 oD,,/op,
0 0 0 0 0 oD,,/op, |

3.2 Selection unit cell types for multi-morphology structures

Once the density field is determined by the topology optimization, the selection of unit cells can be
analyzed from the following two points. Stress and Load Considerations: The stress experienced by each
unit cell within the macro lattice structure serves as an internal force for the lattice and an external load
for the microscopic unit cell. Thus, the stress vector ce for all elements must be computed under the
determined density field. This stress vector ce is then used as the external load for the micro unit cell. Unit
Cell Response: Different unit cells, characterized by distinct elastic tensor matrices D, will exhibit varying
strains under specific volume fractions and applied stresses. For each unit cell type, the strain is computed
in response to the applied stress oe, leading to the determination of the strain energy U, of the microscopic

unit cell.
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In summary, to select the most suitable unit cell, the following procedure is used: calculate the stress
vector g, for all elements based on the density field, apply this stress as an external load to each unit cell,

and then determine the corresponding strains to calculate the strain energy U,.

Obviously, under the same external load and volume rate, the better the mechanical properties of the
unit cell to resist deformation, the corresponding strain energy is smaller. The process is a 0-1 integer
programming problem as shown in Eq.(15) below. The search space of the optimization variable x of Eq.
(15) is the 133 modular encodings in the unit cell library, and the optimal solution can be obtained by
using the implicit enumeration method, which determines the best selection of each unit cell in the lattice

structure.

Find: x={X,... X}

Minimize: Ue(X)=%6189Ve
Subject to: D, (x)e, =o, (15)
VvoI = pe

x=0o0rli=1..,8

where x and Ve is the modular encoding and the volume of unit cell, respectively. ce=DeBuUe is the unit

cell center stress vector[oy,07],0;,0,,0,,,0,] . e=De'ce is the strain vector corresponding to e. De is

Xy!~yz?

calculated using RBFNN
4. Numerical examples

In this section, we demonstrate the advantages and robustness of the proposed method through three
numerical examples. All examples were computed on a standard desktop PC equipped with an Intel(R)
Core(TM) i7-13700F processor (16 cores, 2.1 GHz) and 32 GB of RAM. The material properties in the
examples are set with an elastic modulus Eo of 210GPa, a Poisson's ratio vg of 0.3. The cubic unit cells
composing the lattice structure have an edge length of L=10 mm. The minimum density pmin and the
maximum density pmax are set separately in each numerical example, while the optimized lattice structure's
volume fraction is chosen to be #=(pmin+pmax)/2. The modular encoding for base unit cell issetas [11 1
1111 1], and the initial density of all unit cells is equal to the lattice structure's volume fraction #.
Convergence criteria for topology optimization is defined as the Euclidean norm between the density from

the previous optimization iteration and the current density being less than 1x10-6[65], or upon reaching
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the maximum number of iterations, set at 1000. The finite element analysis used Ferrari et al.[65]'s
MATLAB based framework.

4.1 Cantilever beam

The first example concerns the optimization design for a cantilever beam, with the minimum and
maximum density values (pmin, pmax) and the efficiency parameter(z) set to 0.1, 0.6, and 0.35, respectively.
Fig. 11 illustrates the geometric parameters and boundary conditions of this case, where L denotes the side
length of 10mm for the element. The domain's left region is fixed, while a concentrated force F of 1000N
is applied at the nodes in the middle of the right side, acting in the negative Z-direction. In terms of
computational efficiency, the optimization for a design domain comprising 3,000 elements with a total of
14,229 degrees of freedom took a reasonable time of 34.06 minutes. The time spent on the topology
optimization of the macroscopic density field was 848.7394 seconds, with an average iteration time of

1.9923 seconds, while the selection of the microscopic unit cell required 1194.8398 seconds.

A

30L

Fig. 11 Boundary conditions and design of the 3D Cantilever beam

Fig. 12 plot the iterative history of global compliance during the optimization process at a volume
fraction of 35%, encompassing three distinct stages: topology optimization of the base lattice structure,
unit cell selection, and secondary topology optimization. It can be observed that the compliance smoothly
decreases throughout the optimization, with the volume fraction consistently maintained, validating the
numerical stability of the methodology proposed in this study. Notably, the compliance of the base lattice
structure was reduced from 520.977 mJ to 280.818 mJ through density field design. Subsequent 0-1 integer
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programming for unit cell selection led to a further 6.468% decrease in compliance. Finally, the secondary
topology optimization resulted in an additional reduction of 2.024 mJ in compliance. These findings

demonstrate the effectiveness of the optimization design framework presented in this paper.

Fig. 13 illustrates the geometric model of the final optimized structure, in which more stable spherical
reconstructions are employed at the nodes of different unit cells. This has been further highlighted by
magnified local views. The optimization yielded six distinct unit cells, each with unique morphological
and mechanical characteristics, strategically populated within the most appropriate stress-bearing regions.
For instance, on the upper and lower sides of the fixed end, where the axial tensile and compressive
stresses reach their maximum values, there exists a distribution of unit cells predominantly consisting of
cubic rods. In other regions, the introduction of crossed diagonal struts enables the unit cells to better

accommodate shear forces and non-axial loading conditions.
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Fig. 12 Iteration histories of objective and constraint function for 3D Cantilever beam

To better investigate the mechanical characteristics of the selected unit cell, Fig. 14(a-c) presents the
distribution of mechanical properties within the final optimized cantilever beam’s unit cell. Fig.17(a-C)
depict the relative elastic modulus, relative shear modulus, and relative Poisson's ratio, as well as their
respective ranges of density distribution for the various types of unit cells. It is observed that at the same
density level, the gray and purple unit cells exhibit the highest elastic moduli, while possessing the smallest

shear moduli and Poisson's ratios, which are more favorable for resisting uniaxial stress. Meanwhile, the
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473  orange, blue, and green unit cells, which fill the high-density core stress regions, demonstrate larger elastic
474 moduli and Poisson's ratios, and their elastic moduli are also situated in an optimal range, allowing them
475  to better accommodate the combined effects of shear and tensile compressive loads.

Density p
0.1

(b)

476
477 Fig. 13 The geometric model of the final optimization result of cantilever beam
478 In addition, the distributions of the von Mises principal stress for the initial structure (1st Iteration),

479  topology optimization result (301th Iteration), and the final optimized result (426th Iteration) are depicted
480  inFig. 14(d). It is observed that the preliminary topology optimization leads to a 56.38% reduction in the
481  mean von Mises principal stress, with the stress distribution tending more towards the lower stress regions,
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suggesting a material distribution that is more aligned with the trajectories of stress. However, an increase
of 15.42% in the maximum von Mises principal stress indicates a certain degree of stress concentration.
Fortunately, subsequent to the selection of the unit cell, the final optimized result not only further reduces
the average principal stress by 5.97%, but also limits the increase in maximum von Mises principal stress

to only 4.86% compared to the original structure, thus mitigating local stress concentrations.
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Fig. 14 Mechanical properties of unit cells in final optimized cantilever beam
4.2 L-shaped beam

The second case study concerns a optimization design for an L-shaped beam, with density constraints
and volume fractions identical to those in the first example. The upper surface of the design domain is
fixed, and the 500N node force is applied to element nodes on the right surface 10mm from the top edge.

Specific geometric parameters and boundary conditions are illustrated in Fig. 15. The design domain
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consists of 4,320 elements with a total of 15,873 degrees of freedom. The optimization process took a
total of 43.46 minutes, with the macroscopic topology optimization consuming 1121.9699 seconds,
averaging 6.3032 seconds per iteration, while the microscopic unit cell selection required 1485.5947
seconds. Fig. 16 displays the global compliance update history throughout the entire optimization process,
during which the volume fraction of the structure remained stable. The compliance of the base lattice
structure was initially reduced from 1114.83 mJ to 426.46 mJ through topology optimization.
Subsequently, the introduction of new unit cell types through unit cell selection led to a further reduction
in compliance by -5.754%. Finally, the compliance converged to 400.929 mJ through secondary topology
optimization, demonstrating the scalability of the proposed method for irregular design domains.
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Fig. 15 Boundary conditions and design of the L-shaped beam

Fig. 17 showcases the geometric model reconstruction of the optimized L-shaped beam result. The
distribution of mechanical properties and densities of the two predominant unit cell types, purple and gray,
is more extensive in Fig. 18 (a-c) due to an increased number of fixed-end elements. All six unit cells
encompass the initial eight base components (Section 2.1). The gray and purple unit cells, primarily
composed of cubes (containing Components A and B), are located in constrained areas, offering a more
direct material distribution for uniaxial stress-bearing. In contrast, the remaining unit cells exhibit FCC
and BCC-like structural features (containing Components C, D, and F), enabling them to better adapt to
complex stress states not dominated by a single stress type. Additionally, some unit cells possess

hypercubic structures (containing Component E), such as the blue and green unit cells, which are
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513  distributed between the cubic types and the BCC, FCC types, aiding in the stress transition within the
514  lattice structure. In conclusion, the unit cell selection methodology presented in this study is reliable and
515  effective. It successfully identifies the optimal unit cells from the library to match stress states in different
516  regions of the lattice structures.
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518 Fig. 16 Iteration histories of objective and constraint function for L-shaped beam
519 Moreover, the variation in the VVon Mises principal stress distribution also demonstrates the validity

520  of the proposed optimization design method and the chosen unit cell results. As indicated in Fig. 18(d),
521 the final optimization result after the introduction of multiple unit cells (178th Iteration) is superior to the
522 initial topology optimization with a single unit cell (106th Iteration), with a reduction of 6.42% in the
523  maximum Mises principal stress and a decrease of 33.77% in the average Mises principal stress compared
524  to the original structure.
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526 Fig. 17 The geometric model of the final optimization result of optimized L-shaped beam
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Fig. 18 Mechanical properties of unit cells in final optimized L-shaped beam
4.3 MBB beam

The third numerical example is MBB beam, with the parameters pmin, pmax, and # set to 0.2, 0.6, and
0.4, respectively. Fig. 19 presents the specific geometric dimensions and boundary conditions, by
introducing symmetry boundary conditions, the design domain is reduced to half of the original structure,
and F=1000N applied to the element nodes. The global compliance variation throughout the optimization
process is depicted in Fig. 20. As expected, the global compliance initially converges from 277.659 mJ to
173.869 mJ after initial topology optimization, and then further decreases by 8.76% due to the choice of
unit cell, ultimately converging to 157.131 mJ through Secondary topology optimization. The entire

optimization process takes only 34.2318 seconds.
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538 Fig. 19 Boundary conditions and design of the MBB beam
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540 Fig. 20 Iteration histories of objective and constraint function for 3D MBB beam
541 Fig. 21 displays the geometric reconstruction models of the original structure, the initial topology

542  optimization result, and the final optimization outcome. In the final optimization result, apart from the
543  cubic components retained at the symmetric boundary for the tension and compression sides, the
544  remaining unit cells concentrate material at the face-centered and body-centered cross points, which aligns
545 more closely with the stress conditions of the MBB beam structure. It is noteworthy that due to the

546  increased minimum density, the pink unit cells appearing in the first two examples are absent in this case,
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indicating that within the present unit cell library, the mechanical performance of this unit cell is not

outstanding at volume fractions above 0.2.
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Fig. 21 Topology optimization process for 3D MBB beam
5 Experimental investigations

To further investigate the effectiveness of the proposed method, the additive manufacturing and
mechanical testing of the numerical example results is presented in this section. We selected a DLP 3D
printer (SimpNeed P1000) and its standard white resin (SimpNeed UV Ultra) for the fabrication of the
lattice structures in Appendix B. The detailed physical properties of the printing material are listed in
Appendix C below. Mechanical testing was conducted at the Mechanics Experimental Center at Southeast
University, using an INSTRON 3367 testing machine to perform three-point bending tests on the MBB

beams, with a displacement loading rate of 2 mm/min.

Fig. 22(a-c) illustrates the deformation behavior of three sets of specimens prior to failure. The
observation are as follows: The specimen in Case A failed due to localized damage, characterized by
micro-rods breaking and shearing off at the supports and under the loading head. This indicates that the
design was unable to effectively manage concentrated stresses, leading to premature failure at specific
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563  points. In Case B, where the optimal material distribution was achieved through topology optimization,
564  no significant local fractures were observed. However, the microstructural unit cells experienced
565  significant buckling at the supports. This buckling is attributed to the uniformity of the unit cell type,
566  which may have resulted in inadequate support under compressive loads. Case C demonstrated an
567  effective solution to the issues of local buckling and fracture by incorporating a variety of unit cells. In
568 this case, no significant deformation was observed in the unit cells at the supports and under the loading
569  head prior to failure.
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Initial specimen position
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570 Fig. 22 Test result of MBB beam during three-point bending
571 Fig. 22(d) records the full load-deflection curves at midspan during testing. It is evident that the final

572  optimization result incorporating unit cell selection (Case C) outperforms the other cases in terms of

573  stiffness and load-bearing capacity, confirming the numerical results presented in Section 4.3. For the

574  initial elastic section, which reflects the stiffness of the overall lattice structure, Case C demonstrated a
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notable improvement of 44.24% over Case B. Case B itself showed a 27.37% increase in stiffness
compared to Case A. Regarding load-bearing capacity, Case C exhibited increases of 13.64% and 47.70%
over Cases B and A, respectively. In summary, the optimization design methodology proposed in this
study effectively enhances both the initial stiffness and ultimate strength of lattice structures, achieving

these improvements without increasing material usage.
6 Limitations and future work

In the realm of numerical computation methods, the voxel-based approach is indeed straightforward;
however, it often fails to accurately capture complex three-dimensional stress fields, particularly at the
intersections of rods. Future research should focus on developing precise geometric models by
parameterizing unit cells using modular encoding and relative density, which could subsequently be

applied for homogenization[66].

Furthermore, the definition of compliance as presented in Eq.(11) is only applicable under zero
Dirichlet boundary conditions. A more comprehensive definition of compliance, based on the total
potential energy of the structure, should be considered for optimization designs that involve non-zero
Dirichlet boundary conditions or non-homogeneous Neumann-Dirichlet boundary conditions[67,68].
Additionally, both existing studies and the current work rarely incorporate the scale separation condition,
which is emphasized in the literature[37], into the problem framework and numerical examples to enhance
optimization efficiency. Specifically, the characteristic length scales across different sizes often do not

vary by 2 or 3 orders of magnitude. This aspect warrants greater attention in future research efforts.

On the other hand, while the proposed method exhibits good computational efficiency in benchmark
examples, the implicit enumeration method utilized for optimizing the unit cell types results in a linear
increase in computational cost as the number of grids increases. Therefore, future work could benefit from
the introduction of dynamic clustering algorithms for the optimization design of complex or large-scale
structures in practical engineering applications. By categorizing elements into different clusters based on
stress vectors derived from density optimization results and performing unit cell type optimization only
once for each cluster centered on its core, design efficiency could be significantly enhanced. Moreover,
the generation and selection process of the unit cell library in this study did not take into account additional

constraints imposed by specific materials and fabrication processes. For example, considerations related
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to overhang angles and wall thickness when using PLA material for 3D printing should be integrated into

the future expansion of this research.
7 Conclusion

In this study, we introduced an innovative approach for creating a digital unit cell library aimed at
optimizing the design of multi-morphology lattice structures. This method's primary advantage lies in its
ability to quickly generate a vast array of unit cells that not only adhere to connectivity constraints but
also exhibit a wide range of mechanical properties. During optimization, an RBFNN surrogate model is
utilized to select 133 candidate unit cells, allowing for better adaptation to structural regions with varying

stress conditions, thus significantly enhancing mechanical performance without increasing material use.

Specifically, the use of modular encoding and an adjacency matrix ensures that both unit cells and
the resulting multi-morphology lattice structures comply with connectivity requirements. The integration
of modular encoding with the voxel model significantly simplifies the homogenization process for the unit
cell library. Instead of relying on regression equations to evaluate the elasticity tensor of individual unit
cells, a data-driven RBFNN was employed as a surrogate model. This approach allows for the efficient
evaluation of the elasticity tensors for various unit cells. The explicit formulation of the RBFNN also
facilitates the rigorous derivation of sensitivity for topology optimization, enabling the precise
determination of the optimal volume fraction for each unit cell within the multi-morphology lattice

structures.

To identify the optimal unit cell for different stress regions within the multi-morphology lattice
structure, a 0-1 integer programming model was employed with the objective of minimizing element strain
energy. The effectiveness of the framework was demonstrated through three numerical examples, which
achieved significant reductions in compliance and efficient calculations. Mechanical tests further
validated the framework, showing notable improvements in both stiffness and load-bearing capacity of
the optimized multi-morphology lattice structures. The proposed framework is expected to be a valuable
computational tool for designing lattice structures in various fields, including civil engineering, aerospace,

biomedical, and mechanical engineering.
Appendix A

The radius calculation process for each unit cell in the multi-morphology lattice structures is as

follows:
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(1) Predefine variables: Set the search range for rod radius to be 0.03 to 0.43 times the unit cell side
length L; generate the lattice wireframe based on the modular encoding optimization results (as shown in
Fig. 6).

(2) Bisection search: Each update regenerates the voxel model based on the radius and lattice
wireframe; use Eq.(6) to compute the unit volume fraction (density) from the voxel model's logical matrix;
repeat the above process until the error between the computed volume fraction and the optimized cell

density is less than 1%.
Appendix B

Fig. 23 shows the three sets of MBB beams corresponding to the initial lattice structure (Case A), the
density-optimized lattice structure (Case B), and the final optimized result (Case C). To account for
potential random errors in mechanical testing, each set of MBB beams included two identical specimens.
Each unit cell has a side length of 10 mm, with the thinnest internal micro-rods having a diameter of only
0.595 mm. No significant deformation or fracture was observed in the micro-rods of any specimens. The
Digital Light Processing (DLP) process was carried out with a scanning speed of 7500 mm/s and a layer

thickness of 0.03 mm.

(a)MBB Case A

Fig. 23 DLP manufacturing results of the MBB beam
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Appendix C

Table 1 The physical characteristics of SPR6000B epoxy resin

Property Test standard Magnitude
tensile strength ASTM D638M 45.1 MPa
compression strength ASTM D638M 85.3 MPa
elongation at break ASTM D638 9.3~10.2 %
bending strength ASTM D790 65.9 MPa
bending modulus ASTM D790 2178~2210 MPa
Distortion temperature ASTM D680 045MPa 46.8°C
Poisson’s ratio 0.41

Density 1.15 g/cm?
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