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ABSTRACT

This paper presents a novel multiscale explicit topology optimisation approach for concurrently
optimizing the structure at the macro level and the bio-mimicking porous infillings at the micro
level. Solid bar components with cross-section control at the macro level and sphere
components at the micro level are constructed as the minimal control units to replace the
manipulation of material distribution at each grid. The overlapping, moving and morphing of
bar components provide the ability to generate flexible structural shapes at the macro level.
Using the inspiration of the turtle shell (carapace), the sphere components are designed to
move, overlap, and resize inside the bar to sufficiently mimic both the regular and irregular
porous features. Classical beam designs, lattice structure designs and unit cell designs are
illustrated as numerical examples to demonstrate the functionalities and correctness of the
proposed method. As a result, the stochastic pores distribution and porosity control can be
validated. The abilities of optimising lattice structure at truss-level and single unit cell level are
demonstrated. Moreover, the samples are fabricated by selective laser melting (SLM) technology
and then scanned with the X-ray micro-computed tomography (micro-CT) technique to further
examine the manufacturability.
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1. Introduction

Across the long periods of evolution, natural creatures Topology optimisation, which originated from the
have developed and optimised structures with porous, ~ homogenisation method proposed by Bendsge and
grading, stochastic and hierarchical features to  Kikuchi (1988), is a numerical based method that can

achieve superior functionalities (Ghazlan et al. 2021;  determine the material distribution with respect to an

Tran et al. 2017). These functionalities, which include
lightweight, high-strength, impact resistance and
energy absorption capacity, can help creatures to
survive under harsh environmental conditions. In
recent decades, the development of the additive man-
ufacturing (AM) technique, which fabricates parts by
adding materials layer by layer, enabled the possibility
of fabricating complex structures (Tee and Tran 2021;
Wickramasinghe, Do, and Tran 2020). With the progress
in the AM technique, researchers have designed bio-
inspired structures to surpass traditional engineering
materials. For applications such as customised implants,
there is a need to design and tailor structures to fit in
specific geometrical constraints and applications. There-
fore, extending the traditional bio-inspired structural
design methods to obtain more freedom is appealing
and significant.

optimised target within a design space under pre-
defined loadings, boundary conditions and constraints.
Topology optimisation methods, which have already
taken an essential role in structural design, can per-
fectly satisfy the design freedom on customised
shapes and loadings. Starting from the classical top-
ology optimisation methods, such as the solid isotropic
material with penalisation method (SIMP) (Bendsge
1989), the evolutionary structural optimisation
method (ESO) (Xie and Steven 1993) and the level-
set algorithms (Wang, Wang, and Guo 2003) that aim
to resolve linear minimal compliance problem with
volume constraints, many topology optimisation
methods have been developed for advanced function-
alities, e.g. structural optimisation with nonlinearity
(Buhl, Pedersen, and Sigmund 2000), stress-based
optimisation (Holmberg, Torstenfelt, and Klarbring
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2013), and buckling load factor optimisation (Gao and
Ma 2015).

The development of AM also revitalises the design
and optimisation of hierarchical structures. Various mul-
tiscale topology optimisation methods, which com-
monly utilise lattice structure as the infillings at the
micro-level, have been developed to reach functional-
ities such as buckling resistance (Clausen, Aage, and
Sigmund 2016), super lightweight (Sanders, Pereira,
and Paulino 2021), and anisotropic elasticity controlling
(Lee et al. 2021). The main approaches of multiscale top-
ology optimisation include optimising infillings by
grading the geometric features of the single-type unit
cell (Wang et al. 2020), optimising infillings by
mapping multiple types of unit cells from the pre-
defined library (Sanders, Pereira, and Paulino 2021), opti-
mising infillings and designing unit cells simultaneously
(Liu, Kang, and Luo 2020) and optimising infillings by
stretching and rotating the unit cell via de-homogenis-
ation method (Kumar and Suresh 2020). The design of
microstructures and hierarchy are key points for struc-
tural performance in multiscale topology optimisation.
Therefore, the two vitally important factors in the
multiscale topology optimisation, which are the design
of unit cell patterns and the control of unit cell compo-
sitions among the microstructure, are further investi-
gated due to their significant relations to structural
performance.

Currently, lattice structure and bio-inspiration are
regarded as two effective tools to effectively design pat-
terns of unit cells. Complex biological microstructures
have deprived researchers of directly mimicking biologi-
cal materials without simplifications (Du Plessis et al.
2019). Lattice structure, which is constructed by periodic
arrangement of unit cells, provides one feasible way to
design manufacturable bio-mimicking structures. There
are various lattice structures have been fabricated by
different types of AM techniques, e.g. truss lattice struc-
ture (TLS) manufactured by material jetting (Alberdi et al.
2020; Ghannadpour, Mahmoudi, and Nedjad 2022;
White et al. 2021), triply periodic minimal surface
(TPMS) based lattice structure by material jetting
(Afshar, Anaraki, and Montazerian 2018; Kadkhodapour,
Montazerian, and Raeisi 2014), TLS by fused deposition
modelling (FDM) (Gautam, Idapalapati, and Feih 2018;
Ravari et al. 2014), TPMS based lattice structure by
FDM (Peng et al. 2021, 2022), TLS by selective laser
melting (SLM) (Alomar and Concli 2021; Xiao et al.
2018) and TPMS based lattice structure by SLM (Liu
et al. 2022; Peng and Tran 2020). Lattice structure has
also been enhanced via bio-mimicking, such as honey-
comb structure mimicking pomelo peel (Zhang et al.
2019), tubular structure mimicking tendon (Zhang

et al. 2018) and TLS mimicking euplectella aspergillum
(Sharma and Hiremath 2022).

The effectiveness of multiscale topology optimisation
highly depends on the control of the compositions of
unit cells among the microstructures. The control of
the microstructure requires connections between struc-
tures at the macro-level and the micro-level. Currently,
the main approach to constructing the bridge between
the geometry of the unit cell and the related mechanical
property at the macro-level is the homogenisation
method. In the traditional topology optimisation
methods, such as SIMP, the design is constructed by
the density map among the discretised elements. The
optimisation of design is achieved by the manipulation
of the densities at the element level. Therefore, as con-
struction units, the element itself does not include any
geometric features. The passive control of geometric
features causes the lack of ability to achieve stochasticity
among microstructures. In addition, the passive control
of geometric features leads to insufficient separation of
functional regions, such as shell and core regions in bio-
logical materials. Therefore, the exploration of topology
optimisation methods that are capable of actively con-
trolling geometric features is beneficial for mimicking
biological materials.

Recently, a new stream of topology optimisation,
which has been categorised as the discrete geometric
component-based approach (Wang et al. 2021), has
been developed to facilitate the active control of geo-
metric features during optimisation. In the beginning,
the moving morphable components (MMC) approach,
which is first proposed by Guo, Zhang, and Zhong
(2014), can facilitate 2D topology optimisation explicitly.
The simplistic idea of component-based topology
optimisation methods is to control parameterised geo-
metric primitives rather than control the density at
each discretised element. With control over pre-
defined geometric parameters, the geometric com-
ponents can move, morph, and combine with other
components. To evaluate the objective function, such
as stiffness, the parametrised components are projected
onto a density grid to facilitate the sensitivity analysis
(Hoang et al. 2020a, 2020b, 2020c). Several works have
extended this method to 3D structural optimisation pro-
blems for single scale (Hoang and Nguyen-Xuan 2020;
Zhang et al. 2017). In addition, component-based top-
ology optimisation approaches have been applied to
guarantee the hollow features via the control of
hollow parametrised geometric components (Bai and
Zuo 2020; Lan and Tran 2021; Zhao et al. 2021).

In this work, a novel explicit multiscale topology
optimisation method based on the discrete geometric
component-based approach is proposed to design bio-



mimicking structures. The closed-form foamy feature,
which is commonly existed in biological materials such
as turtle shell (carapace) (Achrai and Wagner 2017),
pomelo peel (Thielen et al. 2013), porcupine quill
(Yang and McKittrick 2013) and luffa sponge (Shen
et al. 2012) to maintain strong without losing high
stiffness, is regarded as the target of bio-mimicking. A
novel path to the design of advanced customised pro-
ducts with more freedom and ability of bio-mimicking
can be built up. The geometric primitives composed of
a solid shell and porous core are embedded into the top-
ology optimisation to mimic closed-form foamy features
with porosity control. The optimised designs are fabri-
cated via the SLM technique to validate the manufactur-
ability of the proposed method. The micro-computed
tomography (micro-CT) technique is utilised to
examine the quality of closed-form features. The pro-
posed approach provides a thought about the design
of lightweight structure with advanced mechanical
properties, where the stiffness is facilitated by the
nature of TO algorithm. The well toughness is expected
to be facilitated by the bio-mimicking features. For bio-
medical applications, the proposed approach provides
the possibility to design biomedical products such as
customised implants, which have the free-shape
demand. The utilisation of bio-mimicking features and
the guidance from the topology optimisation contrib-
utes to the development of novel ideas on the implants
design. The closed-form porous features and porosity
control in the proposed approach open up the potential
for the further development of the functional scaffold
such as the drug-release scaffold. The scaffold with
drug-release has been widely designed with a simple
porous structure and demonstrated with additive manu-
facturing techniques (Bose, Sarkar, and Banerjee 2021).
The construction of moving morphable components is
described in section 2. The topology optimisation
problem setting is illustrated in section 3. The numerical
validations are included in section 4. The observations
on fabricated samples via micro-CT scanning are illus-
trated in section 5.

2. Construction of moving morphable
components

The core content in the mechanism of explicit topology
optimisation is the construction of a bio-mimicking com-
ponent system. The system of components should
obtain moving, morphing, and merging ability to con-
struct structures. In addition, the bio-mimicking features
should be embedded into the geometric information of
components. Figure 1(a) shows the process of explicit
topology optimisation. Firstly, the bio-mimicking

VIRTUAL AND PHYSICAL PROTOTYPING . 3

hierarchical geometric components are constructed
and parameterised according to the simplifications of
natural hierarchical structures. The density grid, which
is the discretised expression of the design space, can
be derived from the projection of components. After
the projection of each component, several Boolean
operations on density fields are conducted to represent
the overall structure. The finite element analysis (FEA) is
utilised to evaluate the objective function, such as the
stiffness, of the structure. The adjoint method can then
be applied to conduct the sensitivity analysis. The par-
ameters of components, which are regarded as the
design variables, can be updated toward optimised
design. The construction of geometric components,
the projection mechanism, and the derivation of
density fields via Boolean operations will be illustrated
in this section.

The construction of geometric components is based
on the bio-mimicking of the hierarchical structure of
the turtle’s carapace rib. As Figure 1(b) shows, the rib
of the turtle carapace is composed of the shell region
and cancellous core region. The keratinous scutes and
collagenous dermis layers are highlighted by the
brown and orange shell in the outermost region,
which are thin and soft, provide the reinforcement of
impact and penetration resistance. The dorsal cortex
layer, which is highlighted by the dark yellow shell and
adjacent to the collagenous dermis layer, is a stiffer
shell that can impede crack propagation. The cancellous
core, where the porosity is mainly generated by the
nearly spherical pores, can reduce weight and improve
energy absorption. The size of pores is geometrically
graded, and the shapes of pores can be irregular.

In order to utilise the structural functionalities pro-
vided by the turtle’s carapace rib, simplification has
been conducted to proceed with the design of bio-
mimicking geometric components. Figure 1(c) shows
the artificial box structure with several simplifications
to facilitate the bio-mimicking. As the left part of
Figure 1(c) shows, the simplified structure includes the
pores in pink colour and the solid surroundings in grey
colour. The keratinous scutes layer, collagenous dermis
layer, and dorsal cortex layer are simplified as one
single layer of solid. As the middle part of Figure 1(c)
shows, the closed-form porosity is guaranteed by the
separation of regions, where the outer shell in purple
colour is purely solid. The distribution of pores is only
allowed inside the inner core region, which is high-
lighted by the blue region. The cancellous pores are sim-
plified as groups of spheres that can distribute
separately or overlap together. The right part of Figure
1(c) shows the partial structure in the core region. The
single pores include spheres with different diameters.
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Figure 1. Construction of bio-mimicking geometric component-based topology optimisation method: (a) Process of geometric com-
ponent-based topology optimisation, (b) lllustrations of the hierarchical structures of turtle carapace (Achrai and Wagner 2017), (c)
lllustrations of simplified hierarchical structures mimicking turtle carapace.

The irregular pores are generated by the overlap of = geometric components includes two types of primitives,
spheres. which are the solid bar and the hollow sphere. The solid

The design of bio-mimicking geometric components  bar is utilised to construct the main structure at the
is shown in Figure 2. As Figure 2 shows, the set of = macro level. The spheres are utilised to mimic the

> Local frame {1}

° Q'sh u (Qc/ﬂv)
Z  Global frame {0} Q,
Figure 2. Parametrisation of bar-sphere components: (a) Cross-section view of bar and sphere components along longitudinal direc-

tion, (b) Cross-section view of the bar-sphere component along the radial direction, (c) Construction of coordinate systems and
expression of the bar-sphere component in 3D, (d) Compositions of the bar-sphere component.



cancellous features inside the bar at the micro level. The
Figure 2(a) shows the cross-section view of bar and
sphere components along the longitudinal direction.
Figure 2(b) shows the cross-section view of bar and
sphere components in the radial direction. As Figure 2
(@) shows, the bar component is composed of a shell
region in grey and a core region in pink. Both the shell
and core are solid. The shell is generated by the subtrac-
tion of the solid core from the enlarged solid bar. The
sphere component, which is shown as a green circle in
Figure 2(a), is located along the longitudinal direction
of the bar component. The core of the bar is classified
into three regions, which are the left fillet region, the
right fillet region, and the middle polygon region.

As Figure 2(c) shows, the representation of the bar
and sphere are in hierarchical coordinate systems. The
bar component is constructed in the global cartesian
coordinate system, which is the frame {0} in Figure 2
(c). The sphere component is constructed in the local
coordinate system, which is the frame {1} in Figure 2
(c). Figure 2(d) shows the compositions of components,
where the completely pink bio-mimicking component is
generated from the boolean operations on the bar com-
ponent, which is shown in pink and grey, and the sphere
component, which is shown in grey colour.

The movement of the bar includes the translation and
rotation. As Figure 2(a and c) show, the translational
movement of /" bar is controlled by the coordinates of
point O’C1, which can be represented as {xoé1 , y% , zoi1 lor
Vorin the vector form. The rotational movement of ith
bar is controlled by the length I between point O and
point O,. As Figure 2(a and c) shows, the length I is
always along the x-direction in the local frame {1}. In
the proposed method, the local frame {1} is constructed
by the rotation and translation of the global cartesian
frame {0}. The rotation of the bar is completely related
to the construction of the local frame {1}. The construc-
tion of the local frame {1} from the global frame {0} is rep-
resented in the following equation:

X 1 0 0 cosf, 0 sin6,
y|=1]0 cosbf sinby 0 1 0
z 0 —sin6, cosby —sinf, 0 coso,
v Ry Ry
cosf, sing, O X X%
—sinf, cosh, O y |+ Yo,
0 0 1 z Zoi,
R; v vor

where the v(% is the arbitrary vector in the space in the
global frame {0}, Ry is the rotation matrix that represents
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the rotation of the frame along x-direction, R, is the
rotation matrix that represents the rotation of frame
along y-direction, R; is the rotation matrix that represents
the rotation of frame along z-direction, vl is the same
vector in the local frame {1}, and vg; is the translation
vector that represents the translational movement of
the frame.

As Equation (1) shows, arbitrary points represented in
frame {1} can be expressed in the global frame {0} after
rotations along xyz-direction and the translation vo;.
When this frame transformation applies to the local
length I, the local length vector (I, 0,0) will rotate
along xyz-direction with respect to the rotation angle
{6y, 6y, 6.}, leading to the rotation of the geometric com-
ponent. The bar is also morphable with the sphere fillet
and polygon control.

As Figure 2(b) shows, the shape of ith bar in the left
fillet and right fillet region is controlled by the left fillet
radius R. and the right fillet radius R, respectively.
The shape middle region of the i bar is extruded
from polygon profile shown in Figure 2(b), where the
distance R"pj between each polygon vertex P]f and the
left centre O, can be manipulated to provide further
control of bar shape. The polygon profile can also be uti-
lised to approximate smooth circular profile by decreas-
ing the angular distance, which is expressed as
Hipj = (j — 1)27/n, with total n, polygon vertices.

As the design variables at the macro level, the set of
design variables that control the i bar component is
shown as follows:

M _ 1y ; . i pi i i i pi
Xb _{XO/C1IyO’C1IZO’C1I OXI Hyl OZIIIRp1lRp2l ""anp'RQ’RCZ}

(2)

where the xg) represents the set of bar design variables,
the {Xo; Yo, ,zoé1} represents the position of left centre
of bar in the global frame, the {6, 6,, 6,} represents
the rotation of bar in the global frame, the I represents
the length of bar in the local frame, the
{R"p1,R’pz, R"pqp} represents the radii of polygon ver-
tices, the {R’Q, R’Cz} represents the radii of spherical fillet,
and the n, represents the number of polygon vertices
of each bar. All design variables for bar components in
Equation (2) are within the pre-defined range during
the optimisation process.

The sphere component inside the solid bar is con-
structed to facilitate the generation of porous features
at the micro level. In order to implement the grading
of spherical pores and the pores in irregular shape, the
size and position of the sphere is regarded as design
variables. The pores are demanded to distribute inside
the solid bar. Therefore, the translational movement of
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pores is constructed completely in the local frame {1},
leading to the optimisation at the micro level.

As Figure 2(a and c) shows, the position of the k"
sphere inside the i" bar is controlled by the local
vector vq;, which can be fully defined by the position
xi, of sphere centre O along the longitudinal direction
of bar in the local frame. Although the x; can represent
the movement of the sphere along the x-direction in the
local frame {1}, the range of Xi is difficult to be fixed
during the optimisation due to the varying lengths of
bars. To reasonably manipulate the position of spheres
with varying lengths of bars, the normalised coordinate
Esk has been induced as the design variable. The normal-
ised coordinate & , which is calculated as & = X! /I', is
between 0 and 1. The utilisation of normalised coordi-
nate E’Sk can effectively limit the sphere to locate within
the bar along the longitudinal direction. When the S’Sk
equal to 1, the sphere locates at the right centre O, of
the bar. When the g{k equal to 0, the sphere locates at
the left centre O of the bar. The movement of
spheres in the y- and z-directions are eliminated to sim-
plify the complexity of the topology optimisation
problem. The radius of the k™ sphere inside the i bar
is represented bngk, which is regarded as another
design variable to control the size of pores.

As the design variables at the micro level, the set of
design variables that control the n; sphere components
inside the /" bar component is shown as follows:

0=1g, 8, ... & R R} (3)
where the x!) represents the set of spheres design vari-
ables inside the it" bar, the {ES], EJSZ, Esns} represents
the normalised positions of spheres along the longitudi-
nal direction in the local frame, the {R;, Rgz, RgnS}
represents the radii of spheres in the local frame, the
ns represents the number of spheres inside each bar.
All the design variables for sphere components in
Equation (3) are within the pre-defined range during
the optimisation process. With comparison to the
design variables for bar components in Equation (2),
the range of design variables for sphere components
has a much smaller scale. Therefore, the bar components
and sphere components can be set appropriately to
design the structure concurrently at different level. It
should be noticed that the radii of sphere components
are regarded as design variables. Therefore, the size of
pores can be manipulated in the proposed approach.

There are also fixed geometric parameters that have
impactions on the geometric components but do not
work as design variables. The first type of fixed geo-
metric parameter is thickness th. During the optimis-
ation, the overlapping of spheres that belongs to

different bars can generate hollow pores that can col-
lapse the closed boundary. Therefore, the shell region
of the solid bar, which is shown in grey in Figure 2(a
and b), is utilised to limit the sphere to locate inside
the bar along the radial direction. In the proposed
method, the wall thickness th is set to be fixed during
optimisation. The shell region is generated from the sub-
traction of the inner solid core from the outer solid. The
outer solid has the same length as the inner core but the
enlarged fillet radii and the enlarged radii for polygon
vertices. The relationship between enlarged radii to gen-
erate the shell region and the radii in the core region is
expressed in the following equations:

Ish1 =RIC1+th,

th —RI + th, @)
i pi .

hp/__Rpj_’_thrj—], ...,np

S
where the R, is the left fillet radius of the outer solid, the
R.,is the right fillet radius of the outer solid, the R}, is
the radii of polygon vertices in the outer solid region, the
R. is the left fillet radius in the core region, the R_ is the
right fillet radius in the core region, the R’pj is the radii of
polygon vertices in the core region, and the th is the
thickness of the shell.

The second type of fixed geometric parameters are
the offset distances. As Figure 2(a and b) shows, the
offsets &, is applied to modify the boundary of core
QL. The main functionality of inducing offsets is to
soften the sharp boundary, which is important in the
density projection process and will be further discussed.
The relationship between designed radii and actual radii
in the core region is expressed in the following
equations:

R; = ri] + O,

Ri-z = riz + 8Cl (5)

Ry =1y +8.j=1 ...,
where the . is the actual left fillet radius in the core
region, the ”22 is the actual right fillet radius in the core
region, the r’l_ is the actual radii of pongon vertices in
the core region, and {R R’ R’ } are the
related designed radll. Slmllarly, the offset Osp s
applied to modify the boundary of the shell aﬂsh. The

relationship between designed radii and actual radii in
the shell region is expressed in the following equations:

Rip, = Tip, + Oshs
th, = It + O, (6)

i .
Shpj_rshpj+8shlj— 1, ...,np



where the r}, is the actual left fillet radius in the shell
region, the ry, is the actual right fillet radius in the
shell region, the r;hpj is the actqal radii of poly'gon ver-
tices in the shell region, and {Rq, , Ry, . Rey 1/ Repor -+
sh,n,) are the related designed radii in the shell
region. The offset &; is applied to the sphere com-
ponents. The relationship between designed radii and
actual radii for spheres is calculated as follows:

R o=r +8,k=1,...,n )

where the r;'k is the actual radius of the sphere, and the
R, is the related designed sphere radius.

In conclusion, the thickness and offset distances are
fixed parameters that are pre-determined before optim-
isation. The design variables that are updated according
to the sensitivity analysis during optimisation are
expressed as follows:

{0)

S S () B () L R
multiscale — {Xb r X Li=1, ..., Ny (8)

where the xﬁgumsca,e is the complete set of design vari-
ables to design bio-mimicking hierarchical structures,
the xg) is the design variables at the macro level to
manipulate the i" bar, the x? is the design variables at
the micro level to manipulate the ns spheres, and the
ny is the number of bars. The design variables at both
the macro level and the micro level can be adjusted by
eliminating or adding specific item. With the reasonable
scale separation by setting an appropriate range of
design variables. The concurrent multiscale optimisation
can be flexibly manipulated.

The density field is essential in the numerical-based
evaluation of the design. For the geometric com-
ponent-based approach, the focus is on the bridge
between the geometric design variables and the
density of each element in the discretised design
space. Figure 3 shows the projection mechanism to gen-
erate the density field. The projection is applied to each
component before further process. As Figure 3(a) shows,
the design space has been discretised into fixed eight-
node cubic elements. The minimum distances between
the boundary of geometric components and each
element are utilised as inputs to further generate the
density field via the projection function shown in
Figure 3(d). In the proposed method, the inverse
density fields of the core region of the bar, the shell
region of the bar, and the sphere components are
obtained separately at first. As Figure 3(e) shows, the
inverse density fields that belong to different regions
are then processed to obtain the complete field of the
component. The inverse density fields for each com-
ponent are assembled with further Boolean operations
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to obtain the inverse density field of the designed
structure.

The minimum distances between boundary and
elements are calculated in different ways for the bar
components. As Figure 3(b) shows, the minimum dis-
tance at the spherical fillet region depends on the
radius of the fillet. The minimum distance between
elements and boundary of bar components in the fillet
region can be expressed as follows:

di = |IVell — rk 9

where the dj is the minimum distance in the fillet region,
Ive]l is the distance between elements and the fillet
centre of the bar, and the r, is the radius of the fillet.
The fillet centre is the point O, when calculating in
the left fillet and the point O, when calculating the
right fillet. In the middle polygon extrusion region of
the bar component, the minimum distances occur
inside the profile plane, which is the yz-plane shown in
Figure 3(a). Figure 3(c) shows the calculation of
minimum distance in the polygon extrusion region,
where the distance mainly depends on the positions of
polygon vertices. The minimum distance between
elements and boundary for j" polygon edgy PP}, can
be expressed as follows:

vi-v3 <0

il
d. = 10
k { ol 0<vyovs < (PPl O

where the di is the minimum distance in the polygon
profile extrusion region, the |v;| is the distance
between elements and the j" polygon vertex P;, the
|lv2]l is the normal distance between elements and the
j polygon edge PiP;,1, the v3 is the unit vector along
the P;P;1 direction.

The minimum distance for sphere components can
be calculated similarly to the calculation in the fillet
region. The minimum distance for sphere components
is expressed in the following:

di = IIvsll —ri, (1)

where the di is the minimum distance field for the
sphere components, the ||vg|| is the distance between
elements and the centre of spheres O/ , and the r] is
the actual radius of spheres.

The projection function shown in Figure 3(d) can
transform the minimum distance field dy into an
inverse density field ¢, that ranges from 0 to 1, where
0 represents solid and 1 represents void. The utilisation
of inverse density ¢, is to support the assembly of all
components after projection. The actual density field
can be calculated as p,=1— ¢ for further finite
element analysis, where 0 represents void and 1
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Figure 3. Generation of density field: (a) Illustrations of density elements and bar-sphere components in 3D space, (b) Evaluation of
the distance between the element and geometric boundary at the spherical end of the bar, (c) Evaluation of the distance between
element and geometric boundary at the middle polygon region of the bar, (d) The projection function to generate density field, (e)

lllustration of the inverse density field after projection.

represents solid material. The projection function is
based on the modification of the sigmoid function and
can be expressed as follows:

1

= 12
1+ exp [—a(—dk + 9)] 12

Pk

where the ¢, represents the inverse density for k™ com-
ponent, the d represents the minimum distance for kt
component, the « is the tuning parameter to sheer the
grading rate of the projection function, and the 6 rep-
resents the distance offset to soften the density field.
The & is equal to &, &, and &; when applied to core,
shell, and sphere regions, respectively. The projection
function illustrated in Equation (12) constructs the
bridge between geometric components and the
density grids. The deterministic characteristic features
of the projection function also provide effective
support for the sensitivity analysis for the proposed
method. The projected inverse density field of the
single bar with one sphere is illustrated in Figure 3(e).
As the colour bar shown in Figure 3(e), the solid
elements are in dark blue colour whereas the void
elements are in yellow colour. As the grading colour
shows, the densities gradually change between void

and solid in the region adjacent to the boundaries due
to the existence of offset.

The mechanism for the assembly of density fields for
each component is illustrated in Figure 4. From left to
right, the assembly procedures include the generation
of the shell, the generation of the porous core, and the
generation of the complete structure. The illustration is
based on the assembly of two parametrised bar-sphere
components that forms an X-shaped cross. The X-
shaped cross is obtained by assigning a fixed angular
distance between two bar-sphere components that
locate at the same point on the specific plane. Before
the implementation of operations shown in Figure 4,
two steps of preparation need to be facilitated in
advance. Firstly, the inverse density fields ¢, of each
component can be generated from Equation (12) separ-
ately. Secondly, the density fields of the shell, core, and
pores in the overall structure should be obtained separ-
ately from the productions of inverse density fields for all
components. Although the shell is generated from the
subtraction of the inner part from the outer solid, all
the fields of the shell below are regarded as the
density of purely outer solid that has been enlarged
from the inner solid as explained in Equation (4).
Another clarification is that all the fields of the core are
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Figure 4. Boolean operations on bar-sphere components to generate bio-mimicking closed-form porous structures.

regarded as the density of purely inner solid that has
been explained in Equation (4).

With the density fields of the shell, core, and pores
for the overall structure, the assembly of density fields
can be completed. As the left part of Figure 4 shows,
the generation of the solid shell in grey is from the
Boolean subtraction of the blue inner solid, which rep-
resents the density of the core, from the purple outer
solid, which represents the density of the shell. The 3D
shell model shows the result of this step, where the
inner solid part has been completely eliminated and
is now hollow. As the middle part of Figure 4 shows,
the generation of porous core in grey is from the
Boolean subtraction of the pink pores, which rep-
resents the density of pore, from the blue inner
solid, which represents the density of the core. The
3D core model shows the result of this step, where
the pores have been eliminated to facilitate the
porous features in the core region. As the right part
of Figure 4 shows, the generation of complete struc-
ture is from the Boolean union of the porous core
and solid shell. The 3D structure model shows the
result of this step, where the porous core perfectly
fills the hollow space of the solid shell. The size and
shape of porous region are impacted by the number
of spheres inside each bar as well. The smaller
number of spheres, e.g. one sphere inside each bar
can passively increase the distance between spheres
during the optimisation.

The preparation of density fields in the overall struc-
ture and the Boolean operations to assembly of the
density fields can be expressed as follows:

Np
e l_lgoshk'
k=1

1
14 exp [_a(_dshk =+ 6sn)] '

Ny
pe=1-]]¢a
k=1

_ 1 (13)
14 expl—a(—d, + 81

Np
Ps = 1_[ (2
k=1

()DS k

(Pshk =

@C k

1
T + exp [_a(_dsk + 65)] '

Poio = Pc " Ps + Psh — Pc

where the p,, is the density field of shell, the p, is the
density field of core, the p; is the density of spheres, the
Prio is the density of bio-mimicking structure, the ¢, is
the inverse density field of the shell for k' bar, the ¢, is
the inverse density field of core for k™ bar, the ¢ is
the inverse density field of the hollow pores for spheres
inside the k™ bar, the dsp, is the minimum distance field
of shell for k™ bar, the dc, is the minimum distance field
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of core for k" bar, the ds, is the minimum distance field of
k™ spheres, the « is the tuning parameter, the &, is the
offset for shell, &, is the offset for the core, and the &; is
the offset for the sphere.

The productions of inverse density fields are vital for
the expression of the overall structure. Due to the value
of solid elements in inverse density fields being set to 0,
the productions of inverse density fields that belong to
different components can lead to the union of all solid
elements in the design space. It should be noticed that
the density field of pores is directly from the productions
of inverse density fields without extra operations. That is
because the spheres are voids so that the density of pore
can be directly expressed by the inverse density fields.
After the generation of actual shell density fields, core
density fields, and the pores density fields, the density
fields for the overall structure can be obtained from
boolean operations. The generation of the shell is
implemented by the py, — p. part in the last row of
Equation (13). The generation of porous core is
implemented by the p_ - p, part in Equation (13). The
merge of shell and porous core is implemented by the
addition of py, — p. and p. - p, in Equation (13).

3. Topology optimisation problem settings

The optimisation problem setting of the proposed
method is constructed based on the SIMP method. The
main modification is on the embedding of design vari-
ables. The geometric parameters are regarded as
design variables instead of densities at elements.
Another modification is the adjustment of the sensitivity
analysis with the minimum distance d. In order to utilise
the versatility of the proposed method, the concurrent
multiscale topology optimisation with the manipulation
of bar and spheres are applied to resolve the Messersh-
mitt-Bolkow-Blohm (MBB) and L-beam problem. In
addition, the topology optimisation of structures at the
micro level with the manipulation of spheres is applied
to resolve the lattice structure design, where the
frames of lattice at the macro level are pre-defined and
fixed during optimisation. The lattice structure design
includes the simply cubic (SC) lattice design and the
octet-truss (OT) unit cell design. In this section, the
optimisation problem settings and sensitivity analysis
are given for both the multiscale beam design problems
and the lattice structure design problems.

3.1. Topology optimisation problem settings for
multiscale beam designs

The optimisation problem settings for the classical MBB
beam design and L-beam design are based on the SIMP

method. For the MBB and L-beam problem, the structure
is concurrently optimised with bars at macro level and
spheres at the micro level. The minimum structural com-
pliance cis set to be the objective and is given as follows:

c= 2 [pmin + (p:;)o)n(-l - pmin)]uzkoue (14)
e—=

where the pf;)o is the density of bio-mimicking structure
at element e that can be obtained from Equation (13),
the p,, is the density at void elements to avoid singular-
ity during optimisation, the u, is the displacement vector
at element e that can be obtained from the FEA, the kg is
the element stiffness matrix, the 7 is the penalty coeffi-
cient, and the n, is the number of elements in the design
space.

The optimisation set-up of the minimum compliance
problem for MBB beam design and L-beam design is
shown in the following:

min  ¢(x)

subject to Ku = F

1
: j POV —f <0
Qo (15)

1
—vjp(ca~p§e)dV+p§O
f

Qo

Xmin = X = Xmax

where the x = X e i=1, ...,y is the set of
design variables to manipulate n, bars and n;-n,
spheres that has been described in Equation (8) in
Section 2, the K is the global stiffness matrix that is
from the assembly of all element stiffness matrices, the
u is the global displacement vector to represent displa-
cements at all elements, the F is the global force
vector to represent the load conditions, the V is the
volume of the design space )y, the f is the target
volume fraction that the optimised design can reach,
the V; =V -f is the target volume of the optimised
design, the p is the target porosity of the optimised
design should achieve, the xnin, and Xy« are the limits
of design variables during optimisation.

As Equation (15) shows, the bars at the macro level
and the spheres at the micro level are optimised for
the MBB and L-beam design. For optimising the classical
beam problem, the bar component at the macro level
can move, morph, and overlap to generate a flexible top-
ology of the structure. The sphere components at the
micro level can move, morph, and overlap to generate
cancellous infillings that is similar to the rib of a
turtle’s carapace. The volume of porous voids can be



effectively expressed by p!® - pl without aggregation of
constraints. The mechanism is described in Equation (13)
of Section 2. In addition, the spheres that can control the
porosity are optimised within related bar components.
This limitation, where the spheres are constrained to
locate inside bars, can naturally support the porosity to
achieve a relevant uniform distribution.

The sensitivity analysis is calculated based on the
chain rule and the expression of the density field for
the overall structure as shown in Equation (13). The cal-
culation of sensitivity analysis is shown as follows:

da Je dc

ot e=1 BPE;)O 16)
p ad? (@ — 1) + p© p od®  9pl) o)
ade ot 7° € 9dP ot 9d9 or

where the 7 is each design variable in the set x in
Equation (15), the d®is the minimum distance filed for
the core region at element e, the dif,) is the minimum dis-
tance field for shell, the d'® is the minimum distance field
for the sphere. The 8c/8pf§’o part is derived from the
adjoint method:

e (1 — pilhoue (17)

bio

The 3p /ad", 3p'2 /3d, and 3p!® /ad"® terms are related
to the projection process. These projection terms can be
obtained from Equation (13). The ad'® /a7, 3d*© /37, and
3d® /37 terms are related to the parametrisation of
components. These parametrisation terms can be
obtained from Equation (9) and Equation (10).

3.2. Topology optimisation problem settings for
lattice structure designs

The optimisation problem settings for the simply cubic
(SQ) lattice structure design and octet-truss (OT) unit
cell design are based on the SIMP method. The
minimum structural compliance c is set to be the objec-
tive and is completely same as the Equation (14) shows.

The optimisation set-up of the minimum compliance
problem for simply cubic lattice design and octet truss
unit cell design is shown in the following:

mxin c(x)

subject to Ku = F

1
7 j P pdvV+p <0
f
Qo

(18)

Xmin = X = Xmax
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where the x = {xU},i =1, ..., ny is the set of design vari-
ables to only manipulate ng - n, spheres that have been
described in Equation (8) of Section 2. The remaining par-
ameters in Equation (16) are completely the same as the
definitions in Equation (15). The bar components that
construct the lattice frame are fixed during optimisation.

As Equation (16) shows, the structure at the
macro level for the SC lattice and OT unit cell are
pre-determined before optimisation. The structure at
macro level, which are the position and diameters
of the truss, does not change during the optimisation.
As a result, only the spheres at the micro level
are manipulated to achieve the optimised distribution
of pores inside the truss-based lattice structure. There
are no volume fraction constraints that is existing in
the classical beam optimisation problem.

The sensitivity analysis is only related to the control of
spheres, where the bar components do not contribute to
the sensitivity analysis. The sensitivity analysis can be
calculated as:

e _ 3 e oo,
T = apffi)o ade oar "¢

(19)

where the 7 is each design variable in the set x in
Equation (18), the d® is the minimum distance field for
sphere. The Bc/apg?o part is derived from the adjoint
method in Equation (17).

The 9p{/3d'® term is related to the projection process
and can be obtained from Equation (13). The 9d® /a7y
term is related to the parametrisation of components
and can be obtained from Equation (9) and Equation (10).

4. Numerical examples

In this section, concurrent multiscale structural optimis-
ation and lattice structure optimisation examples are
illustrated to validate the proposed method. The objec-
tive is to find the minimum of compliance as shown in
Equation (15) and Equation (18). The solid material is
assumed to be isotropic. The optimisation is within the
elastic region and Young’'s modulus is set to be Eg = 1.
The Poisson’s ratio is set to be vy = 0.3. The element
stiffness matrix ko is constructed based on the E; and
the vg. In the proposed method, the density at void
elements p,,, is set to be 1e — 4 to avoid singularities.
The penalty coefficient 7 is set to be 3. The projection
tuning parameter « in Equation (13) is set to 6.

4.1. Multiscale bio-mimicking Messershmitt-
Bolkow-Blohm (MBB)

For the validation of the proposed multiscale bio-
mimicking structural optimisation method, the MBB
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Figure 5. Multiscale Messershmitt-Bolkow-Blohm (MBB) problem: (a) The definition of MBB problem, (b) Initial design of MBB in iso-
metric transparent view, (c) The optimised design of MBB with 0.06 porosity.

beams with minimal compliance are designed. As Figure
5(@) shows, the size of the design space is
300 x 100 x 20. The half of the beam along the
x-direction is constructed with the symmetric boundary
condition to simplify the problem. The point load in the
negative y-direction is applied to the middle of the top
left edge. The degree of freedoms in the x-direction
are fixed for the nodes on the left surface to facilitate
symmetric boundary condition. The degree of freedoms

in the y-direction is fixed for the nodes on the bottom
right edge as support.

For the multiscale MBB problem, 171 bar components
and 342 sphere components are manipulated to opti-
mise the bio-mimicking porous structure. As Figure 5
(b) shows, the initial design consists of 171 bars
located in the horizontal and vertical directions at the
macro level. In the horizontal direction, there are total
4 rows of truss, where each row is composed of 24



horizontal bars. In the vertical direction, there total 5
columns of truss, where each column is composed of
15 vertical bars. The cross-section profile of each bar is
controlled by 24 polygon vertices. There are two
spheres inside each bar at the micro level for the gener-
ation of voids. The two spheres are located at two end-
points of bar components. Therefore, the spheres shown
in Figure 5(b) overlapped at some locations.

The volume of the structure is constrained by setting
the target volume fraction f equal to 0.3. The target por-
osity p, which is the volume ratio of porous infillings to
the solid truss-based structure, is set to 0.06, 0.08, and
0.10, respectively. The two constraints need to reach
the target after the optimisation.

Figure 5(c) shows the optimised MBB beam under the
0.06 porosity constraints, where the voids take 6%
volume inside the beam. From the observation of the
red-highlighted porous infilling shown in Figure 5(c), a
certain degree of uniform distribution of voids has
been achieved. Another observation is that the voids
are not strictly regularly arranged, leading to the
achievement of stochastic porous infillings design. The
morphology of voids is illustrated in the zoom-in parts
of Figure 5(c). The three zoom-in parts show the
typical types of morphologies, where zoom-in 1 illus-
trates the spherical voids that are distributed separately,
zoom-in 2 illustrates the void cluster that is generated
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from the overlap of large quantities of spheres, and
zoom-in 3 illustrates the stripe void that is generated
form the overlap of several spheres. Both separate
regular voids and irregular voids can be obtained by
the proposed method.

Figure 6(a) shows the optimised MBB with 0.08 and
0.10 porosity constraints. Both optimised designs can
achieve the expected pores distribution and the void
morphology as the 0.06 porosity design. From the obser-
vations of pores distribution, the low porosity target
design owns smaller size of pores. The porosity control
is embedded in the global constraint, which is shown
in Equation (15) in the optimisation problem settings.
Therefore, the relatively low porosity targe can subjec-
tively avoid the generation of large connected hollow
region. Figure 6(b) shows the compliance history
during the optimisation. Figure 6(c and d) show the
volume fraction history and the porosity history. The
MBB with 0.06 porosity constraints (blue curve), 0.08 por-
osity constraints (red curve), and the 0.10 porosity con-
straint (yellow curve) case can converge after 90
iterations. The volume and porosity constraint targets
are achieved for all three optimised designs. The compli-
ance for optimised MBB with 0.06, 0.08, and 0.10 poros-
ity constraints are 16.70, 16.96, and 17.47, respectively.
The compliance for optimised solid MBB via the 3D
solid moving morphable components method (Hoang
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Figure 6. Optimisation results of the multiscale Messershmitt-Bolkow-Blohm (MBB) case: (a) Optimised MBB with 0.08 and 0.10 por-
osity, (b) Compliance history, (c) Volume fraction history, (d) Porosity history.
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and Nguyen-Xuan 2020) is 15.82. The compliance of
solid MBB is 5.3% lower than the compliance of bio-
mimicking 0.06 porosity MBB. However, the existence
of inner porous infillings is beneficial for the potential
to enhance of energy absorption due to its increasing
buckling resistance (Clausen, Aage, and Sigmund 2016).

4.2. Multiscale L-beam

For the validation of the proposed multiscale bio-
mimicking structural optimisation method with a more
complex design space, the L-beam with minimal compli-
ance is designed. The size of the design space is shown
in Figure 7(a). The distributed load in the negative
y-direction is applied to the top right edge. The degree
of freedom in all directions is fixed for the nodes on
the top surface as support.

For the multiscale L-beam problem, 228 bar com-
ponents and 684 sphere components are manipulated
to optimise the bio-mimicking porous structure. As
Figure 7(b) shows, the initial design is generated with
a similar arrangement of bar components as in the
MBB case. The cross-section profile of each bar is con-
trolled by 24 polygon vertices. There are three spheres
inside each bar at the micro level for the generation of
voids. The three spheres are equidistant between two
endpoints of bar components. The spheres shown in
Figure 7(b) is also overlapped at some locations. The
volume target volume fraction and the target porosities
are the same as the settings in MBB design, where the f
is equal to 0.3 and the porosity p is equal to 0.06, 0.08,
and 0.10, respectively.

The two constraints need to reach the target after the
optimisation. Figure 7(c) shows the optimised L-beam
under the 0.06 porosity constraints. From the obser-
vation of the red-highlighted porous infilling shown in
Figure 7(c), a certain degree of uniform distribution of
voids with stochasticity has been achieved. The mor-
phology of voids is illustrated in the zoom-in parts of
Figure 7(c). The typical morphologies in L-beam design
are similar to the MBB design, where zoom-in 1 illus-
trates the spherical voids that are distributed separately,
zoom-in 2 illustrates the stripe void that generated form
the overlap of several spheres, and the zoom-in 3 illus-
trates the void cluster that generated form the overlap
of large quantities of spheres. Both separate regular
voids and irregular voids can be obtained by the pro-
posed method.

Figure 8(a) shows the optimised L-beam with 0.08
and 0.10 porosity constraints. Both optimised designs
can achieve the expected pores distribution and the
void morphology as the 0.06 porosity design. Figure
8(b) shows the compliance history during the

optimisation. Figure 8(c and d) show the volume frac-
tion history and the porosity history. The L-beam with
0.06 porosity constraints (blue curve), 0.08 porosity
constraints (red curve), and 0.10 porosity constraints
(yellow curve) case can converge after 100 iterations.
The volume and porosity constraint targets are
achieved for all three optimised designs. The compli-
ance for optimised L-beam with 0.06, 0.08, and 0.10
porosity constraints are 14.36, 13.91, and 14.38,
respectively.

The effectiveness of concurrent multiscale optimis-
ation in the proposed method can be observed from
the L-beam under different porosities. As Figure 8(a)
shows, the outer shape of the porosity 0.08 case and
porosity 0.10 case is obviously different. The outer
shape is dependent on the distribution of inner voids.

4.3 Porous simply cubic (SC) lattice structure

To validate the potential application of the proposed
bio-mimicking structural optimisation method, the
simply cubic (SC) lattice with minimal compliance is
designed. As Figure 9(a) shows, the size of the design
space is 80 x 80 x 80. The lattice is under compression
from the top plane with the fixation on the bottom
plane. To conduct the simulation of compression, the
top and the bottom board in grey colour are set to be
passive solid, which means they maintain purely solid
during the optimisation. The distributed load in the
negative y-direction is applied to the up surface of the
top passive solid board. The degree of freedom is fixed
for the nodes on the down surface of the bottom
passive solid board.

For the SC lattice problem, 300 bar components and
1500 sphere components are manipulated to optimise
the bio-mimicking porous structure. As Figure 9(b)
shows, the initial design consists of 300 bars to construct
a lattice with 4 x 4 x 4 unit cells. As the top left of Figure
9(b) shows, each unit cell is constructed with 12 bars that
locate at cubic edges. There are 5 spheres inside each
bar at the micro level for the generation of voids. The
spheres are equidistant between two endpoints of bar
components. The target porosity p, which is the
volume ratio of infillings to the solid SC frame, is set to
0.10, 0.15, and 0.20, respectively.

Figure 9(c) shows the optimised SC lattice under the
0.10 porosity constraints, where the voids take 10%
volume inside the solid lattice. From the observation of
the red porous infilling shown in Figure 9(c), a certain
degree of uniform distribution of voids has been
achieved. As Figure 9(c) shows, the distribution of the
voids is evaluated at four different cutting planes. The
cut 1 and cut 3 are in the middle of the truss. Cut 2
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Figure 7. Multiscale L-beam problem: (a) The definition of L-beam problem, (b) Initial design of L-beam in isometric transparent view,

(c) The optimised design of L-beam with 0.06 porosity.

and cut 4 are at the joint, which is the region that con-
nects different trusses. As the results illustrated, the
voids tend to aggregate in the joint region. The voids
in the truss region tend to exist as single big spherical
voids. Another observation is that the size of voids

inside the vertical truss, which are aligned in the com-
pression direction, is smaller than the voids on the hori-
zontal surface. The reason for the small size of voids in
the vertical truss is that stronger trusses are needed
under vertical compression.
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Figure 8. Optimisation results of the multiscale bio-mimicking L-beam case: (a) Optimised L-beam with 0.08 and 0.10 porosity, (b)

Compliance history, (c) Volume fraction history, (d) Porosity history.

Figure 10(a and b) show the optimised SC lattice
with 0.15 and 0.20 porosity constraints, respectively.
From the comparison between three optimised SC lat-
tices, the voids tend to change from separate spherical
shape to continuous column shape when the porosity
increases. The voids for all three cases prefer to have a
large size in the joint region. Figure 10(c) shows the
compliance history during the optimisation. Figure 10
(d and e) show the volume fraction history and the
porosity history. The bio-mimicking SC lattice with
0.10 porosity constraints (blue curve), 0.15 porosity
constraints (red curve), and 0.20 porosity constraints
(yellow curve) case can converge after 80 iterations.
The volume and porosity constraint targets are
achieved for all three optimised designs. The compli-
ance for 0.10, 0.15, and 0.20 porosity designs are
0.0422, 0.0457, and 0.0513, respectively. To further
investigate the reason behind the distribution of
voids, the strain energies at all elements for the pure
solid SC under the same compression loads are evalu-
ated. The solid SC lattice is generated by replacing all
the voids inside the bio-mimicking SC design with
solid material. The solid SC has the same shape as
the solid frame as Figure 9(c) shows. The compliance
and volume fraction of solid SC under compression
are shown with the purple lines in Figure 10(c and
d). The compliance of solid SC is 0.0421. With compari-
son to the solid SC lattice design, the compliance of

0.10 porosity bio-mimicking SC is approximately the
same as the solid SC, where the volume has been
saved by 10%.

Figure 10(f) shows the strain energy at all elements
for the solid SC, porous region, and the remaining
region. It should be noticed that the porous region is
composed of purely solid elements that are only
located at the same positions where the void elements
locate in the optimised porosity 0.10 bio-mimicking SC
lattice. In Figure 10(f), the red line inside the box rep-
resents the median strain energy at the relevant
region. The blue box represents the intermediate level
of strain energy which is between 25 and 75%. The
top and bottom whiskers represent extreme data. The
strain energy in the porous region is much smaller
than in the remaining region. Because the elements
that own lower strain energy have little potential to
deform, the porous region is less effective as a support
to resist the load. Therefore, the proposed optimisation
method tends to eliminate the low-efficient elements
to design an effective lightweight structure.

4.4 Porous octet-truss (OT) unit cell structure

To validate the ability to optimise lattice structure at a
lower level for the proposed bio-mimicking structural
optimisation method, the octet-truss (OT) unit cell with
minimal compliance is designed. As Figure 11(a)



(a) (b)

(©
Bio-mimicking Solid
SC Lattice Truss
Frame
Cut4

Cut3

VIRTUAL AND PHYSICAL PROTOTYPING . 17

° k. ®
o‘. -:~ ..4‘
= i
. i )
. . ®
& >
°

Simply Cubic
Unit Cell

Simply Cubic
Lattice Structure
(initial design)

Porous
SN 4 infilling

Cut4

Figure 9. Simply cubic (SC) lattice problem: (a) The definition of SC lattice problem, (b) Initial design of SC lattice in isometric trans-
parent view, (c) The optimised design of SC lattice with 0.10 porosity.

shows, the size of the design space is 80 x 80 x 80. The
remaining settings are the same as the SC lattice case.
For the OT unit cell problem, 36 bar components and
288 sphere components are manipulated to optimise
the bio-mimicking porous structure. As Figure 11(b)

shows, the initial design consists of 36 bars to construct
the frame of the OT unit cell. There are 24 bars, which are
illustrated in cyan colour in the small cube at the top left
of Figure 11(b), that connect the vertices of the cube and
the face centres of the cube. Another 12 bars in pink
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lattice under compression.

colour are utilised to construct an octahedron that con-
nects all face cubic centres. There are 8 spheres inside
each bar at the micro level for the generation of voids.
The 8 spheres are equidistant between two endpoints
of bar components. The target porosity p is set to 0.06,
0.08, and 0.10, respectively.

Figure 11(c) shows the optimised OT unit cell under
the 0.06 porosity constraints, where the voids take 6%
volume inside the solid unit cell. From the observation
of the red porous infilling shown in Figure 11(c), a
certain degree of uniform distribution of voids has
been achieved. The voids tend to concentrate more at
the bottom of the unit cell. As Figure 11(c) shows, the
distribution of the voids is evaluated at six different
cutting planes. Cut 1 and cut 2 are at the two vertical
faces of cubic and cut 3 is at the bottom face of cube.
Cut 4 and cut 5 are at the two orthogonal surfaces
where the vertical truss in the octahedron locates and

cut 6 is at the surface where the horizontal truss in octa-
hedron locates. As the results illustrate, the voids tend to
aggregate at the joints that connect trusses as big
spheres except for the bottom face of the cube (cut 3).
The big voids are mainly at the joints rather than in
the middle of the truss due to the stretching of trusses
under compression. This is reasonable due to the
stretch-dominated nature of the OT lattice. The four
joints at the bottom surface of the cube are critical sup-
ports of the structure due to the fixation at the bottom
and the geometric shape of the OT unit cell. Therefore,
the four bottom joints (cut 3) tend to have small voids.

Figure 12(a and b) show the optimised OT unit cell
with 0.08 and 0.10 porosity constraints, respectively.
From the comparison between three optimised OT
unit cell, the distribution of voids tends to obey the
same mechanism. The average size of voids tends to
increase when the target porosity increases. Figure 12
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Figure 11. Porous octet-truss (OT) unit cell problem: (a) The definition of OT unit cell problem, (b) Initial design of OT unit cell in
isometric transparent view, (c) The optimised design of OT unit cell with 0.06 porosity.

(c) shows the compliance history during the optimis- 0.08 porosity constraints (red curve), and 0.10 porosity
ation. Figure 12(d and e) show the volume fraction constraints (yellow curve) case can converge after 100
history and the porosity history. The bio-mimicking OT iterations. The volume and porosity constraint targets
unit cell with 0.06 porosity constraints (blue curve),  are achieved for all three optimised designs. The
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unit cell with 0.10 porosity, (c) Compliance history, (d) Volume fraction history, (e) Porosity history, (f) Strain energy at all elements for

solid OT unit cell under compression.

compliance for 0.06, 0.08, and 0.10 porosity designs are
0.170, 0.173, and 0.177, respectively. To further investi-
gate the reason behind the distribution of voids, the
strain energies at all elements for the pure solid OT
unit cell under the same compression loads are evalu-
ated. The solid OT unit cell is generated by eliminating
all the voids in the bio-mimicking OT design. The solid
SC has the same shape as the solid frame as Figure 11
(c) shows. The compliance and volume fraction of solid
OT under compression are shown with the purple lines
in Figure 12(c and d). The compliance of solid OT is
0.179. In comparison to the solid OT, the compliance
of all bio-mimicking OT can beat the solid OT according
to the lower compliance.

Figure 12(f) shows the strain at all elements for the
solid OT, porous region, and the remaining region. It
should be noticed that the porous region is composed
of purely solid elements that are only located at the
same positions where the void elements locate in the

optimised porosity 0.06 bio-mimicking OT unit cell. In
Figure 12(f), the red line inside the box represents the
mean strain energy at the relevant region. The blue
box represents the intermediate level of strain energy
that is between 25% and 75%. The top and bottom whis-
kers represent extreme data. Similarly, the low-efficient
elements in the porous region, which have lower strain
energy under loading, have been eliminated to design
an effective lightweight structure.

5. 3d printing validation and characterisation

In this section, the manufacturability of optimised
designs from the proposed approach is validated by
the SLM fabrication and the following observations
with micro-CT. The optimised porous MBB with 0.10 por-
osity constraint, the L-beam with 0.10 porosity con-
straint, and the SC lattice with 0.20 porosity constraint
were selected as validation samples. These samples



were then examined by micro-CT for overall shape and
porosity check. For the validation part, the MBB and L-
beam samples are scaled down to 32% of the design
dimension in Figure 5(a) and Figure 7(a), respectively.
The SC lattice is scaled down to 40% of the design
dimension in Figure 9(a).

Prior to fabrication, the build job was prepared in
Magics software (Materialise, Belgium) where support
structure was generated as needed and drain holes
were introduced to the CAD models in order to
remove the entrapped powder after fabrication. These
holes were 500 um in diameter. This approach is
adopted when fabricating components with enclosed
volumes and proves to have negligible effect on the
mechanical behaviour (Crook et al. 2020). All the
samples were fabricated with the EOS M270 machine
equipped with a 200 W laser and scan speed up to 7
m/s. Gas atomised AISi10Mg powder, which has a
mean diameter of 11 pum ranging from 4 to 34 um,
was utilised to fabricate all samples. The layer thickness
was set to 20 um and scanning direction was rotated by
90° between successive layers. After fabrication, samples
were removed from the building plate using CUT 30P-
AgieCharmilles Wire Electric Discharge Machine.
Support was then manually removed and the samples
were post processed by shot-peening to remove
residual powder adhering to the outer surfaces. The fab-
ricated samples are shown in Figure 13.

The features of all samples were examined by using
the Bruker SkyScan 1275 x-ray micro-CT machine. The
filter for micro-CT was Cu with T mm thickness. The scan-
ning was conducted among 360° with a rotation step
size of 0.5°. The scanning slices were reconstructed
using nRecon software (Bruker Pty Ltd.). In order to
conduct the quantitative analysis of the cross-sectional
features, the reconstructed images were transformed
into the binary form using the CTAn software (Bruker
Pty Ltd.). The results for the MBB, the L-beam and the
SC lattice are shown in Figures 14-16, respectively.

Due to the limitations on the scanning dimensions of
the micro-CT machine, as Figure 14(a) shown, only part
of the sample inside the grey box was scanned for vali-
dation. The 3D reconstructed model from micro-CT is
shown in Figure 14(b and c). From the observation of
the reconstructed 3D model, the overall shape of the
as-manufactured MBB sample has negligible deviations
from the as-designed model. To further examine the
manufacturing quality of inner pores, the 2D slices
from the cutting at the zx-plane were generated from
both micro-CT images and the as-designed model. The
2D slice from micro-CT is shown in Figure 14(e). In the
comparison to the slice from the as-designed model
which is (shown in Figure 14(d)), both the inner pores
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and the outer shape of the solid truss are impacted by
the overhang. The detailed features of the as-designed
slice and the as-manufactured slice are shown in the
zoom-in of Figures 14(d and e). From the observations,
the features of the as-designed model are well fabri-
cated. Although the overhang has impacts, the bio-
mimicking MBB is feasible for manufacturing with
admissible quality.

Due to the scanning limitations, as Figure 15(a)
shows, only part of the sample inside the grey box was
scanned for validation. The 3D reconstructed model
from micro-CT is shown in Figure 15(b and c). From
the observation of the reconstructed 3D model, the
overall shape of as-manufactured L-beam sample has
negligible deviations compared with the as-designed
model. The 2D slices from the cutting at the yz-plane
were generated from both micro-CT images and the
as-designed model. The 2D slices from the micro-CT
and the as-designed model are shown in Figure 15(e
and d), respectively. Similar to the MBB case, the over-
hang issues can be observed from comparison. The
detailed features of the as-designed slice and the as-
manufactured slice are shown in the zoom-in of Figure
15(d and e). The features of the as-designed model are
well fabricated.

From the MBB and L-beam cases, the proposed
approach has been validated to be feasible with manu-
facturability. In order to further investigate the manufac-
turing quality, a quantitative analysis has been
conducted on the SC lattice case with processing on
micro-CT data. Due to the scanning limitations, as
Figure 16(b) shown, only part of the sample inside the
grey box was scanned for validation. The 3D recon-
structed model from micro-CT is shown in Figure 16(a).
The inner features of the as-designed model are
shown in Figure 16(b). As Figure 16(c) shows, the near-
column shape hollow features at the xy-plane are well
fabricated. The length of the cube for the as-manufac-
tured sample and the as-designed model is 31.542 and
32 mm, respectively. The small cuttings, which are
shown inside the red dashed circle in Figure 16(c), are
facilitated at the outer surface of samples to assist in
the removal of residual adhesive powders.

As Figure 16(d) shows, the near-circular shape cross-
section features are existed at zx- and yz-plane. To facili-
tate quantitative analysis, the MATLAB code was applied
to extract the region properties on both the solid cross-
section at zx-plane and the hollow ring-shape cross-
section at yz-plane. The region properties are based on
the construction of an ellipse that has the same
second moments as the region represented in pixels.
As the zoom-in of Figure 16(d) shows, the major axes
of constructed ellipses are shown in red colour. The
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Figure 13. The AISi10Mg samples fabricated by SLM: (a) Optimised simply cubic (SC) lattice with 0.20 porosity, (b) Optimised L-beam
with 0.10 porosity, (c) Optimised Messershmitt-Bolkow-Blohm (MBB) with 0.10 porosity.

minor axes of constructed ellipses are shown in blue
colour.

For the as-manufactured ring-shape cross-section
from micro-CT at zx-plane, the major axes length of
the outer profile and inner profile are 4.516 and 2.070
mm. The minor axes length of the outer profile and
inner profile are 4.185 and 2.000 mm. For the as-
designed counterpart, the major axes length of the
outer profile and inner profile are 4.540 and 2.2017 mm.
The minor axes length of the outer profile and inner
profile are 4.531 and 2.197 mm. For the evaluation of
shape, the ratio of major length to minor length is calcu-
lated. For the outer profile, the ratios for the as-manufac-
tured case and as-designed counterpart are 1.079 and
1.002, respectively. For the inner profile, the ratios for
the as-manufactured case and as-designed counterpart
are 1.035 and 1.002, respectively. The average diameters
of the cross-section are calculated as the average of
major length and minor length to evaluate the size.
For the outer profile, the average diameters for the as-
manufactured case and as-designed counterpart are
4.350 and 4.536 mm. For the inner profile, the average

diameters for the as-manufactured case and as-designed
counterpart are 2.035 and 2.199 mm.

As a result, the as-deigned cross-section is in perfect
circular shape. The shape deviation for the as-manufac-
tured outer and inner profiles are 3.5 and 8%, respect-
ively. More shape deviations have been induced by the
manufacturing process for the outer profile than the
inner profile. As Figure 16(d) shows, the shape deviation
is due to the overhang along the printing direction.
More overhangs are observed in the outer profile than
the overhangs in the inner profile, showing that the
outer profile can provide good support for the fabrica-
tion of inner hollow features. The size deviations of the
outer and inner sections are 4.1 and 7.4%, respectively.

For the as-manufactured solid cross-section from the
micro-CT at yz-plane, the major axis length of the profile
is 4.116 mm. The minor axis length of the profile is 3.668
mm. For the as-designed counterpart, the major axis
length of the profile is 3.970 mm. The minor axes
length of the profile is 3.962 mm. The ratios of major
length to minor length for the as-manufactured case
and as-designed counterpart are 1.122 and 1.002,
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Figure 14. The micro-CT results of Messershmitt-Bolkow-Blohm (MBB) with 0.10 porosity: (a) As-designed 3D model, (b) Recon-
structed 3D model of the as-manufactured sample via micro-CT, (c) Cross-section view of reconstructed micro-CT 3D model from
the as-manufactured sample at zx-plane, (d) 2D cross-section slice of the as-designed model at zx-plane, (e) 2D cross-section

micro-CT slice of as-manufactured sample at zx-plane.

respectively. The average diameters for the as-manufac-
tured case and as-designed counterpart are 3.892 and
3.966 mm. As a result, the shape deviation for as-manu-
factured profile is 12.2%. The size deviation of profile is
1.8%. From the comparison between the hollow ring-
shape cross-section and the solid circular-shape cross-

section, the solid truss tends to have more shape devi-
ation. The truss with hollow sections tends to have
more size deviation. The shape and size deviations at
both solid cross-section and hollow cross-section show
the admissible manufacturing quality of the proposed
approach.

Figure 15. The micro-CT results of L-beam with 0.10 porosity: (a) As-designed 3D model, (b) Reconstructed 3D model of as-manu-
factured sample via micro-CT, (c) Cross-section view of the reconstructed micro-CT 3D model from the as-manufactured sample at
yz-plane, (d) 2D cross-section slice of the as-designed model at yz-plane, (e) 2D cross-section micro-CT slice of the as-manufactured
sample at yz-plane.
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Figure 16. The micro-CT results of simply cubic (SC) lattice with 0.20 porosity: (a) Reconstructed 3D model of the as-manufactured
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and yz-plane.

The information of pore size is illustrated in the Table 1.
The examination is from the reconstructed micro-CT
model. The middle section of MBB with 0.10 porosity
(shown in Figure 14(c)) and the bottom section of L-
beam with 0.10 porosity (shown in Figure 15(c)) are exam-
ined to provide pore size analysis. For both cases, the
existence of pores with small size (0.5—1 mm?3), medium
size (1-10 mm?>), and large size (>10 mm?) demonstrates
the capability of generating uniform distributed pores in
the proposed approach. In addition, different size of pores
show that sphere components can work independently
(pores in small size) or collaborate as small clusters
(pores in medium size) and large clusters (pores in large
size). With comparison to the solid frame, the volume of
the largest pore, which is equal to 74 mm? in the MBB
case and 24 mm? in the L-beam case, is below 2% of
the volume of the solid frame, showing the clear scale

separation and the good multiscale design abilities of
the proposed approach.

6. Conclusion

In this work, we proposed a discrete component-based
concurrent multiscale optimisation approach for the
truss-like structure at the macro level and the bio-
mimicking porous structure at the micro level. For
the numerical validation section, classical beam
examples, lattice structure design, and unit cell
design were illustrated to confirm the effectiveness
and functionalities of the proposed approach. In
addition, the MBB beam, L-beam, and SC lattice
samples were fabricated by SLM technology and
then evaluated with the micro-CT technique. The
following conclusions are made:

Table 1. Pore size information of reconstructed model from micro-CT.

Sample Evaluated section Volume of structure Pore size
L-beam Bottom part (model shown in Figure 15(c)) Total volume: 3471 mm? , Number of pores:
olume of pores; 247 mm’ . Total: 161
Olume ot solid frame: mm e 0.5 mm?<Volume <1 mm? 133
e 1 mm? < Volume < 10 mm?: 25
e 10 mm’ < Volume < 74 mm?: 3
MBB Middle part (model shown in Figure 14(c)) Total volume: 1860 mm? Number of pores:

Volume of pores: 205 mm?
Volume of solid frame: 1655 mm>

Total: 49

0.5 mm? < Volume < 1 mm?>: 23
1 mm? < Volume < 10 mm>: 17
10 mm?® < Volume < 24 mm>: 9




e The explicit description of geometric components
provides the strong capabilities of ensuring geo-
metric features. The overlapping, moving, and
morphing of bar components provide the ability to
generate flexible structural shapes at the macro-level.

e The porous infillings can be ensured by the proposed
approach. Inspired by the turtle carapace, the bar
components are separated into shell and core
regions. The sphere components can move, overlap,
and resize inside the related bar in the local coordi-
nate system to sufficiently generate both the
regular and irregular porous infillings.

o The effective balance between uniform and stochastic
pores distribution and porosity control were observed
to validate the effectiveness of bio-mimicking function-
alities. The outer truss-like shapes of optimised beams
show the correctness of the proposed approach.

e The proposed approach has abilities to optimise
lattice structure at truss-level and single unit cell
level are demonstrated. From the numerical result,
the optimised SC lattice and OT unit cell with 0.10
porosity have larger stiffness than the solid SC lattice.

e The admissible manufacturability of the proposed
approach has been demonstrated. From the obser-
vations of as-manufactured samples via micro-CT,
the shape and size of features can be well fabricated.

The proposed approach can generate porous
infillings with numerical-based optimisation guidance.
In the future, the findings of this research may be
explored further, especially for anisotropy control and
energy absorption applications.
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