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ABSTRACT

This review focuses on the design process of additively manufactured Meso-Scale Lattice Structures (MSLSs).
They are arrays of 3D printed trussed unit cells, whose dimensions span from 0.1 to 10.0 mm. This study intends
to detail the phases of the MSLSs design process (with a particular focus on MSLSs whose unit cells are made up
of a network of struts and nodes), proposing an integrated and holistic view of it, which is currently lacking in the
literature. It aims at guiding designers’ decisions with respect to the settled functional requirements and the man-
ufacturing constraints. It also aims to provide an overview for software developers and researchers concerning the
design approaches and strategies currently available. A further objective of this review is to stimulate researchers
in exploring new MSLSs functionalities, consciously considering the impact of each design phase on the whole

process, and on the manufactured product.

Nomenclature

b Number of struts of the unit cell, Section 3.1

D Strut diameter, Section 3.1

Dmax  Strut maximum diameter, Section 3.2

Dpin  Strut minimum diameter, Section 3.2

D¢ Strut diameter variation, Section 3.2

E Young’s modulus

G Shear modulus

H Unit cell height, Section 3.1

I Area moment of inertia, Section 3.1

j Number of joints/nodes of the unit cell, Section 3.1
L Strut length, Section 3.1

Limax  Strut maximum length, Section 3.2

Lmin  Strut minimum length, Section 3.2

M Maxwell’s criterion, Section 3.1

m Number of independent inextensional mechanisms, Section 3.1

* Address all correspondence related to ASME style format and figures to this author.
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MSLS Meso-Scale Lattice Structure, Section 1

Ry, Horizontal deflection ratio, Section 3.2

Rs  Sloped deflection ratio, Section 3.2

s Number of independent self-stress states, Section 3.1
t  Strut thickness, Section 3.1

tmax  Strut maximum thickness, Section 3.2

tmin  Strut minimum thickness, Section 3.2

ty  Strut thickness along the a direction, Section 3.2
tp  Strut thickness along the b direction, Section 3.2
W Unit cell width, Section 3.1

0 Strut sloping angle, Section 3.2

1 Introduction

The word lattice has been already used in various contexts and with different meanings (see Figure 1). In crystallography
(i.e., in the micro-scale), a lattice is graphically represented as a grid of connected lines; the intersections among these lines
identify the sites of the atoms within the crystal [1]. In civil engineering and architecture (i.e., in the macro-scale) a lattice
structure represents an array of struts, pin-jointed or stiffly bonded at their connections [2]. In this paper, we will use the
word lattice in a different dimensional scale, i.e., the meso-scale (see Figure 1). We will use the expression Meso-Scale
Lattice Structures (MSLSs) to identify those structures of cellular materials having the following characteristics: the unit
cell dimensions span from 0.1 to 10.0 mm [3]; the unit cell structure is made up of a network of trussed struts or, a triply
periodic minimal surface or, a wall-based structure or, it has a custom geometry (see Figure 2); the structures are built using
Additive Manufacturing (AM) technologies.

The structures of cellular materials, can be divided into two main categories (see [4]) on the basis of the way their
unit cell is spatially arranged: stochastic and non-stochastic (see Figure 2). Cellular materials, characterized by a stochastic
distribution of their unit cells, are the open and closed foams. Such uncontrolled distribution is mainly a consequence of the
manufacturing process of this material. It is based on the injection of gases like air, nitrogen, and argon or on the addition
of blowing agents that decompose and release gas when the material foam is molten [5]. These gases or blowing agents
generate very fine bubbles inside the foam. Using sophisticated mixing techniques, based on rotating motors, the distribution
of these bubbles can be roughly, but not totally, controlled [6]. Open foams have energy-absorbing capabilities while, closed
foams, are usually characterized by stiffness and strength [6].

Cellular materials having non-stochastic structures are characterized by a controlled organization of their unit cells. The
unit cell arrangement can be both 2D or 3D (see Figure 2). As 2D non-stochastic structures we have mainly wall-based
MSLSs. According to Maxwell’s stability criterion (it will be discussed in Section 3.1, see also [1]), they can be stiff or
soft. As 3D non-stochastic structures we can mention (see also Figure 2 and [4]): Voronoi; TPMS (Triply Periodic Minimal
Surface); 3D strut-and-node based lattices; 3D custom structures.

Voronoi patterns could appear as stochastic structures since they are built through nonuniform geometric modules.
Instead, their arrangement is controlled by mathematical and geometric principles. Indeed, a Voronoi pattern is based on the
partition of a plane, starting from a preset number of generating points, into polygons; to each point corresponds a polygon

which is built around it. The points belonging to the polygon contour are the ones closest to the generating point [7].
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Fig. 1: The concept of lattice applied to different dimensional scales: structures defining the atoms arrangement in the
micro-scale; structures of cellular materials in the meso-scale; specific architectural structures in the macro-scale.

They are mostly used for structural applications in architecture and civil engineering, and they are often characterized by
a stiff mechanical behavior [8,9]. TPMS structures are based on fixed and mainly organic geometries, often inspired by
the observation of living organisms and nature [10, 11]. They can be mainly used for generating lightweight structures
characterized by a high surface area which provides to these structures heat exchange and noise control capabilities [11,
12]. One of the advantages of TPMS structures is that they do not suffer local stress concentrations which is instead more
frequent in strut-and-node based ones [13]. 3D strut-and-node based lattice structures are characterized by a strut-and-node
arrangement and, again, they can be stiff or soft. Finally, 3D custom structures are those whose unit cells are designed
usually starting from simple solid geometries (e.g., a sphere or a cube) upon which boolean operations are applied to shape
the internal void (an example is provided in Figure 2). The mechanical behavior of these structures can thus vary since it
depends on the geometry of the unit cell.

This review will be focused on discussing the design process of 3D strut-and-node based MSLSs (Figure 2). Despite
AM technologies give the possibility to work on mesoscale, having high control over the object dimensions and using and

combining a wide range of materials (polymers, metals, ceramics, etc.) [15] however, the most widespread additively manu-
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Cellular structures

Stochastic structures Non-stochastic structures

Open-cell foams / Closed-cell foams

2D structures 3D structures
1
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2D lattice structures TPMS 3D lattice structures 3D lattice struct
(wall-based) Voronoi (Triply Periodic Minimal (strut-and-node attice struc ulrles
Surface) arrangement) (custom unit cell)

Fig. 2: Cellular structures can be divided into stochastic and non-stochastic ones. Both the arrangement as well as the
geometry of the unit cells of 2D and 3D non-stochastic structures can be designed. This paper is focused on the design
process of 3D strut-and-node based lattice structures. This type of cellular structure is highlighted in the image. This figure
is inspired by [4], page 325, while the TPMS structure has been modeled using the software, developed at the University of
Nottingham, mentioned in [14].

factured MSLSs are the ones made of mono-material linear struts. Nevertheless, even if the examples and the considerations
provided will be focused on this kind of non-stochastic structures, the main phases of the design process can be considered
valid also for the others (see Figure 2) with the exception of the Voronoi pattern whose generation undergoes specific rules
(e.g., see [16]).

The aim of this review is to reflect upon the MSLSs design workflow clarifying and detailing the various phases. Indeed,
the available literature on the design of MSLSs is mainly focused on discussing a specific phase of the process: an integrated
and holistic view is currently lacking. To create such a view, this work has been conceived to build a link among the main
research findings available in the literature and related to the design and manufacturing of MSLSs. This link is a proposal of
a design workflow through which the consequences of each design choice, on the whole process, are made explicit.

Starting from the desired functionalities of the structure to be printed and the design space to be filled, this review has
the goal to show and explain how the decisional process is structured, what are the parameters to be managed and how
each design choice influences the final result. Critical observations and possible future perspectives are proposed to have
broad control over the MSLSs design process, avoiding the relocation of design issues from a phase to another. A further
contribution of this review is also to provide a homogenization and disambiguation of the terminology used in this field since
for example, words such as lattice have different meanings according to the context they are being used (e.g., see Figure 1).

We believe that this review can be beneficial for various experts working in the AM field. Designers could retrieve
indications for better structuring their decisional process when looking for the most suitable MSLS configuration with respect

to functional and manufacturing constraints. Software developers could get insights for the development or tuning of design
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tools. Researchers could get a comprehensive view on the topic together with indications for developing more integrated and
evolutionary design approaches.

After this initial introduction, the paper presents, in Section 2, the phases of the MSLSs design process. These phases
will be used as the thread of our discussion and thus, to structure the Section 3 where the main contributions available in
the literature are reviewed. In Section 4 the discussion is focused on the analysis of the innovative functionalities that these

structures can provide. Finally, in Section 5 conclusions are drawn.

2 The phases of the MSLSs design workflow

The MSLSs design workflow is represented in Figure 3. Once identified the design space to be used, the process begins
with the specifications of the functional capabilities that the MSLS will have to provide to the component/object. Indeed,
following the principles of Design For Additive Manufacturing (DFAM) as defined by Chu et al. [17], the intent is to exploit
the potentialities of these technologies fostering a local and punctual control of the material distribution. This fact implies
not only the possibility to have a more efficient material distribution (i.e., only where needed) but also to provide further
functionalities to the object. Concerning these functionalities, in this work, we will mostly refer to the mechanical behavior
(stiff, ductile, etc.) of the object even if in Section 4 further examples will be provided.

Once settled the functional targets, the first design phase consists in the ”Unit cell design or selection”. We can distin-
guish two main classes of unit cells: strefch-dominated which are stiff and suitable for lightweight structural applications;
bending-dominated which are soft and suitable for energy-absorbing applications [18]. This choice can be made by analyz-
ing the strut-and-node arrangement, i.e., applying Maxwell’s stability criterion (see Section 3.1 and [1]). Another aspect to
be considered, when designing the unit cell, is the loading direction with respect to the strut-and-node arrangement, i.e., the
mechanical behavior required along each direction [3]. As it will be discussed in Section 3.1, the unit cell geometry can be
optimized taking also into account this aspect. The output of this phase is the 3D sketch representation of the unit cell.

The second phase of the workflow refers to the " Preliminary unit cell sizing”. During this phase, a preliminary choice of
the dimensions of the unit cell is performed implementing the manufacturing constraints in terms of minimum and maximum
length of the struts, self-supporting sloping angles and minimum diameters or thicknesses [19]. Together with these geo-
metric constraints, necessary to guarantee the technical feasibility of the printing process, there are also other manufacturing
aspects (they will be discussed in Section 3.2) to be considered for guaranteeing the final quality of the structure [20]. The
output of this phase is the 3D model of the unit cell, whose struts have all the same thickness/diameter.

Once the unit cell dimensions are known the next phase consists in the ”Population of the design space”. During this
step, an array of unit cells is generated to fill a volume (i.e., the design space). There are two main strategies to pursue (see
Section 3.3): performing a uniform or a conformal distribution [3] of these unit cells within the design space. In the first case,
the unit cells distribution is matrix based; it does not take into account the boundary of the design space. Hence, boolean
operations are needed to remove those parts of the structure which exceed the design space. In the second case, the filling
operation automatically adapts the geometry of the cells to take into account the geometric boundary of the design space.

The output of this phase is the 3D model of a homogeneous MSLS (each strut has the same thickness/diameter).
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Fig. 3: The Meso-Scale Lattice Structures (MSLSs) design workflow. Starting from the available design space and the func-
tional targets to be reached, the design process is then structured into five main phases. During these phases manufacturing
constraints will also be taken into account to guarantee the printability of the structure.

The following phase consists in finalizing the geometric characteristics of the MSLS. The last design aspect to be
decided is the "Setting of the MSLS density gradient”, which at this point of the design phase (i.e., when the unit cell has
been already selected), depends only on the thickness/diameter of the struts. There are three main possible situations. If the
current relative density of the MSLS is appropriate, we can move to the next design phase. On the contrary, if the relative
density of the structure needs to be modified, we can vary the material distribution by modifying the diameter/thickness of
the struts. This variation can be homogeneous or heterogeneous. In this first case, the diameter/thickness of all the struts
undergoes the same change (i.e., they are scaled). In the second case, we can locally vary this value applying a heterogeneous
gradient of density [21]. As it will be discussed in Section 3.4, the application of the gradient enables the modification of the
thickness/diameter of the struts taking into account the distribution and the intensity of the mechanical stress acting on the
MSLS [22-24]. To perform this activity, it can be, again, necessary to take into account the manufacturing constraints. For
example, in case of powder-based printing technologies, it is important to guarantee an easy removal of the not melted or
not sintered powder: an excessive increase of the struts thickness or diameter could make this removal quite complex since
the dimensions of the empty volumes will decrease. The output of this phase is the 3D model of a MSLS characterized by a

specific relative density.

The final step of the process consists in the ”Verification and optimization of the MSLS”. This phase has the purpose
of validating the behavior of the structure. As it will be shown in Section 3.5, simulations can also be adopted during the
previous phases of the design process, with the intent of developing and optimizing the material distribution and thus, the

design of the cell, and of the resulting MSLS [25].
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Fig. 4: Two examples of unit cells: a TPMS (cell modeled using the software, developed at the University of Nottingham,
mentioned in [14]) and a 3D strut-and-node based cell.

3 Review of the MSLSs design phases
In this Section, all the phases represented in Figure 3 are reviewed and analyzed taking into account the most relevant

literature in this field. The Section ends with a part dedicated to the modeling issues.

3.1 Unit cell design or selection

As anticipated in Sections 1 and 2, the unit cell is the primary module of a MSLS. Hence, the design or the selection of
the unit cell represents the first phase of the design process (see Figure 3).

The categories of unit cells that can be considered as the primary and most known are: the TPMS and the strut-and-node
based one, as defined in [26]. They are represented in Figure 4. The TPMS cell can be further split into two subcategories
or phases, called matrix and network [26]. Matrix unit cells are made up of a solid wall, bounded by two unconnected
empty regions. Network unit cells, instead, consist of only one solid and one hollow region. TPMS cells are based on
fixed geometries like gyroid, Schwarz primitives, lidinoid, etc., characterized by continuous and often organic shapes [27].
They are, in fact, of particular relevance in natural sciences, having been observed for biological membranes, blocks of
copolymers, etc. [10, 11]. For any TPMS geometry, both a matrix phase and a network phase can exist [26-28].

As anticipated in Section 1, strut-and-node based MSLSs are the focus of this review. This choice has been made
because of the broad range of designing and developing possibilities that this kind of unit cell can offer, starting from its
primary element (i.e., the strut), whose size, position, density, and inclination can be varied. On the contrary, the geometry
of the TPMS cells is fixed (but it can be obviously scaled), and what can be altered is their density.

Ashby [1] defined strut-and-node based unit cells as a network of trussed struts pin-jointed or stiffly bonded at their
connections. These unit cells can be divided into two categories: stretch-dominated and bending-dominated [1]. Stretch-
dominated unit cells are characterized by high stiffness; conversely, bending-dominated cells have high strainability that
makes them suitable for energy-absorbing applications [29]. The most commonly used lattice structures have a stiff me-
chanical behavior, and they are used for a wide range of structural applications where also lightweight is required [30]. A
fundamental constructive aspect that determines opposite mechanical properties for stretch and bending-dominated unit cells
is the level of connectivity of the joints, which is meant as the number of struts connected at joints [1]. Stretch-dominated

unit cells are characterized by high connectivity, conversely the bending-dominated by low connectivity. Stretch-dominated
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Fig. 5: The qualitative stress/strain curves of stretch-dominated and bending-dominated unit cells. The stress/strain curve of
stretch-dominated unit cells is characterized by high stiffness and high initial strength, followed by post-yield softening. The
stress/strain curve of bending-dominated unit cells is characterized by a lower stiffness, a lower initial strength and a large
deformation at relatively low and constant stress (plateau stress). The last part of both curves shows the densification phase,
that is the moment when the struts merge. The image is inspired by the work [1], pages 19 and 26.

and bending-dominated unit cells present different and characteristic stress/strain curves [1]. They are shown in Figure 5.
For the first, after an elastic strain, a yielding occurs (plastic or brittle according to the nature of the material used), and then
there is a post-yielding softening. In bending-dominated lattice structures, instead, after the yielding, there is (at relatively
low levels of stress) a flat and extended stress plateau that is the main responsible for their characteristic energy-absorbing
behavior. The last step of the stress/strain curve of a lattice structure is the densification phase, that is the moment when,

under the load, the struts merge [4].

The high or low struts connectivity is not a quantitative and sufficient element to define and characterize the mechanical
behavior of a unit cell (i.e., whether this one is bending or stretching). To this aim, and as already introduced by Ashby in [1],
the Maxwell’s criterion (M) can be used for both two-dimensional (see Equation (1)) as well as three-dimensional cells (see

Equation (2)), as shown in Figure 6.

M=b-2j4+3=0 (1

M=b-3j+6=0 2)
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Fig. 6: Maxwell’s Criterion (see Equation 2). The unit cell on the left has M<0: it is bending-dominated (nodes are all
locked). The unit cell in the centre has M=0: it is stretch-dominated. Adding a further strut to this cell will make M>0. In
this case, if nodes are unlocked there is a state of self-stress: the struts carry stress also if no external loads are applied. If
nodes are locked, the cell is still stretch-dominated and can be manufactured using AM technologies. Figure inspired by [1]
page 24.

where b is the number of struts creating the cell, and j the number of joints/nodes connecting these struts.

Three kinds of unit cells, having different mechanical behaviors according to Maxwell’s criterion, are shown in Figure
6. When M <0, if nodes are locked joints (e.g., as the ones in Figure 4), and the unit cell is loaded, it strains (the cell is
bending-dominated, see [1]). If joints are unlocked (e.g., nodes are hinges), and the unit cell is loaded, the cell folds (the
cell behaves like a mechanism). When M=0, the unit cell is stretch-dominated both if joints are locked or unlocked (see
also [1]). When M >0, the cell is over constrained (see [1]) and states of self-stress occur [1]. They occur when the cell is
built having, for example, struts shorter than the others which pulls these into compression without the need of any further
external load: the struts carry the stress even though the unit cell is not under external loads (see [31]). For this kind of

structures the following generalization of Maxwell’s criterion has to be used (see [1,31]):

M=b-3j+6=s5s—m 3)

where s is the number of independent states of self-stress and m the number of independent inextensional mechanisms (as
defined in [31], see also [1,32]). For a detailed explanation of how s and m values can be calculated see [31]. Hence, the
Equation 3 is not applicable to unit cells of MSLSs as defined in this paper since we are considering the nodes of the cell
as locked. However, the M>0 condition is still valid and still represents stretch-dominated structures since we are able to
print cells like the one represented in Figure 6 (right) without generating independent states of self-stress. Finally, it is worth

underlying that the Maxwell’s criterion can be applied to unit cells having linear struts.

Among cellular structures, open foams belong to the category of bending-dominated ones and, thus, they can easily

strain and absorb high quantities of energy. As anticipated in Section 1, their behavior is mainly due to their stochastic nature

JCISE-18-1004, Graziosi, Page 9



-~ unit cell volume
N

RY

N

\!/\/>/)V(

optimized unit cell

XX+YY+ZZ+XY+YZ+ XZ

loading conditions
and strut positioning

Y4

// \\
~

N -
- \\
~

N
XZ

Fig. 7: Unit cell optimization according to six loading conditions (xx, yy, zz, yz, Xy, xz). Considering, as design requirements,
the stiffness and the strength as well as the loading conditions, the unit cell is optimized through a proper strut positioning
for each loading condition. The combined results lead to the final cell developed and optimized in all directions. Figure
inspired by [3] page 153.

and to their manufacturing process that creates heterogeneous structures, where both stiff and soft ”parts” can be found. The
random arrangement of the struts, and of the stiff and soft parts, are responsible for the global bending behavior which is
typical of foams [33]. On the contrary, strut-and-node based cells can be both bending-dominated or stretch-dominated. This
feature gives us the possibility to properly design the mechanical behavior of these cells considering the functional targets
set at the beginning of the design process.

Once the identification of the desired unit cell has been performed (i.e., bending-dominated or stretch-dominated), then,

the geometry of the unit cell, as suggested by Nguyen et al. [3] and, as shown in Figure 7, can be further tuned. This tuning
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Fig. 8: The aspect ratio of a BCC unit cell. When W and, thus, the aspect ratio (W/H) decreases, the unit cell shows higher
stiffness and yield stress. In particular, the amplitude of the angles between the struts changes. The amplitude of the angles
at the bottom, and at the top of the unit cell, decreases while, for the angles at the sides (o) of the unit cell, the amplitude
increases. This figure is used to summarise some considerations provided in [34].

can be done considering the loading conditions of the cell and thus, optimizing the position/orientation of the struts. To
perform this activity an approach that analyzes and improves the strut-and-node arrangement, according to the directions of
loads, can be used [3]. Indeed Nguyen et al., in [3], describe the following approach. They apply six loading conditions
(XX, yy, 2z, yz, Xy, Xz) and set some optimization parameters (i.e., strain energy constraints, Poisson’s ratio, elastic modulus,
loading magnitude) in ANSYS (www.ansys.com). For each loading direction, the unit cell is optimized. The combination
of these results leads to a unit cell whose structure is tuned with respect to the loading directions (see also Figure 7). For
each kind of unit cell of the study and all loading directions, the results associated with the strain energy are calculated and

normalized with a value between O and 1 [3].

A further example of unit cell development is described by Smith et al. [34] and is represented in Figure 8. In this work,
two kinds of unit cells (BCC and BCC-Z) are analyzed under compression, with a focus on stiffness and yield stress and
introducing new parameters to be taken into account during the tuning of the unit cell configuration. Indeed, the research
analyzes how the mechanical properties of the unit cell can be varied changing the relative density of the structure (defined
in this work as “the actual volume occupied by the lattice structure divided by the overall volume of the structure”, see [34]
page 31) and its aspect ratio W/H (see Figure 8). For both kinds of unit cells, the research shows that the stiffness and yield
stress increase when the aspect ratio W/H decreases [34]. It should be observed that when W/H decreases, also the amplitude
of the angles between the struts changes. For those angles at the bottom and the top of the unit cell, this value decreases,
while for those angles on the sides, this value increases (see the o angle in Figure 8). Moreover, it is worth underlying that

the conclusions of Smith et al.’s study [34] are valid for BCC and BCC-Z unit cells but could be not applicable to the design
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Fig. 9: The total area moment of inertia values (/) of the cells about centroid coordinate axes. The figure shows how 3
different geometric configurations of unit cells, having the same W, H and D values (respectively 10mm, 10mm, and 1mm),
but a different struts number and arrangement, have different / values.

of other types of unit cells.

Summarizing, the design aspects to be considered for a strut-and-node based unit cell are mainly the following:

1. design or selection of the unit cell structure in terms of » and j on the basis of the desired mechanical behavior (bending
or stretch-dominated, see Equations 1 and 2);

2. tuning the relative density of the cell by changing b and/or the thickness # and/or the diameter D of the struts (if the strut
lenght L is kept constant);

3. tuning the strut-and-node arrangement considering the direction of the load (see Figure 7);

4. tuning the unit-cell geometry modifying the amplitude of the angles between the struts (see Figure 8), in relation to the

loading conditions (direction and intensity of the load).

Finally, it should be observed that another relevant parameter that a designer could consider to create, evaluate or choose
a unit cell can be its fotal area moment of inertia I, as already discussed and demonstrated in [35]. In fact, / and the moduli
(e.g., Young’s modulus E and shear modulus G) of the used material are responsible for the stiffness of a structure. For a
given loading condition, in case of two unit cells, both bending dominated, made of the same material and with the same
number of struts, but with different / values (e.g., due to a different struts positioning or D value), the one with a higher 1
will result as stiffer. An example, of how the total area moment of inertia I could vary, is shown in Figure 9. I determines the
stiffness of a structure and, thus, affects the displacement that occurs in any direction and for every applied load. Hence, the
analysis of the 7 value could significantly speed up the initial unit cell design and tuning in case of bending-dominated unit

cells.

3.2 Preliminary unit cell sizing

Once the geometry of the unit cell has been identified, to guarantee its printability, the next step is to perform a proper
sizing of the cell taking into account the manufacturing constraints set by the AM technology to be used according to the
selected material. Examples of AM constraints to be considered are the following [15]: minimum and maximum length of
the struts (L and Ly.x); minimum and maximum diameter/thickness of the struts (D, and Dyax Or tmin and ty,y) and the

0 sloping angle (see Figure 10). These values, except 0, contribute to defining the relative density of the unit cell. On this
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aspect Tanlak et al. [36] developed, for powder-bed based AM technologies, a method to predict the printable range of relative
density for different unit cells, to avoid the critical radius value (for each kind of unit cell studied) i.e., the lowest and highest
printable relative density to reach to prevent powder entrapment inside the inclusions of the unit cells [36]. It is important to
highlight that when we refer to Ly, and L,x, D and 8, we mean the values to be set to get a manufacturable cell: horizontal,
vertical and sloped struts are self-supporting. This condition is necessary to avoid the support removal that, because of the
characteristic scale of a MSLS (i.e., mesoscale) or of the geometry, results to be very difficult or impossible [37]. In fact,
in case of AM technologies like the FDM (Fused Deposition Modeling), the supports can also be soluble and detachable
without the need for mechanical removal. This kind of supports makes thus possible the cleaning of the manufactured part,
but the process is not quick. With other AM technologies where it is not possible to use soluble supports, such mechanical
removal is almost impossible. Hence, as underlined in [38] it is fundamental to design self-supporting lattice structures.

AM constraints are strongly related to the type of AM technology and material used [39]. It would be an error trying
to use general design rules or guidelines. In fact, depending on the category of additive technology (powder-bed fusion,
material extrusion, material jetting, direct energy deposition, etc.), the specific kind of technology (SLM, SLS, FDM, etc.)
and the kind of material used (polymers, metals, ceramics, hybrids, etc.), the constraints linked to Ly, and Ly,x, D and 0
can be different [19,40]. Moreover, in addition to the above-described constraints, there are some aspects, like roughness
and anisotropy, which have a significant influence on the MSLS design workflow [25]. It is essential to take into account
these aspects to reduce the discrepancy existing between the designed MSLS (i.e., its 3D model) and the manufactured one.

For example, roughness is the feature that has the biggest impact on the difference between the simulated mechanical
properties and the real ones for a MSLS. In particular, the roughness increases determines a decrease of the moduli (E and
G) and, thus, of the stiffness: the real moduli can decrease up till 68% compared to the one of its virtual model characterized
by a smooth surface [41,42]. For this reason, additively manufactured metal structures often undergo surface treatments of
chemical etching, which have the purpose to reduce the roughness and to increase the structure stiffness [43]. However, a
not negligible consequence of the chemical etching process is the significant thickness reduction of the diameter of the struts
of the cell which can decrease up to 30% [25,44].

Anisotropy is another aspect that has an impact on the mechanical properties of unit cells. It is due to the “layer by
layer” building process and, thus, to the building direction of the 3D printed part, that determines different properties in
the z direction in comparison with x and y ones [45]. In fact, according to loading condition and direction the mechanical
properties of the unit cells are different. The effects of anisotropy and building orientation of additively manufactured
MSLSs are discussed in more detail in [25]. The difference in term of mechanical properties for z, x, and y directions can be
significant and depends on the AM technology used [25].

Tang et al. [20] studied the influence that some geometrical parameters have on the lattice structures manufacturability
and, therefore, they also show the effect that the AM process has on the design workflow. Their research focused on the
study of the trussed-struts, and it was based on the use of the FDM technology and the Z-ABS printing filament. These struts
have been divided into two groups: horizontal and vertical (sloped). Concerning the difference between the D value of the

designed struts (3D model) and the diameter of the printed ones, they discovered the following aspects. For the horizontal

JCISE-18-1004, Graziosi, Page 13



virtual model of the strut

_______ additively manufactured strut

Fig. 10: The figure shows the deviation between the thickness of the virtual model of the struts (black lines) and the additively
manufactured ones (dashed red lines) as discussed in [20]: both for horizontal and sloped struts such deviation is related to
the change of the D value. For horizontal struts, this value can vary between ty,x and tyin. For sloped struts the cross section
is no more a circle but it can vary between t, and t,. This figure has been inspired by the work [20], pages 8 and 9.

group, the deviation is influenced by D and L (see Figure 10). For the vertical group, this deviation is influenced by 6, D
and L (see Figure 10). Hence, in case of virtual struts, D coincides with the thickness t, while in case of printed struts, the
thickness value and the way it varies, is influenced by the strut orientation. To mathematically describe this phenomenon,

they used formulas, among which (for the complete discussion see [20]):

Ds = tyax — tmin (4)
Rh= D—foOO% ®)]
D
-D
Rs = (m’ﬁ')xIOO% (6)

where, Dy is the diameter variation due to the deflection, tyax and tyi, are, respectively, the maximum and minimum strut
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thickness in case of horizontal struts as a consequence of the deflection (see Figure 10), ty, is one of the thickness dimensions
in case of sloped struts (see Figure 10). Ry (Equation 5) and Ry (Equation 6) are, respectively the horizontal and sloped
deflection ratios. They can be used to check the quality of the printed structure: with values of R, >25% and of Rs<10% the
stringing of the struts occurs [20].

For the horizontal group, the study was based on 30 samples. They discovered that the ty,x value is mainly due to the
gravity, the viscosity of the material, the D and L values. For the vertical group, the samples used were 45. The t, and t,
values are a consequence of the gravity, the viscosity of the material, 6, D and L values. When 0 is low, the length of the
cantilever produced by consecutive and overlapping layers becomes higher, and it more significantly affects the dimensional
deviation between the thickness of the 3D model, and one of the manufactured struts (see Figure 10).

To conclude, performing a proper dimensional sizing of the cell means appropriately taking into account both the specific
AM constraints (given by the AM technology and the material used) but also other aspects already discussed in the literature
(e.g., Ry and Ry ratio, see [20]). They all concur to determine the overall quality of the unit cell and thus, of the resulting
structure.

Summarizing, the evaluation of AM constraints helps to define the following parameters:

1. the Ly, and Lyyax values of the struts;
2. Dmin and Dpax (Or tyin and tyax) of the struts (see Figure 10);

3. the 0 sloping angle (see Figure 10).

3.3 Population of the design space

Once the unit cell has been identified, and its preliminary sizing has been performed, the next phase of the process
consists in creating the MSLS, i.e., populating the design space.

As anticipated in Section 2, there are two population strategies, named uniform and conformal. In the first case, the array
of unit cells follows a periodic distribution (in x, y, z) and, thus, the unit cells are arranged according to regular and fixed
distances. As shown in Figure 11, the uniform population is based on an absolute logic distribution, which is not influenced
by the design space geometry [46]. When a uniform population of the design space is performed, the management of the
boundaries is accidental and the surfaces of the design space act as cutting surfaces for all the struts of the unit cells placed
at its boundary. Uniform MSLSs have the advantage that all unit cells have the same dimension and shape; on the other
hand, the integrity of the unit cells geometry, at the boundary, cannot be guaranteed (see Figure 11). This fact might generate
poorly connected areas [20].

Vongbunyong and Kara [47] proposed a method, defined as P-HGM (Prefabrication Hybrid Geometric Modeling) for a
rapid generation of uniform MSLSs. Their method can be adopted for symmetrical unit cells built using surface modeling
software tools, and not solid modeling ones. According to this method, the unit cells are trimmed through the use of a
bounding box, without the need of boolean operations: the struts are sectioned, and the edges that lie on the bounding box
are automatically removed. This method allows controlling the connections between the unit cells: it avoids overlapped

faces and problems related to the mapping of the normals (when generating the ”.STL"” file), and it ensures better and more
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Fig. 11: The uniform population is based on a periodic unit cell distribution. The figure shows how all unit cells have the
same shape and dimensions. Dashed red lines are used to highlight that the unit cells integrity, at the boundary, is accidental.

uniform management of the strut diameter at the joints. It should be underlined that surface modeling software tools give
the possibility to replace boolean operations with trimming one. Boolean operations involve two solids that can be joint,
intersected or subtracted. Trimming operations work on surface meshes (planes, faces, etc.) and simply cuts a surface
using another one. Replacing the use of boolean operations with trimming ones, time and computational resources can be

significantly reduced [47].

When the population is performed applying a conformal distribution (see Figure 12), the geometry of the unit cells is
modified to enable a conformal mapping of these within the design space. In [48] an algorithm is described to generate a
conformal hexahedral mesh of the design space that will be used to control the unit cells arrangement. This algorithm makes
use of offset surfaces that are generated starting from the splitting of the external surfaces of the design space into multiple
relatively flat regions (as defined in [48]). Loft operations are performed to connect these surfaces and to identify volumes
that will be then divided into hexahedra: they represent the spaces where the unit cells will be placed. To guarantee the

success of this operation, it is fundamental that both the two surfaces are parametrized.

With a conformal population, the management of the unit cell positioning occurs through an approach that has a more
in-depth control of the design space boundaries compared to the uniform population and, thus, the integrity of all unit cells
is retained. For this reason, conformal population can be considered a better approach when one of the functional targets set
for the MSLS (see Figure 3) is the stiffness [4]. Nevertheless, sometimes it can happen that a manual relocation of some
joints, not wholly conform to the boundaries, could be needed [3]. Looking at Figure 12, it should be observed that with a
conformal population not all the unit cells have same dimensions and shape (they are changed to guarantee conformity at
the boundaries). This aspect sometimes can be significantly in contrast with some manufacturing constraints, like minimum
and maximum length of the struts, sloping angle and diameter/thickness of the struts (see also Section 3.2). Furthermore,
conformal population is often applied to simple geometries since it is not an easy task to be performed in case of reasonably

complex geometries, as already underlined in [20].

Alternative methods to uniform and conformal population have been proposed by Tang and Zhao [49], Reinhart and

Teufelhart [S0], Wu et al. [S1] and Kolken et al. [52]. Tang and Zhao [49] proposed a method where the design space is
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Fig. 12: The conformal population is based on a distribution of the unit cells that is conformal to the boundaries of the design
space. The figure shows that the unit cells do not have the same shape and dimensions. The dashed red lines and the red box
highlight that they are fully conformal to the boundaries and their integrity is preserved.

divided into FVs (Functional Volumes) and FSs (Functional Surfaces). The unit cell orientation and, in particular, the degree
of rotation of the unit cell within the functional volume is defined according to the loading conditions and the constraints.
The functional surfaces, instead, work as connections between the different functional volumes. The final result obtained by
using this method is a design space populated by different functional volumes, where each one has a different orientation: the
objective is to optimize the structural performance of the structure according to the global loading conditions and constraints
[49]. Reinhart and Teufelhart [50], instead, go beyond the concept of population based on an array of unit cells. They
describe a case study where the population starts calculating the flux of force of a design space, after the definition of the
load and constraint conditions. Finally, they define the orientation and shape of the single struts, building the same struts
along the flux of force, in relation to the main stress tensors [S0]. Wu et al. [51] starting from an adaptive rhombic grid and the
aim of generating self-supporting infill structures, through the use of efficient FEM simulation and topology optimization of
millions of finite elements, demonstrated the validity of a hierarchical infill generation approach to optimize the mechanical
stiffness and static stability of the structure. This hierarchical optimization approach of Wu et al. [51] is based on the idea
that, splitting a cell into multiple items, allows improving its mechanical stiffness since it increases the quantity of material.
Besides, choosing not a uniform but an adaptive cells subdivision of the infill structure also allows optimizing the position
of the center of gravity of the object to be printed [51]. Kolken et al. [52], instead, developed an innovative concept of
the population of the design space based on a hybrid distribution of unit cells. They used a combination of negative and
positive Poisson’s ratio unit cells to improve and maximize implant-bone contact when the implant undergoes biomechanical

loading [52].

To conclude this Section, it is further emphasized that the population phase has the role of generating homogeneous
MSLSs and that various software can support the designer in performing this activity, especially for what concerns the

generation of conformal structures.
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3.4 Setting of the MSLS density gradient

Once the homogeneous MSLS has been created, the next phase consists in finalizing the relative density of the structure.
To change this value we have two approaches which are associated with the thickness or diameter of the struts of the cells.
The density gradient of a MSLS, in fact, can be homogeneous or heterogeneous. With homogeneous density gradients, the
diameter of the struts does not locally change [53]. This means that all the struts of the cells are simultaneously varied. When
heterogeneous density gradients are used, the approach is to correlate the density and, therefore, the diameter/thickness sizing
of the struts to the loading conditions. An example of an application of a heterogeneous gradient is represented in Figure 13.
This figure takes as reference the works described in [54,55].

Many studies have been done on the application of heterogeneous density gradients and there are software applications
embedding specific commands to address this phase. New methods focused on improving this phase of the process have
also been developed. For example, Nguyen et al. [3], developed a method called SMS (Size Matching and Scaling). This
method is based on the principle that the stress distribution for MSLSs is similar to that of a fully solid material having the
same external volume. Based on this assumption and on the distribution of the local stresses detected using Finite Element
Analysis (FEA), the unit cells are sized. This sizing is performed through mathematical equations that calculate the Dy, and
Dnin values of the struts. The main steps of the SMS method are the following: FEA on the fully solid geometry; mapping
and normalization of the stress on the MSLS; Dyax and Dy, definition [3].

Another method is based on models made of voxels. The model is a 3D matrix (made of different cubic volumes, known
as voxels) that defines the entire volume of the design space similar to what the pixels do with a 2D image. One of the easiest
approaches used for voxel method gives to any voxel a value between 0 and 1, where 1 means a solid space, and 0 a void one.
Based on this principle and overlapping a grey scale image on the volume made of voxels (considering the “black” as solid
and the “white” as an empty space), the method can be used to build functionally graded MSLSs. Through this approach,
maps, referred to stress distribution obtained setting the mechanical constraints and the loading conditions, can be used [22].
Applications, aimed to create functionally graded densities, based on grey scale (see Figure 13) or dithering images have
been performed by Brackett et al. [56]. The dithering is a method based on the use of images where the gradient of density
is created by using the dor as the basic element. The image to be superimposed on the MSLS is composed of an array of
dots. The density of the dots within the image boundaries can vary, and it depends on the amount of load to bear. Once the
dots are connected to the MSLS to be functionally graded, where the amount of dots is higher, the diameter of the struts is
increased and thus, accordingly, the relative density of the MSLS. Where the amount of dots is lower, the diameter of the
struts is decreased and, therefore, the relative density as well [23, 56].

The output of this fourth phase of the design process (Figure 3) is a MSLS having the desired relative density.

3.5 Verification and optimization of the MSLS
3.5.1 Verification of the MSLS behavior
The last step of the design workflow (see Figure 3) is the verification of the MSLS behavior through simulation tools.

These tools can be used both to evaluate and develop the MSLS. Indeed, some of the methods described in the previous
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Fig. 13: The figure shows the application of a heterogeneous gradient through the use of a grey scale image that is overlaid to
a uniform lattice structure. The darker areas have a higher relative density (through the struts thickening), while the clearer
ones have a lower relative density. Both the uniform and graded structures were modeled using the software, developed at
the University of Nottingham, mentioned in [14].

sections make use of simulations, for example, to create and optimize the geometry of the unit cells (Section 3.1), and their
density gradients (Section 3.4). However, the primary task of simulation tools is to predict and evaluate the mechanical
behavior of a single unit cell or, of the entire MSLS [57]. A reference on this topic is the review analysis performed by Dong
et al. [25]. This review gives a clear and in-depth overview of the main methods used to simulate and predict the mechanical
behavior of lattice structures, highlighting advantages and disadvantages for each method. The discussion provided in this

Section has been inspired by this review.
The most used methods are homogenization method, FEA based on beams, and FEA based on solid elements.

The homogenization method is a mathematical approach that replaces the geometry of the MSLS with the one of an
equivalent (in terms of mechanical properties), fully dense material. This method has low computational costs, but also some
considerable limits. In fact, it cannot be applied to MSLSs based on heterogeneous density gradients, and it is not easy to
manage in case of complex geometries [39, 58]. Conversely, FEA based on beams or solid elements are easier to manage

and can be applied to reasonably complex shapes [25].

FFEA on beams has a moderate computational cost and can be used for MSLSs with heterogeneous density gradients (it
cannot be done with homogenization). Its limits are the following: difficulty in providing accurate results when the struts are
not thin enough; poor capability in predicting the stress distribution that occurs at the struts joints [25]. One way suggested
in the literature to decrease the effect of this limit is to increase the thickness of the joints. Labeas and Sunaric [59], for

example, demonstrate that for a MSLS with BCC unit cells a 40% increase of the strut cross-section in the nodal regions
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is suitable to give results very close to those of the experimental tests, predicting in detail the mechanical behavior of the
MSLS [59].

FEA on solid elements, instead, is more suitable to manage higher diameters or thicknesses and to accurately predict
stress distribution in the nodal areas between the struts. Moreover, it provides the possibility to perform simulations on the as-
fabricated MSLS, incorporating the defects due to the manufacturing process, using image-based FEA techniques [25,60,61].
This possibility helps to reduce the gap existing between the simulated and the real behavior of a MSLS, taking into account
the influence of the AM process. Image-based FEA, in fact, are performed adding to the virtual model the defects, observed
on the manufactured part, that are consequences of the selected AM technology, the material, and the process parameters.
The primary limit of FEA on solid elements is linked to computational costs and time [25].

Many studies have been done on the simulations of MSLSs. Ushijima et al. [62] used FEA to investigate the compressive
behavior of lattice structures made of stainless steel and manufactured using the SLM technology; they showed that there is
a good match between experimental results and the simulation for lattice structures having a low relative density [62].

Smith et al. [34] performed a study on the compressive behavior of two kinds of unit cells, manufactured using the SLM
technology, named BCC and BCC-Z (see Figure 14). They focused on parameters like stiffness and yield stress, using FEA
based on solid elements and beams. In particular, the authors investigated how the relative density and aspect ratio (W/H,
see Figure 8) affect the stiffness and the yield stress of the cell. They used, for each unit cell, four samples with a different
relative density and aspect ratio. For FEA on the solid elements they used struts wholly straight and with a constant diameter;
the compression test was simulated by applying the same loading conditions (for both cells) and using a fixed rigid plate
where to crush the unit cells progressively (see Figure 14). For FEA on beams, the approach is similar, and the adjustment,
suggested by Labeas [59] has been used, i.e., the increase of the cell thickness in the nodal regions, to better calculate their
stress and strain distributions. Finally, they compared the results (stress/strain curves) obtained by FEA on the solid elements,
by FEA on beams and the experimental results of the compressive tests carried out on the samples manufactured using the
Selective Laser Melting (SLM) technology. With FEA on beams, the phenomenon of densification is not taken into account,
since this approach does not allow managing the contact between individual struts.

The results of their study show that for BCC unit cells there is a 15% difference between the values of the initial stiffness
of the FEA based on solid elements and also of the FEA on beams with respect to the experimental results. For the BCC-Z
unit cell, the approximation is 5% for the FEA on beams and 30% for the FEA on the solid elements. In this case, there
is an overestimation that could be due to the presence of the vertical strut in the middle of the cell (see Figure 14, right).
This vertical strut creates a thickening in the same nodal region that affects the data accuracy [34]. In general, as proven by
Ushijima et al. [62], all the simulations show a high adherence to the experimental tests but for MSLSs having a low relative
density.

Smith et al. [34] in their study, as shown in Figure 15, also apply the FEA on arrays of unit cells, demonstrating that,
with more regular geometries (i.e., BCC unit cell), the analysis on one individual unit cell can be sufficient to predict the
mechanical response of the MSLS. Otherwise, for arrays of unit cells less regular (i.e., BCC-Z unit cell), an approach that

evaluates the entire MSLS using multiple unit cell models and not only one individual unit cell, can be necessary because
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RIGID PLATE

Fig. 14: The figure shows the model that has been used in [34] for performing a FEA on BCC and BCC-Z unit cells. The
solid model is based on the use of struts wholly straight and with a constant diameter. A compression test is simulated
applying the same loading conditions on the planar face at the top of each unit cell and using a rigid plate to crush the same
unit cells progressively.

F

Lo

shear band

Fig. 15: The figure shows how shear bands (dashed red lines) can occur when an array of unit cells less regular, like BCC-Z
with the characteristic vertical strut in the middle, is loaded (see also Figure 14). In these cases, a simulation performed on
a single unit cell can be not sufficient to get information on the deformability of a lattice structure. This image has been
inspired by the work [34], page 39.

the behavior under a load is not uniform and local failures or shear bands can occur [34].

To conclude, in this Section the following two main aspects have been addressed. First, it has been discussed how
simulation tools can be considered as valid support for the MSLSs design process. However, it is essential to be aware of
the limitations related to the accuracy of the prediction of their mechanical behavior, and the computational effort needed,
to choose the most suitable approach/strategy. In particular, an important aspect is to identify a right balance between the
computational effort required and the desired accuracy according to the specific aim of the simulation. For further details
about advantages and disadvantages of the various simulations methods, the work of Dong et al. [25] is suggested.

Second, it has also been discussed the mismatch between the physical model of a MSLS and its virtual replica. This

mismatch is referred to mechanical behavior, dimensional deviations and manufacturing defects [63, 64]. This fact suggests
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the actions to be undertaken, starting from the necessity to continue the creation of a strong awareness about the issues to
be faced, and the decision to be made when designing MSLSs. Hence, simulation tools should provide features that can
predict the mismatch mentioned above. According to the specific AM technology and material used, simulations should
give insights on the dimensional deviations, and manufacturing defects, which are responsible for the different mechanical

behavior observed comparing the results of the FEA, and the experimental ones retrieved from the physical model [65].

3.5.2 Optimization of the MSLS structure

The topology optimization is based on algorithms aimed to use the material where needed and to find its optimal
distribution [4]. Optimization algorithms can be of great help when designing lattice structures (see also Section 3.3), even
if some issues still need to be faced among which, as already discussed in [66], the importance of including manufacturing
constraints in the design process. The research community has also started addressing this challenge, as demonstrated in
the work of [51] discussed in Section 3.3 or, in the works cited in this Section. Indeed, manufacturing constraints are
instead fundamental to guarantee the efficiency and the feasibility of the printing process (see also Section 3.2 and Figure
3). Many relevant studies are already available in the literature demonstrating how topology optimizations results can be
used efficiently as input for generating lattice structures having improved characteristics, in particular in term of stiffness.
The aspect to be underlined that will also be recalled in Section 3.6 is that topology optimization allows generating both the
geometry of the cell and the structure. Hence, studies related to topology optimization could involve nearly all phases of the
design process represented in Figure 3. Even if this approach has been placed at the end of the design workflow, actually, it
can be of help also for the previous phases.

For example, Wang et al. [67] proposed a method, also based on the results discussed in [68] for the multiscale topology
optimization of additively manufactured graded lattice structures. Their method is based firstly on the optimization of the
geometry of the global structure and its mesostructures, secondly on the optimization of the distribution of the mesostructures
through the application of a density gradient. To demonstrate the method effectiveness they developed and tested optimized
cantilever beams [67]. The results demonstrated a superior stiffness for the optimized graded lattice structure compared
to the baseline design with uniform mesostructures [67]. Conversely, the work of Alexandersen and Lazarov [69] aims
at overcoming the limitations of homogenization-based multiscale optimization methods, which do not efficiently manage
microstructural details. Hence, a computationally efficient approach is described to optimize the macroscopic response
of the structure from the analysis of the localized behavior of the structure which allows optimizing its microstructural
details. Hence, this method provides also the benefit of generating manufacturable microstructures tailored for specific
applications [69]. Wu et al. [70], instead, developed a voxel-based optimization method, to generate porous infill structures
able to mimic the ones of bones. Their method imposes constraints on volume fractions to regulate the local material
distribution in a given design domain, under external and specific loading conditions. They also demonstrated that the
generated bone-like porous structure is stiffer than optimized rhombic ones. This approach is aimed to take into account,
during the optimization process, also the manufacturing constraints (e.g., minimum feature size) associated with the AM

technology (Selective Laser Sintering) used in their study [70].

JCISE-18-1004, Graziosi, Page 22



To conclude, it is worth underlying that, this focus on topology optimization methods, developed and applied in the
AM field, does not aim to provide a complete review on the topic, but rather to underline the following aspects. First,
topology optimization methods can be seen also as strategies for generating lattice structures characterized by complex
geometric models (see also Section 3.6). Second, the development of such complex geometries must include manufacturing
constraints to guarantee their printability. Third, considering the ’punctual” control of the material distribution allowed by

AM technologies, methods to optimize the structure locally, are very promising.

3.6 The modeling phase of MSLSs

After having described the design phases (Figure 3), this Section addresses the main aspects dealing with the modeling
phase of MSLSs. Dedicated software tools supporting the generation of the 3D model of MSLSs are already available on
the market. A list of these tools is provided in [71] and [72]. Since the software market is evolving rapidly, rather than
providing an overview of the main characteristics of these tools, which can become quickly outdated, this Section focuses
on the different modeling strategies that can be used.

The main strategies nowadays applied are summarized in the work of Tao and Leu [4]. They classify them as primitive
based, implicit surface based and topology optimization based. Topology optimization strategies are not analyzed here since
they have been already discussed in Section 3.5.2.

The primitive based strategy builds the unit cells applying boolean operations to simple geometric primitives, like cubes
or spheres. The modeling activity can be performed using 3D CAD software tools: parametric models of the MSLS can
be generated and easily modified. The disadvantage is related to the dimensions of the files. As already underlined in [73],
managing complex structures is quite challenging since a high number of boolean operations could be needed, and also a
high number of surfaces has to be managed [74]. Obviously, this is true unless dedicated modules are integrated with current
3D CAD software tools. An interesting example related to the development of a CAD-based tool to support the 3D modeling
of MSLSs is described in [75].

The implicit surfaces based strategy is related to tools that make use of implicit mathematical equations to parametrically
manage the dimensions of the structure, of the struts and their fillet at joints [4]. Functionalities of this kind have been
developed, also for 3D printing mathematical functions for educational purposes (e.g., see [76]). Nowadays they are of great
help for 3D printing structures such as the TPMSs (see also Sections 1 and 3.1). An example related to the use of implicit
formulations is presented in [73].

A further interesting classification of modeling strategies used for representing cellular structures is provided in [77].
In this paper, modeling strategies are classified into two main groups on the basis of the approach used for representing
the 3D model, i.e., Boundary representation (BRep) or Volume representation (VRep). Finally, to overcome the limitation
of primitive-based strategies, to optimize the computational efforts required, and to avoid the generation of non-manifold
geometries an innovative mesh-based modeling approach is described in [78].

To conclude this Section, the following aspects are highlighted. As shown in Figure 3, the design process of MSLSs

is characterized by a high number of redesign cycles. This is due to the complexity of the design activity to be performed
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since geometrical and technological aspects are strongly correlated. Also, we have to consider that the knowledge related
to the design of MSLSs is still mainly at a research-level and further examples and application cases are needed to retrieve
the insights necessary to guide designer’s decisions better. This lack of knowledge is also responsible for these redesign
cycles. Hence, software tools should allow an easy update and change of the MSLSs geometry, the possibility to assign
manufacturing constraints and to check their fulfillment automatically. Moreover, although software tools having libraries
of predefined unit cells are already available, however, classifying these cells considering their mechanical behavior (e.g.,
stretch-dominated or bending-dominated) could be, for example, relevant piece of information upon which starting the design

phase.

4 Discussion

The analysis of the literature provided in Section 3, has highlighted the main phases to be performed and issues to be
faced when designing MSLSs. This Section will be instead dedicated to the starting point of the design process, i.e., the
setting of the functional targets to reach. Indeed, nowadays, such functional targets are mostly focused on searching for the
optimal stiffness to weight ratio when designing lightweight solutions. The fulfillment of this target is made possible by AM
technologies, which allow a local and punctual control of the material distribution within the design space. However, this is
a too narrow view of the functionalities that these structures could provide. The aim of this Section is thus to expand this
view providing an overview of both advanced and emerging functionalities of MSLSs: the intent is to explore the design for
functionality concept (as defined in [79]).

The most widespread applications of MSLSs are referred to biomedical, aerospace and automotive (mainly racing) fields
[4]. It is evident that in these fields, the possibility to simultaneously develop stiff and light solutions can give considerable
advantages. For example, in the biomedical field, lightweight is necessary to build implants (mainly in titanium alloys) with
a weight similar to that of the replaced bone, and a degree of porosity suitable to promote the proliferation of the living cells
(e.g., see [80-85]). In the aerospace and automotive fields, a weight decrease can mean better performances with less fuel
consumption (e.g., see [4, 83]). Hence, if, on the one hand, the lightweight functionality, in term of reduction of material
resources is the driver of the diffusion of MSLSs applications [86], it cannot be considered as the only design target to be
pursued. Other functionalities, instead, can be experimented and must be explored.

For example, the fields of applications described in [6] for metal foams can be valid also for bending-dominated MSLSs
(see also Section 3.2). Indeed, functionalities concerning heat exchange and acoustic insulation capabilities have been
already tested [87]: the high area to volume ratio, on the one hand, and the high number of internal voids, on the other, can
significantly increase the heat exchange capabilities and insulation efficiency of a system. A further relevant application,
concerning the heat transfer capabilities of these structures, is related to the design and manufacturing of conformal cooling
channels, as demonstrated in [88]. However, it is evident that the substitution of metal foam with more expensive MSLSs,
from the manufacturing point of view, can be justified considering the design freedom provided by AM technologies.

The stiffness of both stretch-dominated and bending-dominated MSLSs can be tuned and modulated, for example along

the different loading directions, as discussed in Section 3.1. This kind of structures can be then used also for energy absorbing
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applications, e.g., as discussed in [21, 89]. Another interesting and innovative application of MSLSs is in the filtering field
as demonstrated in [90], and as already discussed in [4]. In this case, the benefit is obtained by combining the possibility to
have a high number of voids with the possibility to orient them to reduce pressure drops.

Together with its lightweight capability, the further functionalities provided by these open struts-based structures (e.g.,
improved heat exchange, acoustic, damping and ventilation capabilities) has pushed their use into sandwich panels (e.g.,
see [91-93]) as alternatives to the well-known honeycomb structures. This fact has pushed the research community on also
exploring the shear behavior of cellular structures (e.g., see [91-96]). Indeed, as explained in [94], when the panel undergoes
a bending load, it is the shear response of the core which determines its flexural strength. However, the strut-based structures
analyzed in these studies have been obtained mainly using conventional manufacturing processes, except in [93] where an
investigation of the shear response of a structure, manufactured using the SLM technology, is provided. Hence, further
research efforts are needed to continue the exploration of the shear behavior of MSLSs.

When discussing the potential functionalities of MSLSs, it is necessary to distinguish those that can be considered as
advanced, and that can be developed at an R&D level (like the previous ones), from those that can be considered as emerging.
In this second case, new functionalities of MSLSs are discovered “playing” not only with the structure geometry but also
with the material and the building process. An overview of works describing such emerging functionalities is presented
below. Before starting this overview, however, it is worth underlying that the objective of these works is to explore new
potentialities of lattice structures and/or to develop innovative unit cells. Hence their focus is more on the outputs of their
theoretical and/or experimental studies, rather than on deriving a structured design method.

A first relevant example is represented by the possibility of transforming these structures into mechanisms, i.e., the
so-called metamaterial mechanisms as described in [97]. In this application, a component can be seen as the sum of multiple
MSLSs, each one having its mechanical behavior (e.g., stiff or soft). Hence, selecting the proper material, a unique compo-
nent can be used to generate a mechanism made up of different elements (e.g., in [97] several examples are provided among
which a door mechanism built as a unique component). To select the proper cell arrangement, with respect to the desired
mechanism, a dedicated software application has been developed combining a graphical editor and a simulation environment:
it is the feedback provided by the simulation (see also phase 5 in Figure 3) which drives the user towards the selection of the
right unit cell and structure.

A second example is represented by auxetic MSLSs. They are characterized by a negative Poisson’s ratio: under uniaxial
compression, they shrink laterally, or under uniaxial tension, they enlarge laterally. They can be classified as a mechanical
metamaterial [98]. 3D auxetic lattice structures, because of their particular stress distribution, and their capability to change
their geometric configuration, can be used for a wide range of applications such as fasteners, textiles for medical applications,
protective clothing, etc. [99, 100]. For example, Li et al. [100] discussed an approach to design 3D auxetic lattice structures
able to generate out-of-plane deformations through the use of curved struts. The curved shape of the struts (called ligaments
by Li et al. in their study) and their arrangement are responsible for the auxetic behavior. The so-called "out-of-plane”
deformation is different by the “in-plane” one that is typical of 2D auxetic structures, which are currently the most explored

structures since they are easier to design and print. This example shows how new functionalities can be explored working on
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the design of the unit cell, and specifically, of its struts. Hence, works as one of Li et al. [100] are focused on expanding the
range of choices related to the first phase of the design process which is the ”Unit cell design or selection” (see Figure 3).

A third example, is represented by 4D materials (e.g., see [101] for a review). Studies addressing this topic, combine
the design freedom given by the AM process, with the modularity of lattice structures and the additional functionalities
provided by the so-called smart materials, i.e., materials capable of changing their properties or shape in response to external
stimuli (e.g., temperature, electric or magnetic field, mechanical loading conditions, etc.) [102]. In this case, the material
plays a fundamental role in determining the new functionalities of the structure. 4D materials can be used for auxetic,
deployable or self-assembly structures and are promising for fields of application like the aerospace and biomedical ones.
For these fields, mechanical or electromechanical stimuli are not always applicable, and the change of shape cannot be
manually achieved [4, 103]. The smart materials mostly used for 4D materials are SMAs (Shape Memory Alloys), SMPs
(Shape Memory Polymers) and hydrogels [104—-106]. The first two use a thermal stimulus to trigger the change of the
shape while hydrogels are activated by the humidity. They change shape (by swelling) reacting to the presence of fluid in
their environment. Wagner et al. [106] presented a work where an auxetic lattice structure was manufactured using a single
material and, in particular, an SMP. The combination of the mechanical behavior given by the auxetic lattice structure with
the SMP capabilities allowed a significant change of the structure shape. They measured a 200% change of the area enclosed
by the structure [106]. In case of 4D materials the further level of complexity in the design of the MSLS is given by the
multiple functional targets to be fulfilled.

A fourth example is represented by soft and highly-stretchable metamaterials. They combine the 3D free-form given by
additively manufactured lattice structures with the high stretchability of materials like elastomers. Again, also, in this case,
the material plays a fundamental role in determining the new functionalities of the structure. These kinds of metamaterials
can be used for a wide range of applications including soft robotic, packaging for energy absorption, rehabilitation devices,
soft and wearable electronics [107, 108]. All these applications take advantage of the high stretchability and the dampening
properties of these metamaterials. For robotic applications they are used as connectors to bridge parts where bending or
rotation is required; in packaging applications, they could be used as dampers to shield impacts while, for rehabilitation
devices, they could be used to support the movements of the joint to rehabilitate. Finally, in case of soft and wearable
electronics, they can act as flexible supports for building integrated electronic solutions. Jang and Wang [108] presented
a method to fabricate highly-stretchable lattice structures. They use a process where a hollow and water-soluble lattice
structure is built using micro-stereolithography. This structure is used as a scaffold to cast (using a syringe) the catalyzed
elastomer. Once the elastomer is cured, the scaffold is dissolved in a water solution. The metamaterial fabricated using this
method is characterized by lightweight and an ultrahigh and reversible stretchability. It can strain up to 414% [108].

From this overview, the following couple of considerations can be drawn. Again, as already underlined in Section 3.6,
considering the complexity and the novelty that characterize MSLSs, there is the need of tools tailored to their design pro-
cess as well as of more case studies to build a solid background on the topic. In addition, as the new emerging applications
demonstrate, such process will become even more multi-disciplinary” since multiple aspects (i.e., geometry, material, pro-

cess) will concur in ”shaping” MSLSs functionalities. Hence, to foster the exploitation of such emerging functionalities into
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real applications, a further level of development of their design process, and of its supporting tools, is required.

5 Conclusions

Considering the growing interest of both the research and industrial communities, in the design and manufacturing of
non-stochastic cellular structures (thanks to the extensive diffusion and rapid development of AM technologies), this paper
proposes an overview of the design process of these structures. The discussion is focused on additively manufactured Meso-
Scale Lattice Structures (MSLSs). These are structures whose unit cell dimensions vary from 0.1 to 10.0 mm. Specifically,
we concentrate on MSLSs characterized by a strut-and-node architecture. Even if most of the examples provided are focused
on this kind of structure, however, the described design process is valid also for other types of cellular structures, such as,
for example, the TPMS (Triply Periodic Minimal Surface). The intent of focusing the discussion on this kind of structures is
given by the design freedom that strut-and-node based structures can offer.

The contribution of this review is twofold: providing a comprehensive view of the lattice structure design process and of
the design strategies currently available, which is still lacking; providing an attempt in uniforming the technical terms used
when describing the lattice structures design process. Five main phases have been identified, starting from the ”Unit cell
design or selection” until the ”Verification and optimization of the MSLS”. The final part of the analysis is also dedicated to
the review of the full range of functionalities that these structures can provide.

From the literature analysis, it comes out that further researches are needed, and in particular:

1. case studies describing the process followed to develop the MSLSs, to deepen the knowledge of MSLSs design;

2. strategies/approaches to forecasting the mismatch existing between the designed MSLS and the manufactured one, to
allow designers to prevent the influence of the manufacturing process on MSLSs;

3. optimization/population/gradient-based strategies able to locally control the material distribution to develop MSLSs with
enhanced and customized properties to take advantage of the “punctual” control allowed by AM technologies;

4. optimized modeling strategies of MSLSs to reduce the computational efforts required when generating complex geo-
metric structures to exploit the design freedom offered by AM technologies fully;

5. integrated design tools able to reduce ineffective redesign cycles by allowing the designer approaching the design prob-
lem from a multidisciplinary perspective, i.e., by simultaneously taking into account technological, geometrical and
technical requirements;

6. development of new functionalities/properties that go beyond lightweight, through advanced approaches integrating

MSLSs design, materials, and manufacturing technologies.

Three are the main figures that may benefit from this review: designers, software developers, and researchers. Designers
can retrieve insights on: the design phases to be carried out; the design possibilities offered by these structures; the influence
of the manufacturing process on design choices; potentialities and limits of current modeling and simulation tools. Software
developers could get a more precise understanding of: the design process as a whole; how much decisions, taken at each level

of the process, influence the quality of the 3D printed object; the potentialities and limits of current modeling and simulation
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tools. Finally, researchers could use this review as a starting point for addressing the identified open issues or exploring new

and advanced functionalities of lattice structures.
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