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One of the main advantages of Additive Manufacturing (AM) is the ability to produce topologically optimized parts

with high geometric complexity. In this context, a plethora of architected materials was investigated and utilized in

order to optimize the 3D design of existing parts, reducing their mass, topology-controlling their mechanical

response, and adding remarkable physical properties, such as high porosity and high surface area to volume ratio.

architected materials  lattice structures  additive manufacturing

1. Introduction

In the last decades, the industrial 3D design was evolved from two-dimensional sketches to 3D parametric models

with the assistance of Computer-Aided Design (CAD). The next step in this evolution is the integration of the

topology optimization procedure in the design and fabrication processes. The Topology Optimization (TO) process

calculates the minimum amount of mass and its optimal distribution on an existing part for a specific set of applied

loads, usually, that set is the operation conditions . Thus, TO concentrates an increased scientific and industrial

interest, especially in sectors such as the aeronautical, automotive, and biomechanical . TO is not a

new concept, it is existing since 1904 with Michell’s book about structural optimization , which expressed the first

definition and investigated the mathematical formulation behind the TO. However, the practical implementation of

TO occurs due to the development of sophisticated software, the increase of computational power, and the

employment of advanced manufacturing systems, such as additive manufacturing methods and the integration of

computer/robotics in machining processes. More specifically, additive manufacturing (AM), also known as 3D

printing, is facilitating the TO procedures due to the rapid fabrication and the limited geometrical constraints of

topologically optimized parts. Thus, TO has a strong dependency on AM capabilities .

In this context, TO has been deeply examined over the last decade and two different approaches have been

developed: the density-based and the truss-based methods . The density-based method, also known as

generative design, has the ultimate objective to minimize the mass of a part, hence it is employed only for

lightweight applications . This approach divides the part’s volume into elementary elements (voxels) and

performs Finite Element Analysis (FEA) for the applied loads. After the evaluation of the stresses for each voxel, an

initial normalized relative density value is assigned for each voxel with values ranging from zero to one. A value of

zero is assigned to voxels with zero or minimum stress concentration, which indicates that these voxels could be

removed. A value of one is assigned to voxels with high and maximum stress concentration, which indicates the

necessity of maintaining these voxels on the topologically optimized part. For all the other voxels, the normalized

[1][2]

[3][4][5][6][7][8]

[9]

[10]

[11][12]

[13]



Classification of Architected Materials for Additive Manufacturing | Encyclopedia.pub

https://encyclopedia.pub/entry/26915 2/16

relative density has moderate values depending on stress concentration contours. Then, the algorithm removes the

voxels with zero or with the lowest values of normalized relative density and the FE analysis is performed again.

This procedure is repeated until the designer’s objective is achieved or one of the designer-assigned constraints is

reached. The most widespread algorithms for density-based TO are the Solid Isotropic Material with Penalization

(SIMP) algorithm, the Bi-directional Evolutionary Structural Optimization (BESO) algorithm, and level-set, which are

employed by a plethora of commercial 3D design software .

On the other hand, the truss-based approach employs architected materials, also known as lattice structures, in

order to topologically optimize an object . This process has risen an increased scientific interest in the last

decade and is the most complex method of TO. Again, the FE analysis possesses an essential role in this

procedure in locating the stress concentration regions inside the part’s volume . The solid material’s regions are

replaced by lattice structures with specific relative density corresponding to the stress concentration for each

region, i.e., for a region with low-stress concentration, a low relative density (5–10%) is applied, and for a region

with high-stress concentration, a high relative density (>50%) is applied. However, this method has two major

challenges in its implementation. The first is the selection of the applied architected material, as there is a vast

number of different architected materials with unique geometry and unique mechanical and physical characteristics

. For a truss-based TO application, the properties of each architected material have to be evaluated in order to

choose the proper lattice structure depending on the examined application. The second challenge is the size effect

that affects all architected materials regardless of their geometry . The size effect is the mechanism that shows

how the mechanical behavior is compromised by the reduction of the relative density and drastically affects

structures with relative densities below 50%. More specifically, the size effect influences the mechanical properties

through a specific scaling law formula. According to the existing literature , the effective mechanical

properties of every architected material are dependent on the applied relative density in exponential relation via the

aforementioned scaling laws. Furthermore, lattice structures, with intense exponential relation (n > 2) between the

mechanical properties and relative density, reveal low stiffness and strength with an extensive plateau after the

yield point at the stress–strain diagram; this mechanical response is defined as bending-dominated behavior .

In contrast, architected materials with an almost linear relation (n ≈ 1) between the mechanical properties and

relative density, show high stiffness and peak stress coupled with an intense post-softening effect after the yield

point at the stress–strain diagram; this mechanical response is named as a stretching-dominated behavior .

2. Theoretical Background of Architected Materials

Architected materials, also known as architectured materials, are a class of materials that modify the physical and

mechanical properties of the overall structure due to their unique topology and geometry. The first architected

materials were detected in nature in form of foams and cellular materials, such as bones, corals, etc. . It was

observed that they possessed special characteristics such as lightweight structures and topologically controlled

mechanical properties. Thus, the imitation of natural cellular materials was employed by copying the observed

natural structures or developing new artificial architected materials, known as lattice structures.
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The most crucial physical property of lattices is the relative density. The relative density of an architected material

is the ratio of the lattice volume (V ) to the volume of the bounding box (V ) that includes the whole structure,

and it is emerged by the Equation (1). Where ρ  and m  express the density and the mass of a solid item with

a volume equal to the bounding box volume. In addition, ρ  and m  represent the material’s density and

the mass of the lattice structure, correspondingly.

(1)

Depending on the applied relative density, the architected materials are characterized as foam or lattice structures

and their mechanical properties are modified. More specifically, when the structures have an ultra-low relative

density (<5%) are defined as foams and reveal hyper-elastic non-linear behavior with limited structural integrity

regardless of the construction material. Thus, these architected materials could be utilized for impact and high-

strain applications. On the other hand, when the relative density is between 10–50%, the architected materials are

defined as lattice structures, and depending on the lattice geometry and the exact percentage of relative density,

they could be used for structural or energy absorption applications. It is worth mentioning that the architected

materials with relative densities above 60% have mechanical behavior close to solid objects .

The relative density of the periodic architected materials is strongly connected with the ratio between the thickness

(t) of the strut (for strut-lattices) or the wall (for sheet/surfaces) to the length (l) of the structure’s unit cell. On the

other hand, in stochastic structures, the relative density is dependent on the ratio of the strut/wall thickness to the

distance between the random seeds of the stochastic structure. According to the existing literature , these

ratios influence the relative densities of the architected materials in different ways depending on the geometry of

the structures. More specifically, for the majority of sheet-TPMS lattices, the t/l ratio appeared to have a linear

relation with the relative density, as is shown in Equation (2). In contrast, the majority of the 2.5D lattices

(honeycombs, etc.) and the 3D strut lattices (octet, diamond) influence the relative density with a second or third

order polynomial mathematical formulation depending on the structure’s geometry and the accuracy of the

calculations, as presented in Equations (3) and (4). It is worth mentioning that the C , C , and C  are constants that

are calculated according to the applied architected material. Moreover, t is always lower than the l, often t « l, which

leads to t/l < 1. Thus, in strut lattices, the relative density is increasing exponentially when the t/l is low in contrast

with the sheet-TPMS lattices, in which the relative density is increasing linearly.

(2)
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(3)
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3. Classification of Architected Materials Based on the
Geometry

There is a vast number of architected materials with different geometries, thus it is necessary to classify them into

categories based on their basic topological characteristics, as is shown in Figure 1. The first criterion is the

periodicity of the structure, hence three families of structures are derived from this: the stochastic, the periodic, and

the pseudo-periodic .

Figure 1. Classification of architected materials based on the geometry.
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Stochastic architected materials are cellular materials without repeating elementary geometry, i.e., the unit cell and

their geometry is derived from random functions and equations . All the natural architected materials are

stochastic, as they are not characterized by a unit cell. There are also artificial stochastic architected materials,

which are designed with the assistance and combination of random functions and algorithms of topology, such as

Voronoi, Delaunay, etc., in order to mimic the natural cellular materials. Furthermore, the stochastic architected

materials are divided into open and closed cells, as is presented in Figure 1. Stochastic has commonly consisted

of closed cells, i.e., multiple close volumes of air within the overall structure’s volume. It is worth mentioning that 3D

printing enabled the manufacturing and examination of artificially stochastic lattice structures with high precision

and low relative densities .

Periodic architected materials are the majority of fabricated and examined artificial cellular materials. The first

reason is the ease of design due to the periodicity, i.e., when the geometry of one unit is designed then it could be

repeated in the three dimensions. The second reason is the predictability of their mechanical properties, as the

symmetric of the structure could be utilized via periodic boundary conditions (PBC) in order to simulate their

mechanical response . As it is illustrated in Figure 1, the periodic cellular material could be 2.5D or 3D . The

2.5D structures are the simplest form of periodic architected materials and consist of sheet networks, which are

designed from 2D geometrical shapes that are extruded in the third dimension, such as the honeycombs.

Moreover, the 3D periodic architected materials are either strut or sheet interconnected networks/surfaces. There is

a plethora of strut lattices; some of the most widespread are the Octet, Kelvin, and Rhombic Dodecahedron, which

are portrayed in Figure 1. The sheet cellular materials are separated into shell lattices and triply periodic minimal

surfaces (TPMS). The shell lattices are attained when plates or surfaces are positioned in certain positions, which

are usually derived from modifying strut 3D structures, as is shown in Figure 1. On the other hand, TPMS

structures follow specific trigonometric equations that control their geometry and have the unique topology

characteristic of a mean curvature equal to zero at every point of the surface . For this reason, TPMS structures

have a higher surface area to volume than the rest and are also self-supported structures allowing their fabrication

through the additive manufacturing processes .

Finally, the pseudo-periodic architected materials consist of either 2.5D or 3D cellular materials that have a variable

relative density or an interaction with the boundaries of the structure . In the first case, the relative density’s

variation occurs by changing the periodicity of the structures, i.e., changes in the length of unit cells or from

changes in the strut/wall structures. These structures are also called heterogeneous lattice structures. It is worth

noting that when the relative density of a structure increases gradually, in order to distribute the receiving loads

uniformly, then the structure is named a functionally graded lattice structure . The second case occurs when the

lattice structure follows the overall structure’s boundary, also known as conformal, or when the lattices are

interrupted by the overall structure’s boundary, also known as non-conformal.

4. Classification of Architected Materials Based on the
Mechanical Response
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Existing literature has proven that the effective mechanical properties of an architected material are dependent on

the relative density of the structure complying with the previously mentioned scaling law . After extensive

research, two major mechanical behaviors have been observed based on the exponent of the scaling law for the

effective elastic modulus of a lattice structure and the curve of engineering stress to strain diagrams: the stretching-

dominated and the bending-dominated behavior.

Stretching-dominated behavior occurs in architected materials with high connectivity, either with struts or with

surfaces, and limited degrees of freedom in each joint/node leading to many possible self-stress situations . In

loading conditions, the first response of the structure is to elastically stretch the struts/surfaces; thus, the effective

elastic modulus has a linear relation with the applied relative density, as is shown in Equation (5), and the exponent

of the scaling law is equal with one (n = 1). Additionally, Figure 2a portrays an indicative stress–strain diagram for

a stretching-dominated behavior.

(5)

where E  is the effective elastic modulus of the applied architected material, E  is the elastic modulus of solid

material, and G  is a constant that is dependent on the geometry and the material of the applied lattices. The

architected materials with stretching-dominated behavior or close to stretching-dominated behavior (n ≈ 1) are

stiffer than the lattices with bending-dominated behavior and reveal higher peak strength due to their connectivity.

However, the intense loading of the struts/surfaces at the peak strength leads to plastic buckling or brittle fracture

of the majority of them, rapidly decreasing the strength of the structure. This phenomenon is known as the post-

softening effect and it appears in the stress to strain diagram with a deep drop of the stress–strain curve after the

peak stress, as portrayed in Figure 2a. Hence, the lattices with stretching-dominated behavior are excellent

candidates for applications that require enhanced structural integrity. Nevertheless, these structures appear to

have moderate performance in terms of energy absorption due to the post-softening effect, which results in most of

the energy being absorbed within the elastic section.
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Figure 2. Indicative mechanical response for a structure with: (a) stretching-dominated behavior (Octet); (b)

bending-dominated behavior (Kelvin); (c) Material property chart coupled with the curve for the two examined

mechanical behaviors.

The bending-dominated behavior appears in lattice structures with low connectivity and allows the struts/surfaces

inside the structures to bend upon the application of loads. Due to the bending of the struts/surfaces, elastic

deformation is governed by the surface’s second moment of inertia, which leads to exponential relation between

the effective elastic modulus and the relative density. The exact mathematical formula is presented in Equation (6),
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where G  is a constant that is dependent on the geometry and the material of the lattices, and n is an exponent

with a value equal to or higher than two (n ≥ 2). In addition, Figure 2b depicts an indicative stress–strain diagram

for a bending-dominated behavior.

(6)

The architected materials with bending-dominated behavior reveal low stiffness and peak strength due to the

bending of struts/surfaces and the low connectivity of the structure’s elements. However, after the peak stress and

due to the bending loading condition of the struts/surfaces of the lattice structure, these structures continue to

receive constant stresses creating a plateau section in the stress to strain diagrams as is shown in Figure 2b.

During the plateau, the structure is deformed plastically until the densification section (after 50% of strain). This

plastic deformation leads to remarkable amounts of energy absorption from the plastic section. Thus, the

architecture materials with bending-dominated mechanical behavior have high crashworthiness and are suitable for

impact applications, such as helmets, armors, etc. 

As it was presented, the connectivity of an architected material’s unit cell has an essential role in the mechanical

behavior of the structure. Hence, for the periodic strut and 2.5D lattices, Maxwell established a mathematical

regulation, known as Maxwell’s stability criterion, which defines if one architected material has stretching-

dominated or bending-dominated behavior by the number of the consisted struts/beams (b) and nodes/joints (j),

according to the Equations (7) and (8) . It is worth noting that this classification based on mechanical

behavior is valid only for architected materials with fixed nodes/joints, in other cases the structure is a mechanism.

In Figure 2c, an indicative material diagram is presented coupled with the curves of elastic modulus to density for

both examined mechanical responses.

(7)

(8)

Finally, one family of the most interesting architected materials is the auxetic lattice structures, such as the Re-

Entrant structure (Figure 3). The auxetic structures reveal similar stress to the strain diagram with the bending-

dominated structures, but they have the unique mechanical characteristic of a negative Poisson ratio. A negative

Poisson ratio is expressed in compression loading with intense deformation/reduction of the dimensions, which are

2
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For 2D structures : M = b − 2j + 3{
if M < 0 bending − dominated behavior

 if M ≥ 0 stretching − dominated behavior

For 3D structures : M = b − 3j + 6{
if M < 0 bending − dominated behavior

 if M ≥ 0 stretching − dominated behavior
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perpendicular to the direction of loading. In cases of tensile loading, the auxetic structures exhibit large

deformations with relatively low stress (below the yielding stress). Due to these mechanical characteristics, the

auxetic materials are an essential tool for 4D printing applications in which the applied stresses (mechanical,

thermal, etc.) lead to a significant change in the structure’s dimensions, i.e., modification of the entire structure’s

shape .

5. Optimization of Architected Materials

The architected materials are employed in order to structurally optimize a part’s geometry by reducing the mass

and providing a more uniform mass distribution. However, the implementation of architected materials could be

enhanced by a series of methods that exploited the unique topological characteristics of the cellular materials.

According to the existing literature , there are five widespread methods to optimize architected

materials and lattice structures, which are also areas of extensive scientific interest.

The first and the most widespread method is named functionally gradation of the lattice structure. This technique is

second-level topology optimization of an object, as in the first level the replacement of solid region by lattice

structure was performed. In this second-level topology optimization, the relative density of a lattice structure is

modified depending on the loads that the structure receives. In detail, for a specific application, the regions with

low-stress concentration employ lattice structures with lower relative density in contrast with the regions with higher

stress concentration . In this way, the mechanical performance of the lattice structure is improved without

changing the overall mass, as the mean relative density of the structure remains the same. The increment of the

relative density in the structure could be employed rapidly, for example increasing from 10% to 60% relative density

for two contiguities regions; or it could be performed gradually with linear, exponential, or scalar-field mode

providing a smoother transaction between the regions of low and high relative densities. It is worth mentioning that

the changes in relative density are achieved by changing the t/l ratio of the lattice structure, either by shifting the

numerator or the denominator or even both; however, the most common way is by changing the lattices’ strut/wall

thickness (numerator-t). Figure 3a illustrates an indicative implementation of functional graded architected

materials (Gyroid) for impact and energy absorption experiments.

The second optimization method for the architected materials requires the utilization of one extra manufacturing

process besides the additive manufacturing. The concept of this procedure is to replace the air inside the volume of

an architected material with another material, as it is presented in Figure 3b. With this process, solid composite

structures are created consisting of two materials the architected material and the filling material; these structures

are also known as interpenetrating phase composites. There is a wide variety of filling materials from epoxy and

silicone rubber compounds to polymer foams, such as polyurethane. Furthermore, the interpenetrating phase

composites with architected materials could produce composite materials with unique physical and mechanical

properties. For example, lattice structures with high electrical conductivity  or lattice structures with higher

energy absorption rates .
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The third technique is also very common among the research community and deploys two or more different

architected materials inside the overall structure of a part. This method is also known as the hybridization of lattice

structures . More specifically, a different selection of architected materials is performed for a different region of

the part with the objective to improve the mechanical response of the structure, but also to exploit the unique

physical, mechanical, or aesthetic characteristics of the applied architected materials . For example, auxetic

architected materials could be deployed in regions where tensile stresses appear, and sheet-TPMS, such as the

Schwarz Diamond structure, could be employed in the rest of the body in order to secure the structural integrity of

the part. In addition, the hybridization lattice structures could be utilized in impact applications with remarkable

results. This is achieved by maximizing the energy absorption of the whole structure with the combination of a

bending-dominated architected material, which receives the maximum plastic deformation, with a stretching-

dominated lattice structure, which receives elastic deformation with high peak strength. As in the functional

gradation case, the hybridization process of a structure could be performed rapidly or gradually. Figure 3c

illustrates a hybrid lattice designed for bending and energy absorption tests.

The fourth method fundamentally changes the unit cell structure of an architected due to the fact that it combines

two or more architected materials in the volume of one unit cell in order to produce enhanced cellular material in

terms of mechanical behavior . Again, this is a hybridization method like the previous one with the difference that

is performed at a level of a unit cell. In this method, the hybridization of the distinct cellular materials is performed

by assessing the individual mechanical performance of two different architected materials and combining them.

More specifically, the stress concentration regions of each structure are located, and the architected materials are

combined in such a way to enhance and reinforce these regions leading to a new architected material with

improved mechanical behavior. This method creates advanced cellular material with high geometry complexity that

could be combined with the two aforementioned optimization methods of lattice structures for applications with high

demands of structural integrity. Figure 3d shows unit cells of the hybrid architected materials coupled with the

initial cellular materials and their contours of von-Mises stress which led to the proper combination of these

structures.

The last technique leads to even more complex lattice structures, as it produces architected materials with higher-

order structures . In detail, a lattice structure is embedded within the elements of an architected material, i.e.,

strut/walls and nodes. Thus, these elements consist of lattice structures, as is portrayed in Figure 3e. This method

is utilized in order to produce ultra-lightweight structures and structures with ultra-high porosity. However, the major

challenge of this optimization method is the manufacturing procedure, as the lattice structures within the

strut/surface volume are one order smaller than the whole structure. Thus, a 3D printer with sufficient build volume

and high accuracy, such as the Selective Laser Melting (SLM) technique, is required, or a 3D printer with an ultra-

high accuracy, such as the two-photon polymerization additive manufacturing technique.
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Figure 3. Optimization processes of architected materials: (a) Functional gradation; (b) Interpenetrating phase

composites with architected material; (c) Hybridization of a structure; (d) Hybridization of a unit cell; (e) Lattice

structure with higher-order.
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