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Abstract

Lightweight materials and structures have been extensively studied for a wide range of
applications in design and manufacturing of more environment-friendly and more sustainable
products, such as less materials and lower energy consumption, while maintaining proper
mechanical and energy absorption characteristics. Additive manufacturing (AM) or 3D printing
techniques offer more freedom to realize some new designs of novel lightweight materials and
structures in an efficient way. However, the rational design for desired mechanical properties
of these materials and structures remains a demanding topic. This paper provides a
comprehensive review on the recent advances in additively manufactured materials and
structures as well as their mechanical properties with an emphasis on energy absorption
applications. First, the additive manufacturing techniques used for fabricating various materials
and structures are briefly reviewed. Then, a variety of lightweight AM materials and structures

are discussed, together with their mechanical properties and energy-absorption characteristics.
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Next, the AM-induced defects, their impacts on mechanical properties and energy absorption,
as well as the methods for minimizing the effects are discussed. After that, numerical modeling
approaches for AM materials and structures are outlined. Furthermore, design optimization
techniques are reviewed, including parametric optimization, topology optimization, and
nondeterministic optimization with fabrication-induced uncertainties. Notably, data-driven and
machine learning-based techniques exhibit compelling potential in design for additive
manufacturing, process-property relations, and in-situ monitoring. Finally, significant
challenges and future directions in this area are highlighted. This review is anticipated to
provide a deep understanding of the state-of-the-art additively manufactured materials and
structures, aiming to improve the future design for desired mechanical properties and energy

absorption.
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1 Introduction

Over the past decades, lightweight materials and structures have drawn growing attention
in product design with more sustainable features, such as less material usage, less energy
consumption, and less greenhouse gas emission, at the same time maintaining high mechanical
performance in aerospace, automotive, civil, maritime, and nuclear engineering [1-3]. For this
purpose, experimental, analytical, and numerical methods have been extensively used to predict
what topological configuration or spatial distribution of materials is required at a nano to
mesoscale to achieve anticipated mechanical performances at the macroscopic level [4-10].
Nevertheless, the sophisticated micro-scale topological configurations and/or complex spatial
distribution of materials are restricted by traditional manufacturing technologies, somewhat
hindering the improvement of mechanical performances [11-14].

Additive manufacturing (AM), also referred to as 3D printing or rapid prototyping (RP), is
arelatively newer process of fabricating objects from 3D computer-aided design (CAD) models.
The process can produce various structures by adding materials layer by layer to construct
sophisticated 3D architectural configurations and reduce waste with satisfactory geometric
accuracy [15, 16]. The AM provides more freedom to design novel structures which can better
place the materials as needed to enhance and/or tailor their mechanical properties. Various AM
technologies have been available to fabricate desired products used in aerospace, automotive,
mechanical, civil, biomedical, and many other fields [17-19].

Energy absorption under large deformation is one of the most important mechanical
characteristics of lightweight materials and structures for applications in automobile, railway,
packaging etc. [20-22]. Essentially, materials and structures absorb substantial kinetic energy
through plastic deformation and/or fracture to reduce risk of people's mortality/injury and
damage of goods under impact loads [23-25]. Through AM techniques, various novel materials
and structures, such as shell-lattices, bio-inspired design, and topology optimization-based
structures that may not be fabricated by traditional manufacturing technologies, have been

proposed and fabricated to improve their mechanical characteristics. These AM based materials
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and structures have exhibited superior potentials in industrial applications [13, 26, 27]. However,
there are also some associated issues for AM process such as AM-indued uncertainties and
defects, and their effect on the mechanical characteristics, which should be investigated and
understood systematically. The computational modeling of AM process and deformation
behavior of the materials and structures represent an effective means to understand their
associated mechanical properties.

Note that there is lack of systematic review to date on the mechanical behaviors of
additively manufactured materials and structures subject to large deformation with a
characteristic feature on energy absorption. This work aims to comprehensively review recent
advances in AM materials and structures and their mechanical properties for energy absorption
applications. Figure 1 provides an overview on the framework and key aspects relating to the
mechanical behaviors of AM materials and structures. The review first briefs the AM
technologies commonly used to fabricate energy-absorbing structures in Section 2. Then, a
range of geometrical configurations of energy-absorbers and their mechanical performances are
discussed in detail in Section 3. Section 4 portrays various additive manufacturing defects and
their effects on the mechanical performance of these structures. The numerical methods for
simulating the mechanical performance and the fabrication process are reviewed in depth in
Section 5. Section 6 provides an overview of design optimization methods for AM materials
and structures. Section 7 discusses the data-driven and machine-learning research in additive
manufacturing for enhancing the mechanical properties of fabricated materials and structures.
Engineering applications for AM materials and structures are presented in Section 8. Section 9
concludes the existing advances and identifies some significant challenges confronting for

future studies.



Figure 1. The framework of a state-of-the-art review for the additively manufactured

materials and structures; properties [28, 29], defects [30, 31], simulation [32, 33],
optimization [34], automotive engineering [35-37], aecrospace engineering [38-40], scaffolds

160 and implants [41-43], other applications [44-46].

2. Additive manufacturing technologies

Additive manufacturing (AM) has been widely employed in different applications to
produce complex functional parts using a range of engineering materials [47]. Many reviews

have been conducted on the AM techniques with specific information [15, 16, 48, 49]. Here,
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we briefly outline the AM techniques that have been commonly used in fabricating a variety of

energy-absorbing structures in the open literature.

2.1 Powder bed fusion (PBF)

Powder bed fusion (PBF) is an additive manufacturing process that forms parts from
metallic or polymeric powder using an energy source, typically a laser beam or an electron
beam [15, 16, 47]. More specifically, a PBF printer is typically composed of a roller, a powder
supply platform, a fabrication platform, a powder bed, a laser source, and a scanner system, as
shown in Figure 2(a). In the PBF process, the roller is used to evenly spread a thin layer of
powder onto the fabrication platform; then, the laser or an electron beam scans the powder layer
following a well-designed moving trajectory of the cross-section of a designed 3D part [47, 50].
The fabrication platform moves down upon completion of the current layer, and subsequent
layers of powders are rolled on top of the existing layers. The process is repeated until the whole
3D part is built, and finally, the unmelted powder should be removed to obtain the finished part.

Selective laser sintering (SLS), selective laser melting (SLM), and selective electron beam
melting (SEBM) are the most reported PBF techniques in the literature for fabricating energy-
absorbing structures. A wide range of materials has been available for the PBF techniques to
produce various 3D parts. For example, maraging steel [28, 51], 316L stainless steel [52-56],
aluminum alloy (AISi10Mg) [57-59], thermoplastic polymer [60-62], and biocompatible
materials such as titanium alloy (Ti6Al4V) [63-65], have been used to fabricate the advanced
functional structures [66-68]. Note that different AM process factors, such as powder size, laser
power, layer thickness, scan speed, scan strategy, etc., are crucial in determining the quality of
the printed products. Some examples of 3D-printed energy-absorbing structures using different
PBF techniques are shown in Figure 2(b-d).

Multi Jet Fusion (MJF) is a recently developed PBF technique, which used an infrared lamp
as the energy source [69-71]. MJF consists of two main components, a recoating carriage and
printing/fusing carriage. The recoating carriage deposits the material powder and the

printing/fusing carriage deposits the fusing/detailing agent, and the fusion agent covered areas

11



are consolidated using the light energy source.
The main advantage of PBF techniques is that they do not have problems in removing
supporting material which uses the powder bed as the support, and they possess considerable
195 flexibility in material selection and processing environment at a room temperature. Moreover,
the fine resolution and high quality make PBF suitable for printing complex functional
structures with sufficient accuracy. However, the main drawbacks are low processing speed,
high cost, and high porosity [72]. The surface quality and overall integrity of the printed parts

also heavily rely on the quality and grain size of the used powders [15, 16].

(a) Laser source
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200
Figure 2. (a) Schematic for the PBF system [15]; examples of additively manufactured

energy-absorbing structures by the PBF technique: (b) lattice-walled honeycomb fabricated
by SLM with 316L stainless steel [55], (c¢) hollow spherical lattice fabricated by SLS with

PA12 [73], (d) thombic dodecahedron lattice fabricated by SBEM with Ti6Al4V [74].

205 2.2 Fused deposition modeling (FDM)

Fused deposition modeling (FDM), also known as fused filament fabrication (FFF), is the

12
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most widely used AM technique, which was developed by Scott Crump at the end of the 1980s
and commercialized in the 1990s by Stratasys [47, 49]. Typically, the FDM system consists of
a fabrication platform, a print bed, a material spool, an extrusion nozzle, and a drive wheel, as
illustrated in Figure 3(a). The thermoplastic filament is unrolled from the material spool to the
heated extrusion nozzle, where it will be melted to a semi-liquid state. Then the semi-liquid
state materials are extruded layer by layer on the platform or on the previously printed layers,
where they are fused and then solidified. The process is repeated until the final parts are built.
The nozzle can be moved in 3D space, horizontally on the X- and Y-axis and vertically on the
Z-axis, from a numerically controlled system, commanded by computer-aided manufacturing
(CAM) software.

Polymeric materials with a low melting temperature, such as polycarbonate (PC),
acrylonitrile butadiene styrene (ABS) [75], polyamide (PA), and polylactic acid (PLA) [76], are
widely used as base materials for the FDM process. Recently, fiber-reinforced composites have
been fabricated by FDM to enhance their mechanical properties. Generally speaking, the quality
of printed parts is affected by printing parameters, such as layer thickness, printing orientation,
raster width, raster angle, and air gap [77]. Several examples of additively manufactured
structures using the FDM technology are shown in Figure 3(b-d).

While FDM has the advantage of low cost and high speed [77], some common drawbacks
of FDM include weak mechanical properties of the printed parts, poor surface quality of final
printed parts, and limited types of thermoplastic materials with suitable melt viscosity [78].
Also, this process could often have difficulties in complete removal of support structures [15].
For composite printing, the poor adhesion strength between the fiber and matrix, as well as the
void formation are some main challenges in additively manufactured fiber-reinforced

composite parts [79].

13
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Figure 3. (a) Schematic of the FDM process [15]; examples of additively manufactured
structures using FDM: (b) hybrid lattice structures with PLA [80], (c) lattice structures with
short fiber-reinforced nylon [81], and (d) auxetic honeycomb with continuous fiber reinforced

thermoplastic composite [82].

2.3 Vat photopolymerization

2.3.1 Stereolithography (SLA)

Stereolithography (SLA) is one of the earliest developed AM techniques introduced by
Charles Hull in 1986 [47]. The SLA system typically consists of a resin tank, a building platform,
an ultraviolet (UV) laser source, and an XY scanning mirror, as illustrated in Figure 4(a). The
photopolymer resin cured by UV laser is used as the SLA printing material. The UV laser beam
generated from the laser source is manipulated using a digital XY scanning mirror and shot
through the transparent bottom of the resin container to yield the desired pattern. The patterned
2D layer is polymerized using the laser, and the subsequent layers are cured on the bottom of
the previous layer by raising the platform. The process is repeated until the whole 3D part is
produced. Finally, the uncured resin should be removed after the completion of the layer-by-

layer printing.
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Photocurable resins, including acrylic and epoxy, are widely used as SLA materials. The
quality of the final printed parts is affected by the curing reactions during polymerization, which
can be controlled by the intensity of laser power, scan speed, and duration of exposure [15, 16,
83, 84]. Typically, the complex nanocomposites can be effectively produced by SLA with a fine
resolution as low as 10 um [16]. Some examples of lattice structures fabricated using the SLA
technique are shown in Figure 4(c-d).

The high resolution of the final printing parts is the main advantage of SLA [15]. However,
SLA printing has some shortcomings, such as low speed, expensive and limited types of
photocurable resins. Another concern is the possible cytotoxicity of residual photoinitiator and

uncured resin [16].

2.3.2 Digital Light Processing (DLP)

DLP is similar to SLA except for the curing method. The DLP process employs a digital
light projector to reflect a laser source, as illustrated in Figure 4(b). The DLP process is faster
than SLA as each layer is cured at a time by the digital light projector. The quality of the final
parts depends considerably on the projector resolution [85]. An example of additively

manufactured hierarchical lattice structures using the DLP technique is shown in Figure 4(c).

15



1—rprinted part, 2—liquid resin, 3—building 1—rprinted part, 2—liquid resin, 3—building

platform, 4—UV laser source, 5—XY scanning platform, 4—light source, 5—digital projector,
mirror, 6—laser beam, 7—resin tank, 8— 6—light beam, 7—resin tank, 8—window, and
window, and 9—layer-by-layer elevation 9—Tlayer-by-layer elevation

265 Figure 4. (a) Schematic of the SLA process [85], (b) schematic of the DLP process [85];

examples of additively manufactured materials and structures fabricated by SLA/DLP: (c)
Neovius-micro-lattice fabricated by SLA with polymer [86], (d) SC-BCC hybrid lattices
fabricated by SLA with PlasGRAY [87], (e) hierarchical lattice fabricated by DLP with

urethane acrylate [88].

270  2.3.3 Micro-/Nanofabrication
2.3.3.1 Two-Photon Lithography (TPL)
Two-photon lithography (TPL) is a direct laser writing (DLW) technique that facilitates the

fabrication of 3D complex polymeric micro/nano-scale structures [47, 89], as depicted in

16



275

280

285

290

295

300

Figure 5(a). The multiphoton absorption mechanism is used in TPL to cure photosensitive
materials. Typically, a femtosecond laser is required to provide a sufficiently high intensity of
light. A very high resolution down to 100 nm can be achieved using the TPL techniques to date
[89, 90]. Most conventional photocurable resins with fast curing speed, high viscosity, high
glass transition temperature post-curing, and resistance to shrinkage can be used in the TPL
process [91].

The highest precision is the main advantage of the TPL process, and the main drawback of
the TPL process is its scalability and efficiency [90]. Examples of additively manufactured
nano-/microstructures using the DLP technique are shown in Figure 5(b).
2.3.3.2 Projection micro-stereolithography (PpuSL)

PuSL is a layer-by-layer process used to fabricate 3D polymeric structures [89, 90], as
illustrated in Figure 5(c). A 2D image slicing from a 3D model is projected onto the surface of
a liquid photomonomer bath by a UV light-emitting diode array [92]. The top surface of the
resin is polymerized with the projected image. The final object is eventually produced by
repeatedly lowering the cured layer into the liquid and polymerizing the top surface of the resin.
Typically, the quality of the final parts is controlled by the resolution of the bitmap image (=~
1.3 um) and the thickness of a single layer (10-100 um) [89, 90]. A wide range of resins with
different stiftness [93] and viscosities [94] can be used as materials for the PuSL process.

The main advantage of PuSL is the high resolution and higher speed compared with other
AM techniques of its kind. An example of an additively manufactured structure using the PuSL
technique 1s shown in Figure 5(d).
2.3.3.3 Self-Propagating Photopolymer Waveguide (SPPW)

SPPW process uses self-propagating photopolymer waveguides to fabricate polymeric
microscale structures [89, 90], as illustrated in Figure 5(e). UV light is used to expose the
photosensitive liquid photomonomer. An array of self-propagating photopolymer waveguides
is formed through a lightproof mask with a patterned aperture; and the final polymeric structure
is obtained after removing the uncured monomer [95, 96]. The resolution of the SPPW can go

down to 10 um [90].

17



The main advantages of SPPW are its high speed and scalability [89, 90]. An example of

an additively manufactured structure fabricated using the SPPW technique is shown in Figure

5(f).
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Figure 5. (a) Schematic of the TPL process [90], (b) a triply periodic minimal surface lattice

fabricated by TPL with polymer [97], (c) schematic of the PuSL process [90], (d) structure
fabricated by PuUSL with carbon fiber reinforced polymer [98], (¢) schematic of the SPPW
process [90], (f) truss lattice fabricated by SPPW with polymer [95].

310 2.4 Material Jetting (MJT)

Material Jetting was patented by Objet Ltd. in 1999 under the name of PolyJet (which
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merged with Stratasys in 2012). The PolyJet system consists of a resin tank, a platform, an
extruder, and an ultraviolet light source, as shown in Figure 6(a). The process starts with
heating the photo-sensitive polymer resin and using the inkjet heads to project hundreds of
micro-droplets, and then the photopolymer is cured through photopolymerization.

Fast speed, high-quality surface, and scalability are the main features of PolyJet [99-101].
Additionally, PolyJet can print multiple materials-based parts with the desired properties [84].
However, a main drawback of PolyJet is the difficulty of removing the support structures. In
addition, the parts produced by Polyjet often have relatively lower mechanical properties than
those created by FDM/SLA [102]. Examples of additively manufactured structures fabricated

by the material jetting technique are shown in Figure 6(b-c).

2.5 Direct energy deposition (DED)

Direct energy deposition (DED), also known as laser-engineered net shaping [103], laser
solid forming (LSF), directed light fabrication (DLF), direct metal deposition (DMD), electron
beam AM (EBAM), and wire + Arc AM (WAAM), is a class of additive manufacturing
techniques which melt the feedstock material (powder or wire) using a source of energy (most
commonly a laser, but could also be an electron beam or arc). The melted material is deposited
to the desired spot and solidified, and the process is repeated until the whole part is constructed
[15].

The main advantages of DED are its high printing speed and scalability, which can be used
to produce parts larger than 6 meters in length [76]. However, the main drawbacks of DED are
its lower accuracy and surface quality. In addition, only the parts with less complex topology
can be produced by DED compared to SLS or SLM [104]. Examples of additively manufactured

structures using the DED technique are shown in Figure 6(d).
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Figure 6. (a) Schematic of the PolyJet process [99], (b) Rhombicuboctahedron fabricated by
MJF with PA12 [105], (c) triply periodic minimal surface (TPMS) lattice fabricated by
PolyJet with VeroWhitePlus and Agilus [106], (d) auxetic lattice fabricated by DED with

316L stainless steel [107].

340 2.6 Hybrid Techniques

While the AM techniques exhibit numerous benefits, some unfavorable limitations exist,
such as high production cost, relatively low building efficiency, and poor ability to produce
larger parts [14]. Also, most reported micro-lattices are fabricated with polymeric materials [89].
To overcome such difficulties, hybrid techniques, which combine both advantages of AM

345  process and traditional manufacturing technologies, have exhibited considerable potential.

2.6.1 AM assisted investment casting
Metallic AM parts often have severe metallurgical defects such as unmelted powder,
porosity, distortion, and microstructural heterogeneity [108]. It is well known that the AM

polymer parts possess high resolution and high surface quality [85], and the metal casting parts
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have excellent microstructural and dimensional features [109, 110]. To fabricate the metallic
structures with high quality and low cost, an indirect technology, additive manufacturing
assisted investment casting, has been developed [111]. In this method, the AM method is firstly
used to produce the polymer-based structure, and then the metallic parts are manufactured by
investment casting and pressure infiltration technologies. It has been demonstrated that the
proposed hybrid technology could avoid AM-induced defects and achieve an excellent
microstructure with less anisotropy [112]. For instance, Xue etal. [110, 113, 114] fabricated the
auxetic lattice structures by AM-assisted investment casting. Huang et al. [115] manufactured
the pyramidal lattice structures by AM-assisted investment casting, which could be considered

a variant of squeeze casting.

2.6.2 Combing AM with plating and coating

As mentioned above, most micro-lattices are fabricated by polymer-based techniques using
polymer materials. Several post-processing techniques are developed to fabricate metal- or
ceramic-based micro-lattices, including atomic layer deposition (ALD), sputtering deposition,
electroless plating, electroplating, redox, and pyrolysis, as well as thermal treatments like
sintering. A detailed description of these techniques can be found in the literature [89, 90].

A shellular low-density material was designed and fabricated by combining SPPW,
electroless Ni-plating, polishing, and etching techniques [116]. For example, Zheng et al. [117]
reported a class of mechanical metamaterials fabricated using projection micro-
stereolithography, electroless nickel plating/ALD, and thermal decomposition to obtain the
metallic/ceramic micro-lattices. Meza et al. [118] produced a polymeric scaffold using two-
photon lithography direct laser writing, followed by postprocessing to obtain the ceramic
nanolattices through ALD, focused ion beam milling (FIB), and etching techniques.

Table 1 summarizes the materials, benefits, and drawbacks of AM technologies.
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Table 1. A summary of materials, benefits, and drawbacks of AM technologies

Methods

Materials used

Advantages

Disadvantages

PBF (SLM, SLS, SEBM)

FDM

Vat photopolymerization

(SLA, DLP, ...)

Material Jetting

DED

Hybrid techniques

Metals, alloys, polymers

Thermoplastic polymers,
fiber-reinforced polymers

Photo-active polymers

Polymers

Metals, alloys

Metals, ceramics

-High resolution
-High quality
-Low cost
-High speed
-High resolution

-High quality

-Scalability
-High speed

-High speed

-Excellent mechanical properties
-Controlled microstructure

-Fine resolution

-High quality

-Low printing speed
-Expensive

-Weak mechanical properties
-Limited materials

-Limited materials

-Slow printing

-Expensive

-Maintaining workability
-Coarse resolution

-Poor mechanical properties
-Low accuracy

-Low surface quality

-Low printing speed
-Expensive

-Limited materials
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3. Additively manufactured energy-absorbing materials and structures

Thanks to the advances in AM, numerous novel energy-absorbing materials and structures
with sophisticated topologies have been fabricated by AM techniques using a variety of base

materials such as polymers, metals, ceramics, and composites.

3.1 Lattice structures

3.1.1 Strut-based lattices

Due to their relatively simple spatial configuration, the most common lattice structures
investigated in literature are strut-based frames composed of rigid joints and uniform or variable
cross-section struts [12, 29, 119]. Among these strut-based lattices, the classical configurations
which are proposed based on the crystal structures can be classified as simple cubic (SC),
diamond-like (DL), body-center cubic (BCC), face-center cubic (FCC), edge center cube (ECC),
and their combinations [29]. To enhance the mechanical characteristics of strut-based lattices,
the additional reinforcing struts along with x, y, z, and diagonal directions have been proposed
in a form of BCCz [120-123], BCCx [124], F2CCz [125, 126], FBCCxyz [127], and ECCz
[128], etc.

Guimriik et al. [122] systematically investigated the mechanical behaviors of BCC, BCC
BCCz, and F2BCC lattices fabricated by SLM with stainless steel 316L under compressive
loading. All the BCC lattices exhibited deformation localization at the center of the lattice, as
displayed in Figure 7(a). Two diagonal shear band deformations were found on the BCCz
lattices with a unit cell size of 2, 1.5, and 1.379 mm, one shear band was observed on the BCCz
lattice with a unit cell size of 2.5 mm, and a deformation localization at the center of the lattice
was seen on the BCCz lattice with a unit cell of 1.25 mm, as shown in Figure 7(b). A diagonal
shear band was observed on the FaBCC lattices when the unit cell size was 2.5 mm, two shear
bands were found on the F2BCC lattices when the unit cell size was 2.5 mm, and a deformation
localization at the center of the lattice was seen on the FoBCC lattices when the unit cell size

was 1.5 mm, as seen in Figure 7(c). It can be concluded that the deformation modes of lattice
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structures depend on both the unit cell size and topological configuration.

(a) L=2.5mm L=2mm L=1.6mm L=1.379mm L=1.25mm

Figure 7. Comparison of the deformation modes of lattices with different topological
configurations and unit cell sizes (L): (a) BCC, (b) BCCz, and (¢) F2BCCz [122]. (ellipses:
localization deformation mode, inclined lines: one diagonal shear band deformation mode, X

shape: two diagonal shear band deformation mode)

As presented in Figure 8, the octet truss lattice (OCT) and its reinforced counterparts
(HR_OCT: adding two horizontal struts, VHR OCT: adding two horizontal struts and one
vertical struct, BVHR OCT: adding twelve boundary struts to BVHR OCT), which belong to
the FCC category, were studied to obtain their mechanical and energy absorption characteristics
under compressive loading with the specimens fabricated by SLA with synthesized
photosensitive resin [129]. For the OCT lattice, elastoplastic deformation and local buckling of
the struts were presented, and the struts overlapped with each other due to the fracture of the
struts. Similar deformation modes were observed for the HR _OCT lattices, but a remarkably
higher yield and peak strength were identified. For the VHR OCT lattice, as an additional
vertical strut was placed parallel to loading directions, significant buckling of such additional

vertical struts, a local buckling deformation, and fracture of inclined struts were observed as
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the main deformation modes. A larger extent of deformability and higher load-bearing capacity
was identified in the BVHR OCT due to the additional vertical short struts in the boundary.
Moreover, the mechanical behaviors and energy absorption characteristics of these AM-made
octet-based lattices were compared with other cellular materials. It was found that the octet-
based lattices possess a higher stiffness, higher strength, and higher energy-absorbing capacity

than their counterparts.
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Figure 8. Topologies (left), engineering stress-strain responses (middle), and deformation
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modes at a given strain (&) indicated using a red asterisk at the engineering stress-strain

curves for (a) OCT, (b) HR_OCT, (c) VHR OCT, and (d) BVHR OCT lattices [129].

The lattice structures tend to collapse and/or rupture near the joints as a result of high-
stress concentration under loading, which may suppress the load-bearing capacity of lattice
structures [54, 119]. Recently, variable cross-section strut lattices with a smooth transition at
the joints have been fabricated to enhance the local and overall mechanical properties. For
example, Tancogne-Dejean and Mohr [119] developed a BCC lattice with tapered beams and
manufactured these BCC lattice samples by SLM with 316L stainless steel, as shown in Figure
9(a). The results demonstrated that tapering the beam cross-sections can enhance the effective
Young’s modulus and specific energy absorption by 70% and 50%, respectively. Tancogne-
Dejean et al. [130] presented an octet truss with tapered beams and fabricated the samples using
the SLM method with 316L stainless steel, as shown in Figure 9(b). It was found that the octet
lattices with the taper beams possess higher specific energy absorption than their uniform
counterparts. Cao et al. proposed a modified rhombic dodecahedron (RD) lattice structure with
a variable cross-section of the struts for quasi-static [131] and dynamic compression [54] tests,
as shown in Figure 9(c). It was found that the proposed lattice structures exhibit better

mechanical properties and energy absorption capacity.
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Figure 9. Topological configurations and printed samples for the lattices with taper struts. (a)

BCC [119], (b) octet [130], (c) RD [131].

The variable cross-section struts design was also used to eliminate the shear band
formation, thereby helping enhance energy absorption capacity. For example, the variable
cross-section BCC lattices were designed by varying the diameter ratio (R,) (a ratio of the strut
end diameter (R;) to strut center diameter (R,)) [132], as shown in Figure 10(a). It was found
that the shear band formation could be controlled by adjusting the diameter ratio. Specifically,
shear bands were found on the lattices with a high actual diameter ratio (R%°®“%") of 2.7 and 3.3,
while no shear bands were observed with a low actual diameter ratios of (R2*“%!) of 1.1 and
2.0.

In literature, another approach to enhance the energy absorption capacity of a strut-based
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lattice reported is to hybridize the octahedron and bending-dominated structures [80]. Two
hybrid structures based on an octet lattice were fabricated by FDM with PLA material. The
mechanical properties were obtained by the quasi-static compression tests. The results showed
that hybrid structures display both a higher stiffness and a higher strength than the octet lattice
counterparts. Moreover, the stress-strain responses of the proposed hybrid structures exhibit
lower stress fluctuations in the post-yield phase compared with the octet lattice. The hybrid
structures provide the highest specific energy absorption, meaning that the hybrid design can
achieve more favorable energy absorption characteristics.

Furthermore, interpenetrating lattices (IPLs) were introduced by White et al. [133], which
were constructed by interweaving two or more elementary lattices without connection. In their
study, four 5 X 5 x5 RD+FCC interpenetrating lattices were fabricated by AM approaches
with four different materials (i.e., 316L, VeroWhite, IP-S, and PA12). The compressive
deformation modes and the stress-strain responses of these lattices are given in Figure 10(b).
It was found that the FCC and RD IPLs could present catastrophic failure caused by the shear
banding, while the RD+FCC IPLs did not suffer a global failure. The stress-strain curves
indicated that the energy absorbed by the IPLs is six times more than that by the individual RD

or FCC lattices.
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Figure 10. Methods for enhancing energy absorption of the lattices. (a) variable cross-section
lattices: deformation modes at a given strain (&) for additively manufactured BCC lattices
with variable actual diameter ratios (R3°*“%): shear bands (marked as a red arrow) are
observed on the lattices with actual diameter ratios of 2.7 and 3.3, no shear bands are
480 observed with actual diameter ratios of 1.1 and 2.0 [132], (b) interpenetrating lattices:
compressive responses of the RD, FCC, and RD+FCC IPLs with VeroWhite material,
deformation modes(left), where catastrophic failure caused by the shear banding (yellow
lines) is observed on RD and FCC while no global failure is observed on RD+FCC IPLs,
stress-strain curves (right), where the energy absorbed by the IPLs is six times more than that

485 by the individual RD or FCC lattices [133].
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3.1.2 Hollow strut lattices and plate/shell lattices

Compared with solid strut counterparts, hollow strut lattices have higher second moments
of area with the same mass, which can substantially increase the resistance to elastic or plastic
buckling. Moreover, the relative density of cellular structures can be controlled by hollow strut
design without changing the cell size or truss slenderness ratio [134]. Following this idea, the
SC, BCC, FCC, and SC-FCC hollow strut lattices have been developed to obtain isotropic
elastic properties; and experimental tests were carried out to validate the design on the SLA
samples with glassy polymer [135]. By replacing the connecting joints of the lattices with the
hollow sphere, Bonatti and Mohr [136] proposed hybrid truss-sphere (HTS), hollow sphere
assembly (HSA), along with hollow octet truss (HOT), and solid octet truss (SOT) lattices.
They studied their large deformation responses on the printed samples fabricated by SLM with
316L stainless steel. It was found that the HTS and HOT lattices exhibit the highest strength
and energy absorption capacity at a 20% relative density; and the HTS lattices exhibit the
highest relative Young's and bulk modulus.

Ultralight metallic micro-lattices were also developed and fabricated by SPPW, plating,
and etching processes [95]. The resulting metallic micro-lattices exhibited a density p <
10 mg/cm3, and Young’s module E scaled with the density as E « p?. A diamond-structured
hollow-tube lattice was designed and fabricated by SLA, plating, and high temperature
calcination [137]. It was found that the density of the proposed lattice is p ~ 20 mg/cm?, and
the proposed lattices exhibit better mechanical performance than other cellular materials.

To achieve the Hashin-Shtrikman upper bounds on isotropic elastic stiffness [138, 139], a
concept of plate lattices has been proposed in the literature [140]. Following this idea, a series
of plate-shaped lattices was designed and experimentally investigated on the additively
manufactured samples. For instance, Tancogne-Dejean and co-workers [141] designed an
isotropic plate lattice by mixing the elementary structures (SC, BCC, FCC), as shown in Figure
11(a). The proposed plate lattices were fabricated by TPL with glassy polymer, as shown in
Figure 11(b). It was found that the SC-BCC-FCC lattices possess an elastically isotropic

property, and their elastic moduli are close to the upper limit of the Hashin-Shtriaman bound.
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The high strain rate responses of the SC-BCC plate lattice were also investigated on the
SLM fabricated samples with 316L stainless steel, as shown in Figure 11(c) [142]. It was found
that the specific energy absorption (SEA) of the SC-BCC plate lattice is 34% higher than that
of the truss lattice. Andrew et al. [87] proposed plate lattices fabricated by DLP with
PlasGRAY ™ thermoplastic materials and studied their energy absorption properties under low-
velocity impact loading. It was found that the SC-BCC-FCC plate lattice exhibits a higher SEA
capacity compared to other plate lattices. Furthermore, the multi-wall carbon nanotube
(MWCNT) was incorporated into polypropylene random (PPR) copolymer and high-density
polyethylene (HDPE) using the FFF technique to enhance the energy absorption performance
[143]. It was found that the printed SC-BCC-FCC plate lattice exhibits a comparable energy

absorption performance with the conventional lattices.
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Figure 11. Illustration of the design for isotropic plate lattices and additively manufactured
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samples: (a) Anisotropic elementary structures and isotropic plate-lattice compositions (SC-

BCC, SC-BCC-FCC, SC-FCC) obtained by mixing the elementary structures [141], (b) 3D

printed glassy polymer SC-BCC and SC-FCC samples [141], (c) 3D printed 316L stainless
steel SC-BCC sample [142].

Similarly, Rui et al. [ 144] have proposed a series of dual-scale hybrid plate-lattices (namely
{2FCC}3, {2FCC}?|{2SC}3, {2FCC}3[{SC}<2 2 2>, {2FCC}3|{BCC}<2 2 2>, as shown in
Figure 12(a)), which are structured in a 2 X2 X2 array of unit-cells. The mechanical behavior
and energy absorption characteristics of these proposed hybrid plate-lattices were studied by
quasi-static compression tests using printed samples by SLS with nylon; the deformation modes
are shown in Figure 12(b). The experimental results indicated that the {2FCC}?|{SC}<2 2 2>,
{2FCC}?|{BCC}<2 2 2> lattices first bulked along the loading directions, and then overall
bending deformation became dominant with increasing strain, in which no fracture failure was
observed in the whole loading process. For the {2FCC}? and {2FCC}3|{2SC}? lattices, some
cracks were observed at the strain around 0.3 when the specimen was damaged severely. The
results showed that the proposed hybrid plate-lattices are of higher specific strength, higher
specific stiffness, and greater energy absorption capacity than the elementary plate-cell

structures.
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2{FCCP|{SC}
<222>
— . - i
2{FCC}|{BCC} -
<222>
< Ve B
{2FCC}|{28C}? f
{2FCCP & : '

Figure 12. (a) From the elementary structures to the dual-scale hybrid plate-lattices, (b)
compression deformation modes for the dual-scale hybrid plate-lattices fabricated by SLS

with nylon [144].

Generally speaking, the plate-lattice structures with the closed-cell feature can be
problematic for AM using vat photopolymerization or powder bed-based techniques since it is
challenging to manufacture unsupported cell walls for the direct deposition techniques [145].
To this end, a family of half-open-cell plate lattices, by adding small holes on the plate to
facilitate the vat photopolymerization or powder bed-based process, has been proposed by Duan
et al. [145]. The mechanical performance and energy absorption of the proposed half-open-cell
plate lattices were investigated on the samples fabricated by SLM with 316L stainless steel, as
shown in Figure 13(a). It was found that the proposed half-open-cell plate lattices exhibit

excellent elastic properties and remarkable energy absorption capacity.
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Another attempt was made to design the semi-plate lattices by inserting a small hole in the

plate structure [146]. The simple cubic semi-plate lattice and face center cubic semi-plate lattice

560  were experimentally investigated using the samples fabricated by Ployjet, as shown in Figure
13(b). It was found that the proposed semi-plate lattices are of higher elastic moduli and higher
compressive strength than metallic foams with the same level of fracture toughness. Wang et al.

[147] proposed a sandwich square tube constructed by filling a plate lattice into a square tube.

Their axial and lateral crushing responses were investigated using the DLP fabricated samples,

565 as shown in Figure 13(c). It was found that the energy absorption capacity of the proposed

sandwich square tube is improved by means of a stable and progressive collapse mode.

Figure 13. Examples of additively manufactured plate lattices: (a) ISO (left), and ANI plate
lattices produced by SLM with 316L stainless steel [145], (b) semi-plate lattices produced by
570 Ployjet with VisiJet M3 Black resin (left: semi-plate lattice with SC (SPL_SC), right: semi-
plate lattice with FCC (SPL_FCC)) [146], (¢) plate-lattice filled square sandwich tubes

produced by DLP with PR48 resin (left: tubes filling with octet plate-lattice (TO), right: tubes
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filling with cubic + octet plate-lattice (TCO)) [147].

Shell lattices comprising hollow spheres were proposed to produce desired mechanical
properties. For instance, Dai et al. [ 148] presented a series of open-cell hollow-sphere structures
(SC, BCC, and FCC) by connecting the hollow spheres with a hollow cylindrical tube to
facilitate the 3D printing process, as shown in Figure 14(a). The results showed that the
mechanical properties of the proposed open-cell hollow-sphere structures are significantly
influenced by wall thickness, connection radius, elastic modulus and yield strength of base
materials. Chen et al. [149] proposed a stretching-dominated shell lattice and obtained its
mechanical properties experimentally, as shown in Figure 14(b). It was found that the proposed
shell lattice exhibits ultra-stiff, ultra-strong, and high SEA characteristics. Huan et al. [150]
proposed an architected polymer foam [139], which consists of perforated spherical shells and
struct connectors, as shown in Figure 14(c). It was found that the mechanical performances of
APF can be controlled by the flat strut connectors, AM process parameters, and base material
properties.

Furthermore, Bonatti and Mohr [151-153] proposed a novel family of smooth-shell
structures and investigated the associated mechanical performances through the SLM fabricated
samples with 316L stainless steel, as shown in Figure 14(d). They found that the smooth shell
lattices possess higher stiffness, strength, and energy absorption capacity due to their
characteristics of geometric smoothness which reduces the stress concentrations at the joints or
intersections. Interestingly, the triply periodic minimal surfaces (TPMS) like shell lattices are
recovered in the study when the scalar parameter equals 1.

Bhat et al. [154] proposed tessellated lattice structures that constructed by tessellating the
unit lattice cell in a metallic crystal manner (e.g., SC, BCC, FCC and HCP), where the spherical
unit lattice cell was inspired by the sea urchin shell, as shown in Figure 14(e). The proposed
tessellated lattice structures were printed using MJF with PA12 and tested for their mechanical
properties. The results showed that the proposed tessellated lattice structures possess superior

mechanical and energy absorption abilities.
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600
Figure 14. Examples of sphere-based shell lattices and smooth shell lattices: (a) Open-cell

hollow-sphere structures produced by multi-jet melting with nylon PA12 [148], (b) stretching-
dominated shell lattices produced by SLS with nylon PA2200 [149], (c) architected foams
produced by Ployjet with polymer [150], (d) smooth shell lattices produced by SLM with
605 316L stainless steel [151] , (e) atomic tessellated lattice structures (BCC, FCC, and

HCP)[154].

3.1.3 Triply periodic minimal surface (TPMS) lattices
Triply periodic minimal surfaces (TPMS) are a set of special surfaces in which the mean
curvature is zero at any point on the surface. The TPMS is a smooth surface without sharp edges

610  or joints, which has been found in nature, such as sea urchin skeletons [155], butterfly wings
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[156], and soap films [157]. A comprehensive review of TPMS lattices can be found in [47].
The most used method to model TPMS is a level-set equation which can be defined in

terms of the Fourier series [158],
W(r) = Z F(K)cos[27k - 7 — a(K)] M
K

where K is the reciprocal lattice vector, a(K) is a phase shift, and the structure factor F(K)
is an amplitude associated with the given k vector.
Some examples of level-set equations for different TPMSs are provided as follows,

Schwarz-Primitive (P):

¢p = cos(x) + cos(y) + cos(z) = ¢ (2)
Schwarz-Diamond (D):
¢p = cos(x)cos(y)cos(z) — sin(x)sin(y)sin(z) = ¢ 3)
Schoen-Gyroid (G):
$¢ = sin(x)cos(y) + sin(y)cos(z) + sin(z)cos(x) = ¢ “4)

Schoen-IWP (IWP):
bwp = 2(cos(x)cos(y) + cos(y)cos(z) + cos(z)cos(x))
—(cos(2x) + cos(2y) + cos(2z)) = ¢

)

Schoen-F-RD (FRD):
$rrp = 4(cos(x)cos(y)cos(2)) ®
—(cos(2x)cos(2y) + cos(2y)cos(2z) + cos(2z)cos(2x)) = c,
where x = 2nx, /Ly, y = 2my, /Ly, z = 2nz;/L,, X1, Y1, Z, are the coordinates, and Ly,
Ly, L, are the unit cell sizes along X, Y, and Z directions, respectively.

Typically, two strategies can be used to construct the TPMS-lattice using the TPMS,
namely (a) solid-network lattice and (b) sheet-network lattice. For the solid-network lattice, the
volume is divided by the TPMS, and one of the subdomains possesses the solid material,
whereas the other subdomain is void. The sheet-network lattice is modeled by thickening the
TPMS with a given shell thickness, as shown in Figure 15(a). Examples of some AM TPMS-

lattices are shown in Figure 15(b-e).

Over the last decade, researchers have carried out numerous studies on the TPMS lattices
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to explore their mechanical and energy absorption characteristics in different loading scenarios
using theoretical [57], numerical [28, 159], and experimental [160] methods. Various topologies
of TPMS surfaces are used to construct the sheet-network or solid-network lattices; the typical
TPMS lattices found in the open literature are summarized in Figure 16. It can be found that

635 the most studied lattices were produced based on the P, G, D, and IWP surfaces.

8

Diamond

Figure 15. The modeling strategy for the TPMS lattices and their additively
manufactured samples: (a) Illustration of the construction of solid-network and sheet-network
lattices [97]; Examples of the 3D-printed TPMS-lattices: (b) solid-network lattice: IWP, D, G,

640 P (from left to right) [161], (c) sheet-network lattice: IWP, D, G, P (from left to right) [28].
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Figure 16. Various types of topologies of TPMS investigated in the analyzed literatures:
Sheet-P [17, 28, 159, 162-169], Sheet-D [17, 28, 61, 97, 159, 165, 168, 170, 171], Sheet-G
[17,28, 61,97, 159, 163, 165, 168-173], Sheet-IWP [17, 28, 61, 160, 163-165, 169, 174],
Sheet-Neovious [86, 171, 175], Sheet-FRD [163], Solid-P [161, 176, 177], Solid-D [28, 65,
97,161, 177-182], Solid-G [28, 65, 97, 161, 177-184], Solid-IWP [28, 160, 161, 178, 184,

185], Solid-Neovious [186], Solid-FRD [186, 187], Solid-Fisher-Koch [178].

In line with Gibson and Ashby’s theory [1], the mechanical properties of lattices can be
described by scaling laws, e.g., Y = Cp", where p is the relative density, 1 is the effective
mechanical property of lattices, C and n are the fitting constants. In general, the ideal moduli
of bending-dominated and stretch-dominated lattices have a scaling constant n of 2 and 1,
respectively. The ideal strength of bending-dominated and stretch-dominated lattices has a
scaling constant n of 1.5 and 1, respectively [188]. Table 2 summarizes the experimentally
obtained fitting constants for the mechanical properties and energy absorption characteristics

of different TPMS-based lattices.
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In general, it is anticipated that the solid-network lattices exhibit a bending-dominated
performance while the sheet-network lattices exhibit a stretching-dominated performance [47].
In literature, most solid-network lattices exhibit a bending- or mix-mode of deformation [28,
61]. However, some solid-network lattices were found to deform in a stretching-dominated
mode [160, 187]. Besides, the sheet-network lattices with the same topology may exhibit
different deformation modes. For example, Al-Ketan et al. [28] and Abou-Ali et al. [61]
obtained the stiffness scaling law with a constant of 1.42 and 1.08, while Zhang et al. [159] and
Liang et al. [170] showed constants of 2.23 and 3.28 for the sheet-Gyroid lattices.

It was interesting to find that energy absorption per unit volume in literature was calculated
through the area under the stress-strain curve up to different strains, e.g., 0.25 in [28, 160], 0.4
in [61, 170], 0.5 in [57, 185], 0.6 in [178], densification strain in [159, 172] and failure strain
in [169].
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Table 2. Experimental mechanical properties and energy absorption for different TPMS-based lattices

Mechanical properties

Unit . Energy
She.et TPMS . cell Range of Young’s NSI?;;E?;;H Yield strength ~ Plateau strength  sp50rbed per
solid Study types Materials length RD (%) modulus (GPa) MP (MPa) (MPa) unit volume
networks (MPa) 3
(mm) (MJ/m?)
C n C n C n C n
P 10.3-20.6  19.6 131 1419  1.77 1667 1.94  5.07-19.44
AlKetan P Maraging 16.8-27.6 6.7 0.52 933 1.39 ) 1112 1.53  18.15-38.78
etal [28] 4 steel 121234 185 123 885 143 1402 176 8.52-27.20
IWP 15.8-22.8  15.9 1.15 2354  2.13 1982 1.98  12.83-26.53
D 242-342 2255  0.75 17.4 152 582 200 1.36-2.72
eAtzcl’“iﬁlli WP PA1102 8 165250 2328 093 - 17.4 157  62.0 227 0.42-1.07
Sheets G 224303 3297 1.08 8.9 1.01  55.0 195 1.19-2.14
Maskery et . _ _
al. [57] G AlSilOMg  3-9 22.0 81 330 16
Lietal 316L
' G stainless 4 31.4 - - 253 125 851 1.67  49.19
[172]
steel
P 10.4-182 1064  1.89 1412 223 5.15-19.54
Zhang et 316L
£¢ stainless 4 178314 817 142 - - 973 176 31.31-77.53
al. [159]
steel
G 14.1-24.4 2166 223 1449 2.1 12.31-47.55
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P 10-23 1722 2.86 600 225
Shenctal @ . 67276 63 063 150 122
[169] Ceramic 2-5 - - -
WP 14336 21 132 750  1.94
s14 12.9-30.5 315 146 1450 2.14
Liang etal. 316L 225344 1149 134 1352 223 19.43-50.07
[170] .
stainless 2.5 - -
G steel 26.0-36.7 7723 3.8 4441 334 19.75-62.45
WP 89-209 346 201 1531 2.17 1389 213 2.01-12.38
Al-Ketan ) Maraging 123-26.1 625 222 4418 273 - 4566 328  1.18-13.90
et al. [28] steel
G 126231 245 168 1189 1.86 1374 1.99  5.57-18.60
. IWP 74-281 10707 2.54 272 231 752 25 0.04-126
Abou-Ali
et 161] PA1102 8 -
' G 65271  1362.6 2.4 263 205 553 215 0.06-134
Solids
D 10.9-27.8 864 224 911 249 551 248 17532 448  0.05-3.40
. IWP 75286 1296 271 671 253 393 256 181.6 315 0.03-2.11
Abou-Ali
ctal. [175] PA1102 8
' G 72260 1257 236 623 226 273 2.0 101.1 255 0.07-1.95
cy 10.7-24.6 1416 263 995 275 470 260 4175  3.65 0.07-1.50
[leg‘so]etal‘ IWP Ti6Al4V 4 0.1-0.3 216 180 - 17416 218 - 3.6-33.16
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Al-Ketan  Primary 89-209  19.07 188 1531 217 1663 229 1531 217 2.01-12.81

etal. [160] IWP Maraging 7
teel
IS\;C;’ndarY viee 16.8-25.5  19.09 131 8575 294 2220 227 49385 458 3.5-23.63

670  Note: The energy absorbed per unit volume was calculated through summing the area under the stress-strain curve up to different strains 0.25 [28,

160], 0.4 [61, 170], 0.5 [57, 185], 0.6 [178], densification strain [159, 172] and failure strain [169].
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It is generally known that the mechanical properties and energy absorption characteristics
of the TPMS-based lattice structures are affected by the deformation modes, which largely
depend on the topologies of lattices [75, 189-192]. For instance, Al-Ketan et al. [28]
experimentally studied the compressive responses of the solid-TPMS (IWP, D, G) and sheet-
TPMS (P, G, IWP, D) lattices fabricated by PBF with Maraging steel. The deformation modes
of the solid-TPMS lattice and the sheet-TPMS lattice are compared in Figure 17. In general,
three main deformation mechanisms were observed: (1) shear bands present in solid-D and
IWP, and sheet-P, G, and D; (2) lattice collapses horizontally layer by layer in solid-D; (3) the
lattice deforms uniformly in sheet-IWP. Interestingly, the deformation mode of the same

topological lattice was independent of relative density.
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Figure 17. The deformation modes of TPMS lattices: shear bands in solid-D and IWP, and

sheet-P and D, and layer-by-layer mode in solid-G, collective uniform compression mode in

sheet-IWP [28].
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Nevertheless, the same topology of TPMS lattices could present different deformation
modes in different studies. For example, sheet-P exhibited single shear band deformation mode
in [28] but dual shear bands mode in [163] and [159], as shown in Figure 18(a). A shear band

690 mode was presented in [28] for sheet-G but a collective deformation mode in [159, 163], as
shown in Figure 18(b). Sheet-IWP exhibited a collective deformation mode in [28] but a layer-
by-layer mode in [163], as shown in Figure 18(c). For sheet-D, a single shear band mode was
observed in [28] but a collective deformation mode in [159], as shown in Figure 18(d). These
phenomena may be due to variations in the additive manufacturing parameters and base

695  material properties [163, 178].
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Figure 18. Comparison of the deformation modes of the TPMS lattices in different studies:
(a) Sheet-P: single diagonal shear band in [28] (left), dual diagonal shear bands in [159, 163]
(middle and right); (b) Sheet-G: one diagonal shear band in [28] (left), collective compression
700 mode in [159, 163] (middle, right); (c) Collective mode in [28, 61] (left and right), layer by
layer mode in [163] (middle); (d) Sheet-D: one diagonal shear band in [28, 61] (left and

right), collective compression mode in [159] (middle).

Moreover, the studies also found that the unit cell size of lattice structures may influence

the deformation modes of the TPMS lattices. For example, Maskery et al. [57] investigated the

705  compressive responses of the double gyroid (sheet-G) lattice fabricated by the SLM method
with AlSi10Mg material. It was found that three main failure modes depend on the cell size of

the structures as shown in Figure 19: i.e., (1) a successive collapse failure for those composed

of 4.5 mm unit cells (Figure 19(a)); (2) cracking or cracking propagation through the lattices

for those composed of larger cells, 6 mm and 9 mm (Figure 19(b)); and (3) diagonal shear

710  failure for the DG lattices with the 3 mm cells (Figure 19(c)).
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Figure 19. The deformation process and failure modes of sheet-G lattices with different unit

cell sizes: (a) 4.5mm, (b) 6mm, (c) 9mm, and (d) 3mm [57].

As discussed in Section 3.1.1, shear bands in the compressive deformation modes may
significantly reduce the energy absorption capacity. Studies have been conducted to suppress
shear bands in literature. For example, the sheet-P lattice was modified to enhance energy
absorption based on stress and strain distribution where the higher stress or higher strain areas
were thickened; and their compressive deformation modes were experimentally investigated
by the samples fabricated using the SLS method with nylon PA2200 material [162]. The results
are shown in Figure 20(a), which indicates that the normal sheet-P lattice exhibit a shear band
mode while the enhanced sheet-P lattices deform in a layer-by-layer mode, which is considered

more beneficial for the energy absorption of the lattice structure.
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Another attempt to suppress the shear bands in the deformation process is to use the heat
treatment method [57]. The printed parts are post-processed through a one-hour solution
treatment at 520°C and a six-hour water quench and artificial aging at 160°C. The
deformation mode of heat-treated samples is shown in Figure 20(b). Interestingly, it is
observed that the deformation led to bulging or barreling without shear bands compared to the

shear band mode for the 3 mm unit cell size (Figure 19(d)).

(a)

£=02 £=04 £=02 £=04
Normal sheet-P Enhanced sheet-P

(b)

€=0.00 €=0.17 €=0.33 €=0.50

Figure 20. (a) Experimental deformation modes of normal and enhanced P-TPMS lattices
[162], (b) Compressive deformation modes of the heat-treated sheet-G lattices with 3 mm

unit cells [57].
3.2 Bio-inspired structures

Over millions of years of evolution, biological systems such as plants and animals in nature
have optimized their structures to adapt its growth and survival in various extreme
environments [193]. Researchers have attempted to learn from and imitate these biological
systems to devise novel structures with remarkable energy absorption capacity [194-198].
Various bio-inspired structures have been used as energy absorbers, and readers can refer to the
comprehensive review articles in the literature [48, 199, 200]. Additive manufacturing is an

effective method for fabricating various sophisticated bio-inspired structures. This review is
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focused on the AM-based experimental investigation into the mechanical properties and energy
absorption characteristics of such bio-inspired structures.

The brick-and-mortar composite structures inspired by nacre in nature have been proposed
to mimic the stiff tiles and compliant organic glue to improve the overall mechanical behaviors
[201]. Typical nacre-like composites consist of a stiff platelet phase and a soft matrix phase, as
shown in Figure 21(a). In nature, beetle elytron has evolved a remarkable structure that can
protect the body and contributes to flight. The bioinspired sandwich structure with a trabecular-
honeycomb core mimicked to beetle elytron has exhibited considerable potential for achieving
lightweight and high energy absorption performance, as shown in Figure 21(b) [202].

A bone may be regarded as a sandwich structure composed of a dense outer shell and a
soft core, and its anatomic morphology is shaped in response to the loads applied to it. In this
regard, Ghazlan et al. [203] presented a bio-inspired thin-walled structure by mimicking
femoral bone, as shown in Figure 21(c). Zhang et al. [204] proposed a novel porous
architecture based on the diamond lattice. Song et al. [205] fabricated hierarchical and porous
hydroxyapatite structures by combining freeze casting and AM. Arjunan et al. [206]
investigated the mechanical performance and permeability of 3D printed bone scaffolds using
theoretical, experimental and numerical methods.

The deep-sea hexactinellid sponges were extensively studied to construct bio-inspired
structures for energy absorption. For example, Fernandes et al. [207] proposed a robust lattice
inspired by Euplectella aspergillum. The robust lattice has a chequerboard-like pattern
constructed by adding a double set of diagonal bracings on a square-grid-like architecture, as
shown in Figure 21(d).

Cuttlebone has been recognized as one of the extraordinary lightweight and stiff materials
in marine species [208], which offers a unique layer-based structure with excellent mechanical
properties and energy absorption capacity [209-214], as shown in Figure 21(e).

Table 3 summarizes the additively manufactured bio-inspired structures and their

mechanical characteristics.
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770 Figure 21. (a) Nacre-like composites [201], (b) sandwich structure biopsied from a beetle
elytron [202], (c) thin-walled structures inspired by femoral bone [203], (d) robust lattice
inspired from Euplectella aspergillum [207]; (e) cuttle-bone inspired layered structure [208,

209].
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Table 3. A summary of additively manufactured bio-inspired materials and structures

Bionic Structures AM Materials used Loading Characteristics Refs.
method methods methods
Brick-and- Low- . . .
rick-and . . Veromagenta, oW -The Nacre-like design can prevent the perforation of
mortar/Composi  Polyjet velocity .. . [201]
Tangoblackplus . the projectile upon impact.
te 1mpact
PLA,
) Thermoplastic Three-point -The composite has highly enhanced ductility with
FDM . ) . 21
Composite polyurethane bending reduced strength under three-point bending. [215]
(TPU)
N Blast- . . ..
acte Voronoi-based in(allli::e d -The impacting energy can be mitigated and absorbed
. FDM ABS, PLA, TPU . ) by the cohesive and adhesive bonds between two [216]
composite impulsive .
) materials.
loading
-The gradient design can significantly improve the
Voronoi-based Polviet Verowhite, Pendulum energy absorption capacity for the brick-mud structure. 217]
composite Y TangoPlus impact test ~ -The stiff material stores strain energy twice more as the
soft material in the gradient structure.
. . Compressive -The lattice structure produced with laser power at
L LM AlSilOM o . 21
attice S Si10Mg test 375W exhibited excellent energy absorption of 3.45 J. [218]
. -The grid beetle elytron plates (GBEPn) possessed a
. Compressive | . . .
Sandwich SLA ABS higher compressive strength and energy absorption [202]
Beetle test .
elytron capacity than the end-trabecular elytron plate (EBEP).
-Main peak force of BEP crash boxes was almost the
Beetle elytron SLM stainless steel =~ Compressive same as that of the conventional crash box, but the SEA [219,
plate (BEP) PHI test and load uniformity values are about three times and 220]

between 1/3 and 1/4, respectively.
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Plate-like thin- Compressive -The bioinspired structures exhibited superior energy
walled cellular FFF Nylon test absorption compared to the re-entrant and hexagonal [203]
structure structures.
Hierarchical and Combining
Bone porous ‘ free?e Hydroxyapatite Compressive -The 3P-printed scaffpld ex.hi.b.ited superior [205]
hydroxyapatite  casting and test compressive strength and biocompatibility.
(HAP) structures FDM
Lattice SLM TIGAI4V Compressive TTl‘le novel porous structures can be redesigned to [204]
test imitate the mechanical properties of natural bones.
Muscle Compressive —Stmcmral hierarchical design can imp‘roye force
tissues Tube FDM TPU test resistance and energy absorption characteristics under [221]
the same applied displacement.
Luffa Compression -The cushion performance of the bionic structure
Sandwich FDM TPU inspired by the luffa sponge was close to that of the luffa [222]
sponge test
sponge.
-The load-bearing capacity of the bi-directionally
corrugated panel (DCP) structure can be improved by
Mantis Corrugated . Compressive increasing the wgvenumber. .
shrimp panel SLM AlSi10Mg tost -Three deformation modes (full-folded, transitional, and [58]
global buckling) are identified in the compressing
process of the DCP structure with different
wavenumbers.
Glass Lattice Ployjet FL.X9795-DM Compressive -The .sponge’s diggonal 'reinforcement strategy achieves [207]
sponges test the highest buckling resistance.
Cuttlebo ﬁke Cutﬂt?t?:é SLM Inconel 718 Compressive -The CLL lattice exhibited a }}igher energy absorption [213]
ne (CLL) test performance than the BCC lattice.
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3.3 Auxetic structures

Auxetic materials and structures exhibit a deformation mode of contraction in the lateral
direction under longitudinal compression or expansion under axial tension, which are often
termed to be the negative Poisson’s ratio (NPR) phenomenon. Auxetic materials and structures
present some extraordinary mechanical properties over conventional materials, such as
significant energy absorption capability [223-226], remarkable fracture toughness [227],
excellent in-plane indentation resistance [228, 229], and high shear stiftness [230, 231].
Numerous geometric configurations of auxetic materials and structures were proposed with 2D
and 3D patterns, and their mechanical properties and energy absorption characteristics have
been exhaustively investigated through analytical, numerical, and experimental methods [107,
226, 232-236]. For further details on the classification of general auxetic patterns, the reader is
recommended to the comprehensive review in [237-240]. This section is focused on the AM-
based experimental investigation into mechanical properties and energy absorption of the
auxetic materials and structures.

Re-entrant honeycombs are a class of commonly used 2D auxetic configurations in the
literature. For example, the chiral structures are fabricated by SLM, and their elastic and failure
characteristics were studied in [241], as shown in Figure 22(a). A novel series of chiral
structures was proposed by integrating various polynomial curves and fabricated by FDM with
carbon fiber (CF) reinforced PLA composites, as shown in Figure 22(b) [242]. It was found
that the CF-reinforced design can enhance the tensile modulus, fracture strength, and energy
absorption properties of the chiral samples. As displayed in Figure 22(c), the arrowhead
auxetic structures were developed and additively manufactured by FDM with PLA and TPU
materials [243]. The arrowhead auxetic material can effectively reduce the shocking and/or
impacting loading. Hybrid types of auxetic materials were proposed by combining the star and
triangular structures [244], as shown in Figure 22(d). Interestingly, the results indicated that

the energy absorption performance of the star-triangular honeycomb in the two orthogonal
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directions is much higher than that in the mono direction. A new octagonal auxetic material
was also proposed and fabricated using the TPU material [245], as shown in Figure 22(e). The
auxetic behavior of the octagonal structures can be controlled by adding triangles and squares

805  to the vertices.
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Figure 22. Examples of the 2D patterned auxetic structures: (a) Chiral structures produced by
the SLM method with the Ti6Al4V material [241], (b) chiral structures with various
polynomial curves produced by the FDM method with carbon fiber (CF) reinforced polylactic
810  acid (PLA) composites [242], (c) arrowhead auxetic structures produced by the FDM method

with the PLA and TPU materials [243], (d) star-triangular honeycomb produced using the
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316L stainless steel material [244], (e) octagonal auxetic material produced with the TPU

material [245].

For 3D auxetic patterns, Logakannan et al. [235] proposed a spatial re-entrant structure
and fabricated it by the MJF method with the nylon PA12 material, as shown in Figure 23(a).
The dynamic characteristics of this structure were studied, and the results showed that the 3D
re-entrant structure provides a large design space for energy absorption applications. The 3D
chiral structures were also designed and fabricated through the SEBM technique with the
Ti6Al4V material [246], as shown in Figure 23(b). The crushing responses were obtained
through the compression tests, and it was found that the unit cell size is the most prominent
parameter affecting the maximum displacement and specific energy absorption (SEA). A novel
3D double-U hierarchical structure was devised and fabricated through SLM with the 316L
stainless steel [223], as shown in Figure 23(c). It was found that the smooth geometry of the
proposed 3D double-U hierarchical structures can reduce the AM-induced defects and stress
concentration within the elastic regime. Additionally, these structures exhibit improved
mechanical properties such as enhanced auxetic behavior, excellent toughness, and high
stiffness, indicating that they are suitable for various energy absorption applications.

A new 3D zero Poisson’s ratio lattice structure was proposed by combining auxetic
configuration and non-auxetic hexagonal configuration [247]. The mechanical behaviors of
such structures were studied through a series of uniaxial compression tests using the samples
fabricated by MJF with the nylon PA12 material, as shown in Figure 23(d). The results showed
that these lattice structures could improve energy absorption efficiency.

Moreover, tubular structures consisting of auxetic material as a core were proposed and
fabricated by MJF with the TPU material [248], as shown in Figure 23(e). Compressive tests
and numerical simulations were carried out to investigate the deformation modes and
mechanical properties of the proposed structures; the results revealed that the Poisson’s ratio

depends on the pattern scale factor (PSF) and the layer number of unit cells.
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Unit cell: Re-entrant Unit cell: Star-shaped

Figure 23. Examples of the 3D pattern auxetic structures: (a) 3D Re-entrant structure
840  produced by the MJF method with nylon PA12 [235], (b) 3D chiral auxetic material produced
by the SEBM method with the Ti6Al4V material [246], (c) 3D double-U auxetic structures
produced by the SLM method with the 316L material [223], (d) 3D zero Poisson’s ratio
lattice structures produced by the MJF method with nylon PA12 [247], (e) tubular structure

with auxeticity produced using TPU material [248].
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3.4 Honeycomb and foam structures

2D honeycombs and 3D foams are the most studied cellular structures in the literature [2,
249-251]. Some honeycombs and foams were proposed through additive manufacturing
technologies to improve their mechanical and energy absorption performances. For instance, a
lightweight (~90 mg/cm?®) and super-strong (16.6 MPa compressive Young’s modulus)
honeycomb structure was designed and fabricated by FFF with all-cellulose ink [252], as
shown in Figure 24(a). The proposed honeycomb structures can support over 15,800 times
their weight, meaning that they possess superb mechanical performance. The conventional
honeycombs were fabricated using the Laser Engineered Net Shaping with Ti6Al4V material,
as shown in Figure 24(b) [253].

3D Voronoi foams were designed and additively manufactured using the FDM method
with various materials [254-257], as shown in Figure 24(c). The deformation behavior and
mechanical characteristics have been investigated through quasi-static compression tests.
Interestingly the results divulged that the PLA foams with random meso-structures possess
higher specific energy absorption, low-stress fluctuation, and stable deformation process than
those with regular meso-structures [258]. Two types of open-cell foam structures using uniform
and dual-size base cell configurations were constructed and manufactured by AM-assisted lost-
wax casting, as shown in Figure 24(d). The stiffness and energy absorption of these structures
were characterized through compressive tests, and the results demonstrated that the dual-size

structures exhibit higher efficiency compared to the uniform structures [259].
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Figure 24. (a) Lightweight, strong cellular structural materials produced by FFF with all-

cellulose ink [252], (b) honeycombs produced by the Laser Engineered Net Shaping with

Ti6Al4V material [253], (c) 3D Voronoi closed-cell foams produced by the FDM method
with the ABS material [258], (d) open-cell foam structures produced by AM assisted lost-wax

casting [259].

3.5 Fiber-reinforced materials

The polymeric base materials often have relatively poor mechanical properties compared
with metals and ceramics, which prevents the pure polymeric materials and structures from
being used for load-bearing parts. On the other hand, carbon fiber offers significant advantages
that characterize lightweight with high strength, high stiffness, and excellent resistance to
corrosion and fatigue. To improve the mechanical performance of the polymeric structures,
fiber was introduced to the polymeric materials to construct the fiber-reinforced composites.

These fiber-reinforced composites can be fabricated by AM techniques nowadays [79].
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Generally speaking, the AM technologies for fiber-reinforced composites can be
categorized into short and continuous fiber-reinforced composites. The short fiber-reinforced
structures can be printed through various AM approaches, such as vat photopolymerization,
FFF, and SLS using the polymeric materials mixed with short fibers [260]; whilst most
continuous fiber-reinforced structures are fabricated by FFF [261]. For instance, carbon fiber-
reinforced polymeric micro-lattices were fabricated through a PuSL system [98], as shown in
Figure 25(a). The results indicated that these carbon fiber-reinforced polymeric micro-lattices
exhibit a comparable specific stiffness to commercial carbon fiber-reinforced polymers (CFRPs)
while being dissipative like elastomers.

Short carbon fiber-reinforced perforated structures were fabricated by FFF [262], as shown
in Figure 25(b). The results indicated that a well-designed auxetic composite structure exhibits
higher specific energy absorption and higher relative Young's modulus compared to re-entrant
honeycombs and elliptical perforations.

A continuous fiber-reinforced composite auxetic honeycomb was also devised and
fabricated through an FDM system [82], as shown in Figure 25(c). It was found that the
continuous fiber-reinforced composite increases the stiffness and energy absorption by 86.3%
and 100%, respectively, while only increasing the total mass by 6%. Continuous fiber-
reinforced composite honeycomb structures were proposed and manufactured through the FFF
technology [263], as shown in Figure 25(d). The out-of-plane/in-plane compression tests
revealed that the designed structures exhibit excellent compressive strength and specific energy
absorption compared to other cellular materials.

Table 4 summarizes the investigation of the additively-manufactured fiber-reinforced

materials and structures and their characteristics.
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Figure 25. AM fiber-reinforced composites: (a) Lightweight and strong cellular structural
materials produced by using 3D printing of all-cellulose ink [98], (b) honeycombs produced
905 by the Laser Engineered Net Shaping with Ti6Al4V material [262], (¢) 3D Voronoi closed-
cell foams produced by the FDM method with ABS material [82], (d) open-cell foam

structures produced by AM assisted lost-wax casting [263].
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Table 4 A summary of the studies on the additively manufactured fiber-reinforced materials and structures

Categories
AM methods Materials used Highlighted results Refs.
Microstereolithogr -The proposed micro-lattices exhibit a high specific stiffness
CFRP [98]
aphy (PuSL) and damping coefficient.
Short
CF reinforced -The CF-reinforced polyacrylonitrile structures exhibit higher
fiber- FDM [242]
polyacrylonitrile tensile strength, modulus, and energy absorption capacity.
reinforced
Nylon polymer, short
material -The proposed auxetic structures possess a higher SEA and
FFF carbon fiber-reinforced [262]
higher relative Young's modulus.
nylon polymer
Continuous -The continuous fiber-reinforced composite increases stiffness
fiber- FDM PLA, Kevlar R fiber and energy absorption by 86.3% and 100%, respectively; while [82]
reinforced only increasing the total mass by 6%.
material Onyx, a binder-infused
-There are different failure modes of the proposed structures
FDM continuous fiber [264]

feedstock

under impact loading.
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FFF

FFF

PLA, T300B-3000-40B

carbon fiber

Continuous carbon fiber
reinforced polyamide
(CCF/PA), short carbon
fiber reinforced

polyamide (SCF/PA)

-The proposed structures exhibit excellent compressive
strength and specific energy absorption.
-3D printed carbon fiber reinforced structures have the highest

shape recovery ratio.

-The CCF/PA parts possess better mechanical performance
than the SCF/PA parts.
-The matrix damage is a predominant failure for the proposed

3D-printed CF/PA composites.

[263]

[265]

63



915

920

925

930

935

3.6 Sandwich cores

Typically, the sandwich structures consist of two thin and stiff skins and a low-density and
crushable core [1]. The tensile and compressive loading is distributed by the skin structures,
and most of the impact energy is expected to be absorbed by skins/core and their interaction
[196, 266-270]. Therefore, four typical factors affecting the energy-absorption capability of
sandwich panels can be classified as (a) geometry, (b) mass, (c) material properties of the core
and skins, and (d) core cell topological structures [237]. With growing applications of additive
manufacturing technologies for fabricating sandwich structures [271-277], this section will
review the recent and related experimental studies, thereby understanding their mechanical

performances and energy absorption characteristics under quasi-static and impact loading.

3.6.1 Quasi-static loading

Compression. During the out-of-plane compressive loading, the responses of sandwich
panels are dominated by the responses of the core structures, which are affected by the base
material properties, cellular core topology, and geometry [237, 246, 278]. Interestingly, the
failure mode with the in-plane compression tests was mainly caused by buckling of the core
structure and plastic yielding of skin sheets [278].

Bending. The damage failure and energy absorption performances of sandwich structures
are affected by the cellular core topology, geometry, and base material properties under
transverse bending [279-289]. The studies were carried out on the AM Ti6Al4V BCC core
sandwich samples; and it was found that the energy absorption of the samples with heat

treatment is improved compared to the as-built counterparts [290].

3.6.2 Dynamic loading

Drop-weight impact. The dynamic responses of the additively manufactured sandwich

panels under drop-weight impact loading were extensively studied in the literature [271, 273,

291-294]. For example, Beharic et al. [273] investigated the drop-weight impact characteristics
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of sandwich panels fabricated by SLS with the nylon 12 material. It was found that the auxetic
cellular structures provide the highest total energy absorption, the best pre-strike energy
absorption abilities, and the highest structural performance efficiency for such applications.
Blast impact. The dynamic properties of a sandwich structure subjected to blast loading
were investigated using the 3D-printed samples [55, 295, 296]. For example, Novak et al. [246]
explored the blast responses of the additively manufactured sandwich panels using SEBM with
Ti6Al4V. It has proven that the auxetic core offers a higher SEA than the core with a positive

Poisson’s ratio with the same porosity and the same mass.

Table 5 summarizes the investigation of the additively manufactured sandwich structures.
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Table 5 A summary of the investigation on the additively manufactured sandwich structures

Refs AM Materials used Core Loading conditions Result highlights
methods topology
[291] SLM 316L stainless BCC -Static Compression -The Ti6Al4V BCC micro lattice structures exhibit a
steel and -Drop weight impact comparable impact performance with aluminum
Ti6Al4V honeycomb.
[297] FDM PLA Lattice -Static Compression -The 3D-printed lattice structure has a superior energy
absorption capacity and specific strength.
[290] SLM Ti6Al4V BCC -Static Compression -The 3D-printed cellular structures with heat treatment
-Tension can improve their energy absorption and ductility.
-Four-point-bending
[273] SLS Nylon 12 Re-entrant, -Drop weight impact -The auxetic cellular design exhibits an optimal overall
BCC, Octet -Static Compression energy absorption performance.
[246] SEBM Ti6Al4V Chiral -Static Compression -The sandwich panels with auxetic cellular cores have
-Dynamic Compression  great potential for blast protection structures.
-Blast loading
[279] FDM Continuous Honeycomb, -Three-point-bending - The mechanical properties of CFRTP sandwich
fiber- rectangle, structures can be designed freely based on the
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[298]

[278]

[299]

[33]

[281]

SLA

SLM

Ployjet

SLM

FDM

reinforced
thermoplastics
(CFRTP)
Aluminum
GPPlus

AlSi10Mg

VeroWhite

AlSil0Mg

ABS

circle

B> T7 Q’ K-
grid
FCC, BCC

Pyramidal

Truss
Honeycomb
Re-entrant

BCC, BCCz

TPMS-P,
Neovious,

IWP

-Three-point-bending

-Static Compression
-Shear
-Static Compression

-Three-point-bending

-Static Compression

-Three-point-bending
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continuous carbon fiber 3D printing technology.

-The sandwich panel with a 3D lattice core had a high

energy absorption efficiency.

-Multi-layered pyramidal lattice truss cores show
outstanding load support capability.

-The re-entrant honeycomb sandwich structures exhibit
a higher energy absorption capacity than truss and
honeycomb counterparts.

-The compressive modulus of lattice core sandwich
panels was decreased with the increasing number of
layers.

-The sandwich structures with Neovius core exhibit a
higher bending strength and energy absorption capacity,
and the shear failure mode of core is the dominant

failure mechanism.
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[301]

[282]

[302]

[303]

[292]

[304]

SPPW-
Coat

FFF

SLM

FFF

FFF

FDM

FDM

Ni-P

CFRP

304 stainless
steel

high - density
polyethylene
(HDPE)

PLA/PHA

PLA

PLA

Micro-lattice

Corrugated

BCC

Foam

Honeycomb,
diamond,

corrugated

Auxetic,
rectangular,
hexagonal

BC, BCZ,

-Static Compression

-Static Compression

-Static Compression

-Drop weight impact

-Three-point-bending

-Static Compression
-Tension
-Three-point-bending

-Drop weight impact

-Drop weight impact

-Three-point-bending
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-The sandwich panel exhibits superior strength and
stiffness for a greater wall thickness design.

-The strength and energy absorption properties were
increased by increasing core thickness.

-The metallic Kagome lattice sandwich panels possess
a higher strength-to-weight ratio.

-The 3D-printed syntactic foam core sandwiches

exhibited higher specific mechanical properties.

-The diamond core sandwich panel possessed the
highest compression and three-point bending strength,
and the corrugated core sandwich panel exhibited

superior tensile strength.

-The auxetic sandwich panel exhibited a higher energy

absorption capacity.

-The mechanical performances and energy absorption
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[281]
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[279]

[307]

[308]

[309]

FDM

FDM

SLM

FDM

SLM

FDM

DLP

ABS/PC

ABS

AlSi10Mg

PLA

Ti6Al4V

Hemp/PLA

Ceramic

BFCZ, FCZ,
PS, HEX

Honeycomb

TPMS

Pyramidal
lattice
Cubic, octet,
Isomax,
auxetic
Corrugated
channel core

Honeycomb

strut-based

-Three-point-bending
-Tension

-Three-point-bending

-Static Compression

-Three-point-bending

-Drop weight impact

-Four-point-bending

-Static Compression

-Four-point-bending

-Static Compression
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capability of the sandwich panels were affected by the
core topologies.

-The failure modes of sandwich panels were explored.

-The mechanical performances and energy absorption
capability of the sandwich panels were affected by the
relative density and geometrical parameters of core
materials/structures.

-Five failure modes were considered for the sandwich
panel under in-plane compression.

-The failure mechanism and energy absorption of the
sandwich structures were affected by the topology and
geometrical parameters of the core.

-Four failure modes were identified for the sandwich
panels.

-The small-scaled prototypes were tested for the car fog
light and UAV frame.

-The star structure has maximum strength under



[310]

[311]

[312]

[313]

[314]

[271]

resin
FDM PLA
FDM TPU 95A
FDM CFRP
FDM PLA
SLS PA12
FDM ABSplus-P430

topologies

BCC, BCCZ,
F2CC,
F2CCZ

BCC, ECC

Trapezoidal
corrugated

Honeycomb

Honeycomb,
re-entrant
honeycomb,
TPMS

BCC,
BCCAYV,

BCCZzZ

-Tension

-Three-point-bending

-Three-point-bending

-Drop weight impact

-Drop weight impact

-Three-point-bending

-Three-point-bending

-Three-point-bending

-Drop weight impact
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bending loading.

-The F2CCZ lattice core sandwich panel provided

better energy absorption capacity under impact loading.

-The ECC core sandwich structures exhibited better
absorption capability.

The additively manufactured sandwich panel presented
excellent shape memory capability.

-The horizontal core sandwich panels have higher
fracture strength and better energy absorption.

-The gyroid core sandwich panel possesses the highest

strength, modulus, and stiffness-to-weight ratio.

-The energy absorption capability can be improved by

introducing vertical support struts.



[294]

[293]

FDM

FDM

ABS

PLA

Honeycomb, -Drop weight impact
re-entrant

honeycomb

Cubic, octet, -Drop weight impact
Isomax,

auxetic

-The sandwich panels with in-plane re-entrant core had

better impact strength and energy absorption capacity.

-The sandwich panels with Isomax core provided the

highest energy absorption capability.
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3.7 Functionally graded structures

By introducing morphological gradients to materials and structures, the corresponding
mechanical properties and energy absorption performance can be improved and/or tailored for
a specific purpose [47, 315-317]. Generally speaking, a functionally graded design can be
achieved by varying: (1) relative density (RD), (2) characteristic size, and (3) structural
topology [47].

RD: The most widely used functionally graded design is to tailor relative density, which
can be achieved by varying thickness or strut size in one or more directions [75, 318-324]. For
instance, Fan’s study [325] showed that the structures with a graded direction along with the
loading direction deformed in a layer-by-layer mode while the uniform structures exhibited a
shear band deformation mode; thus, the former can more effectively enhance the mechanical
properties and energy absorption, as shown in Figure 26(a).

Geometry: Another type of graded design is gradually varying the size of the unit cell
[022, 028, 146, 156]. The size-graded lattice structures were proposed based on the BCC,
TPMS-P, and TPMS-G and fabricated by FDM with short carbon fiber-reinforced nylon [81],
which however divulged that the graded unit cell size may not affect energy absorption
significantly. Similar findings were reported in [326], in which the grading pattern does not
greatly affect the mechanical properties of the TPMS lattices.

Topology: Multi-morphologically graded structures can be constructed by hybridizing two
or more structural topologies [38, 327]. For instance, the multi-morphology Gyroid-Diamond
sheet network lattice was designed and fabricated by SLM with stainless steel [326], in which
the deformation modes are shown in Figure 26(b). A layer-by-layer deformation mode was
found in the structure with a topological gradient parallel to the loading direction. In contrast,
a shear band deformation mode was found in the structure with a topological gradient
perpendicular to the loading direction. Multi-tessellated functional architected materials

consisting of multiple layers of tessellated lattices were proposed and printed by MJF with PA
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975 12 [328]. The results showed that the multi-tessellated lattices can achieve multi-material like
properties without interface issues founded in the multi-material lattice structures.
Table 6 summarizes the additive manufacturing methods used for fabricating the

functionally graded structures.
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980 Figure 26. Comparison of the deformation modes for the AM-based functionally-graded

structures: (a) functionally RD graded structures, a layer-by-layer deformation mode was
observed on the uniform structure (top) whereas a shear band deformation mode was
observed on the graded structure (bottom) [325], (b) multi-morphology structures, a layer-by-
layer deformation mode was observed on parallel structure (top) and a shear band

985 deformation mode was observed on perpendicular structure (bottom) [326].
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Table 6 A summary of the additively manufactured functionally graded structures.

Functionally
AM

Refs Materials used  graded Loading conditions Highlighted results

methods
methods

[322] SLM Stainless  steel RD -Quasi-static -The -elastic-plastic mechanical properties of the Ilattice
316L Compression structure were optimized by the cell geometry and relative

density.

[81] FDM short carbon RD, -Quasi-static -The density-graded lattice exhibited a better energy
fiber-reinforced  Geometry =~ Compression absorption capacity, while the lattices with a unit cell size
nylon gradient showed the same absorption capacity.

[326] SLM Maraging steel ~ RD, -Quasi-static -Sheet-network multi-morphology lattices exhibited higher

Geometry, Compression elastic properties.
Topology
[329] SLM AlSi10Mg RD -Quasi-static -The dissipation energy of the unidirectionally-graded
Compression auxetic honeycomb (UGAH) was lower than that of the
bidirectionally-graded auxetic honeycomb.
[330] SLM Stainless  steel Topology  -Quasi-static -The multi-morphological lattices exhibited a higher energy

316L

Compression
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absorption performance.
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[332]

[333]

[62]

[334]

[335]

[336]

SLA

SLM

SLM

SLS

Ployjet

Ployjet

SLS

ABS

TC4

Ti6Al4V

PA2200

VeroWhitePlus,

TangoPlus

VeroWhite

PA2200

RD

RD

RD

RD

RD

Geometry

RD

-Three-point

bending

-Quasi-static
Compression
-Quasi-static

Compression

-Quasi-static

Compression

-Quasi-static
Compression
-Quasi-static
Compression
-Quasi-static

Compression
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-The bending behavior and energy absorption capacity of
honeycomb-filled thin-walled structures can be improved by
a graded design.

-The functionally graded sheet-G lattice showed higher
energy absorption performance.

-A layer-by-layer failure mode was found in the functionally
graded sheet structures (FGS) lattice structures.

-The energy absorption of the FGS samples was higher than
its uniform structure counterparts by approximately 60%.
-The functionally graded lattice structures exhibited a
superior energy absorption ability compared with other
structures.

-The geometrically tailored honeycomb design can enhance
the energy absorption capacity.

-The cell-wall angle-graded auxetic metamaterials exhibited
a higher energy absorption performance.

-The graded structures can absorb more energy compared to

their non-graded counterparts.
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[339]

[175]

SLM/FDM Ti6Al4V/ABS-

SLM

FDM
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FDM
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RD

Geometry

RD

RD

RD

-Quasi-static
Compression
-Quasi-static
Compression
-Dynamic

compression
-Quasi-static

Compression

-Quasi-static
Compression
-Quasi-static

Compression

76

-The functionally graded Kagome structures absorbed more
energy than the uniform counterparts.
- Specific mechanical properties of the lattice can be tailored

by the topology gradually design.

-Ungraded and slightly graded BCC lattices absorbed more

energy for a given strain than their SP counterparts.

-The desirable mechanical properties could be achieved in
each layer by functionally graded design.

-A positive density gradient can enhance energy absorption
for cylindrical shell-based lattices.

-For cylindrical shell-based lattice sandwich, density

gradient can efficiently reduce the peak crushing force but

have little effect on the energy absorption.
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[341]
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[343]

[325]

SLM

SLM

Ployjet

SLM

SLM

Ti6Al4V

Ti6Al4V

VeroGray

Ti6Al4V

Ti6Al4V

RD

Topology

RD

RD

RD

RD

-Quasi-static

Compression

-Quasi-static

Compression

-Quasi-static

Compression

-Quasi-static

Compression

-Quasi-static

Compression
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-Both Gyroid and Diamond structures presented superior
strength and comparable elastic modulus with the natural
cortical bone.

-The functionally graded porous biomaterials (FGPB)
exhibited a combination of low density, moderate Young’s
modulus, high yield strength, high peak stress, and favorable
ductility.

-The stretching-dominated structures showed better
mechanical properties and higher efficiency under
mechanical loads.

-The graded lattice structures exhibited higher specific
strength and higher specific energy absorption than the
uniform counterparts.

-The graded-thickness structures were of better mechanical

properties than the uniform counterpart.



[344]

FDM

TPC, PA12

Geometry -Quasi-static

Compression

-The structures with a gradual change in topologies exhibited
higher energy absorption and better mechanical performance
than the uniform structures.

-Dual-material lattice structures provided higher energy
absorption than the corresponding single material

counterparts.
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3.8 Hierarchical materials and structures

It has been demonstrated that hierarchical materials and structures can often lead to
superior mechanical properties, higher energy absorption, and tailorable material
characteristics [193, 345-348]. The overall mechanical properties and energy absorption
performance of these structures can be enhanced by increasing levels of structural hierarchy
[193]. However, high-level hierarchical structures cannot be easily fabricated using
conventional manufacturing techniques. The development of various additive manufacturing
techniques paves a feasible way to produce such sophisticated hierarchical structures [349-356].

For instance, Tao et al. [357] designed square hierarchical honeycombs (SHHs) and
fabricated these structures employing the Ployjet method with VeroWhitePlus, as shown in
Figure 27(a). It was found that the SHHs are of superior compressive strength, specific energy
absorption, and crush force efficiency compared with the regular square honeycomb (RSH) of
equal mass. Zhang et al. [59] proposed a self-similar hierarchical honeycomb and fabricated
these structures using the SLM method with AlSi10Mg, as shown in Figure 27(b). It was
concluded that the in-plane failure of hierarchical honeycombs is dominated by bending, axial
compression, and shear deformation. Tan et al. [35] proposed an auxetic hierarchical
honeycomb as a crash box filler and made this honeycomb using the Ployjet method with
VeroWhitePlus, as shown in Figure 27(c). It was found that the auxetic hierarchical crash box
structure possesses a higher energy dissipation capacity than its counterparts.

Inspired by skeletal muscles, Tsang et al. [221] proposed a hierarchical tubular structure to
study in-plane compressive characteristics using the specimens fabricated by FDM with TPU,
as shown in Figure 27(d). The force resistance and energy absorption of these hierarchical
tubular structures were enhanced by increasing the hierarchical order. Hierarchical nanolattices
were also proposed and fabricated using the TPL-DLW and ALD technologies, as shown in
Figure 27 (e). It was found that the proposed hierarchical nanolattices exhibit a unique

combination of properties: ultralightweight, recoverability, and a near-linear scaling of stiffness
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and strength with density [358]. Table 7 provides a summary of some additively manufactured

1015  hierarchical materials and structures.
" hone;
(e) Octahedron of e Oct
r ahedron of Octet of Octet of
Octahedra Octets Octahedra Octets
Figure 27. Additively manufactured hierarchical structures: (a) Square hierarchical
honeycombs produced by the Ployjet method with VeroWhitePlus [357], (b) hierarchical
honeycombs fabricated using the SLM method with AISi10Mg [59], (c) auxetic hierarchical
1020 honeycomb produced using the Ployjet method with VeroWhitePlus [35], (d) hierarchical

tubular structure produced using the FDM method with TPU [221], (e) hierarchical

nanolattices are proposed and fabricated using the TPL-DLW and ALD methods [358].
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Table 7 A summary of some additively manufactured hierarchical materials and structures

AM Materials
Refs Topology Loading conditions Highlighted results
methods  used
-The hierarchical honeycombs exhibited better energy
[359] FDM PLA honeycomb Static Compression
absorption capabilities.
- Resilient 3D hierarchical metamaterials showed
TPL- Ceramic, hierarchical
[358] Static Compression ultralight weight, recoverability, and nearly-linear
DLW polymer nanolattice
scaling of stiffness and strength with density.
-The in-plane failure of hierarchical honeycombs was
[59] SLM AlSilOMg  honeycomb In-plane compression dominated by the bending, axial compression, and
shear deformation of original unit cell walls.
-Multi-level hierarchical honeycomb (MHH) exhibited
In Situ Micro-
a higher collapse strength and better energy absorption
[360] PuSL polymer honeycomb Compression,
properties than single-level hierarchical honeycomb
Dynamic experiment
(SHH).
square -The square hierarchical honeycombs showed better
VeroWhiteP
[357] PolylJet hierarchical In-plane compressive test mechanical properties and energy absorption
lus
honeycombs performance than traditional cellular materials.
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[221]

[361]

[35]

FDM

FDM

TPU

PLA

VeroWhiteP

lus

hierarchical

tubular

hierarchical

honeycomb

Auxetic
hierarchical

crash box

Quasi-static compression

In-plane compressive

Static compression

-The muscle-inspired hierarchical structures exhibited
better loading resistance and energy absorption.
-Hierarchical honeycombs possess favorable
characteristics such as a more stable post-yield stress
plateau and higher mean crushing stress which can be

used to design efficient energy absorbers.

-The auxetic hierarchical crash box presented the

highest energy absorption capacity.
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3.9 Multi-material structures

Multi-material structures signify a class of composite materials made of two or more
phases of base materials to obtain the best effective (overall) mechanical properties [362].
Through additive manufacturing techniques, multi-material structures can be fabricated using
various materials with different mechanical properties [60, 73, 363, 364].

For instance, co-continuous composites, also called interpenetrating phase composites
(IPCs), were proposed to achieve enhanced mechanical characteristics [365]. Al-Ketan et al.
[365-367] proposed the TPMS-based IPCs and fabricated these IPCs by using the Ployjet
technique with hard VeroWhite and soft TangoGray materials, as shown in Figure 28(a). The
results indicated that the bulk mechanical properties of these IPCs can be adjusted by varying
the composition of the IPCs. Another type of multi-material structure inspired by the nacre
presents an architecture similar to brick-and-mortar [215]. These nacre-like composites were
fabricated by FDM with PLA and TPU materials, as shown in Figure 28(b). It was found that
the nacre-like design can enhance the stiffness, strength, and toughness of the multi-material
structure systems [201, 215]. Prajapati et al. [368, 369] presented tessellated lattice structures
filled with foam materials. The lattice structures were fabricated by FFF with TPU and then the
PU foams were injected by a syringe dispenser system. The results showed that the foam filled
lattice structures exhibit higher specific damping capacity which cannot be achieved by varying
the shell thickness of empty lattices.

Table 8 summarizes some additively manufactured multi-material structures and their

characteristic features.
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Figure 28. Additively manufactured multi-material structures: (a) Co-continuous composites
produced by the Ployjet method with VeroWhite and TangoGray [365], (b) bio-inspired bi-

1050 material composites produced by the FDM method with PLA and TPU [215].
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Table 8 A summary of the additive manufacturing methods used in some multi-material structures

AM
Refs  method Materials used Topology Loading conditions Highlighted results
S
Vero White Static and dynamic -The five-layered sandwich multi-material honeycomb
[370] Ployjet Honeycomb
and Tango Plus compression structure has better energy-absorbing capability.
-The plaster phase of the bi-material structure (BMS)
Binder  Plaster,
[371] Beams Four-point-bending dominates the stiffness and strength against bending,
jetting  Silicone
while the elastomer phase enhances the toughness.
Nacre-like
-Multi-material composites with natural hierarchical
[215] FDM PLA, TPU laminated Three-point-bending
patterns can enhance ductility.
composites
-The proposed stretched cell lattice (SCL) exhibited a
higher SEA and higher energy absorption efficiency
316L stainless  Hybrid Static and dynamic (EAE) than OTL by 26% and 17%, respectively.
[372] SLM
steel, acrylic composite (SHPB) compression -The yield strength of the proposed SCL was 80%

85

higher than that of OTL.

-The hybrid composite showed a 47% higher specific
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[366]

[365]

[367]

[368]

[201]

Polyjet

Polyjet

Polyjet

FFF

Polyjet

VeroWhite,
TangoGray
VeroWhite,

TangoGray

VeroWhite,

TangoGray

TPU, PU foam

Veromagenta,

Tangoblackplu

S

TPMS

TPMS

TPMS

Closed cell
lattice

structure

Nacre-like

composite

Static compression

Static compression

Static compression

Static compression

Drop tower impact

strength than the bare stainless steel structure.

-The shell-core cellular composites were found suitable
for energy absorption applications.

-The sheet-network interpenetrating phase composites
exhibited superior mechanical properties.

-The secondary IWP is of the highest yield strength and
the highest Young’s modulus.

-The IPCs can be applied for energy-absorbing and

damage-tolerance applications.
-The foam filled closed cell lattice structures exhibit

higher stiffness and energy absorption

-The Nacre-like design was of a better performance in

impact resistance.
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3.10 Origami-inspired materials

The word origami refers to the ancient art of paper folding, and it contains two Japanese
roots: ori and kami, meaning ‘folded’ and ‘paper’, respectively [373]. Introducing initial folds
into an energy absorber can control the deformation modes to obtain the desired force-
displacement curves. Meanwhile, the peak force during the crushing process can also be
adjusted by the initial folds. Further details of the classification of origami-inspired materials
and structures can be referred to a more comprehensive topical review in [374]. This section
focused on the experimental investigation into mechanical properties and energy absorption
characteristics of the origami-inspired materials and structures fabricated by AM.

The circular tubes with two different origami patterns were experimentally investigated
using 3D printing technology [375]. It was found that the circular tubes with pre-folded origami
patterns exhibit a higher specific energy absorption and a lower initial peak force compared to
conventional circular tubes. The Ron Resch origami absorber was proposed and experimentally
studied by using the SLS method with nylon material [376]. The results showed that the
proposed origami absorber displays a new collapse mode with a lower peak force and longer
effective stroke. The dynamic responses of the metallic stacked origami-based cellular
materials were experimentally investigated by the SLM method with 316L stainless steel [295].
It was found that the thin-walled configurations exhibit a higher normalized efficiency
compared with thick-walled configurations.

Table 9 summarizes the additive manufacturing methods used for fabricating some

origami-inspired structures and their characteristic features.
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Table 9 A summary of the additive manufacturing method used in the origami-inspired structures.

AM Materials
Refs Topology Loading conditions Highlighted results
methods  used
Yoshimura -Tubes with pre-folded origami patterns can
-Axial quasi-static
[375] - Brass origami significantly reduce the initial peak force and increase
compression
planar pattern the SEA.
-The energy-absorbing structure with Ron Resch
Ron Resch -Axial quasi-static origami pattern exhibited a new collapse mode, which
[376] SLS Nylon
Pattern compression helped reduce the peak force and improve the effective
stroke.
316L Stacked -The thin-walled configurations exhibited a higher
[295] SLM stainless Miura- -Dynamic compression normalized energy absorption efficiency than thick-
steel origami walled configurations.
Square -The energy absorption profile of square honeycombs
-Compression
[377] FFF TPU origami structured with origami folds can be adjusted by the
(100mm/min)
honeycomb fold parameters.
-Godart origami- -The origami-inspired honeycomb sandwich structure
[378] SLA -Drop-weight impact
8228 inspired possesses an excellent energy absorption capability.
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[379]

FDM

PLA

honeycomb
origami-
inspired
tessellated

pattern

-Drop-weight impact

-Quasi-static

compression

-The rectangular origami-inspired tessellated meta-

materials are more effective at absorbing impact loads.
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4. Defects of the additively manufactured materials and structures

4.1 Additive manufacturing defects and their effects on mechanical

properties and energy absorption

Due to the inherent process characteristics such as the staircase effect, residual stresses,
and entrapped gases induced defects in the additively manufactured structure cannot be
completely avoided by adjusting the printing parameters [12, 380, 381]. These imperfections
in the printed materials/structures can to a certain extent affect the mechanical properties and
energy absorption characteristics [31, 73, 127, 382-387]. The defects induced by AM were
reviewed more generally in the literature [12, 77, 380, 388]. Here, we focus on the quantitative
characterization of the defects and their effect on mechanical properties and energy absorption
of AM materials and structures. As shown in Fig. 29, the AM defects are classified into three

main categories, i.e., geometric imperfections, surface quality, and porosity.

Geometric imperfections

' ;__.;'»,/’,— Lo L;‘, i ‘
e B | +
b8 Vertical sl{“‘ Diagonal strut
: } 3

Fa ™

'
Varying cross-section

Wavineds T 3

Figure 29. Geometric imperfection caused by additive manufacturing processes. Geometric
imperfections: (a) waviness and varying cross-section [32], (b) strut oversizing or undersizing
[32], (c) node diameter [31]; surface quality: (d) stair-step profile [31], (¢) bonded particle
[389]; Porosity: (f) micro-voids [389].
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Concerning the geometric imperfections, Liu et al. [32] summarized the geometric
imperfections of some SLM lattices through X-ray computed tomography (CT) scan in three
categories: (a) strut waviness, (b) strut thickness variation, and (c) strut oversizing or
undersizing. The geometric imperfections could be depicted by the probability distributions
that are normalized by the nominal values of the as-designed models. They found that the
compressive strength and stiffness of the lattices are decreased by geometric imperfections.
Specifically, the compressive strength and stiffness of lattices deteriorated with the increase of
strut thickness variation or struct waviness. They also found that the different distributions of
oversizing or undersizing on horizontal/vertical struts and diagonal struts have a significant
influence on the mechanical performance and failure mode of the lattices.

Moreover, Dallago et al. [390, 391] identified five types of defects in the printed lattices
(1) variable equivalent radius of strut cross-section, (2) offset of the cross-section centers from
the axis connecting two junction centers, (3) eccentricity of strut cross-section, (4)
missing/interrupted struts, and (5) junction center position. They found that the elastic modulus
of structures could be increased by increasing the mean cross-section, while the elastic modulus
decreased with the increase in the strut waviness and misalignment of the junction centers.

Li et al. [382] investigated the effect of strut waviness and strut thickness variation on the
energy absorption performances of the AM lattices. It was found that the SEA of the lattice is
more significantly affected by the variation in strut thickness than strut waviness. The thickness
variation in the diagonal strut may increase the SEA of the lattice, but the thickness variation
in the vertical strut may decrease the SEA of the lattice.

For surface-based structures, the deviations of shell thickness or geometry dimension are
amongst the most common geometric imperfections in the AM parts. For instance, Cao et al.
[167] studied mechanical and energy absorption properties of the AM P-TPMS cylinder
structure considering the hole dimensions and thickness deviations induced by the AM
technology.. They found that the mechanical performance and energy absorption of the AM P-

TPMS cylinder structure could be deteriorated by imperfections in thickness compared to the
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ideal model. Zhang et al. [159] found that the mechanical and energy absorption characteristics
of the AM TPMS lattices may be worsened due to the existence of AM defects. Thus, the shell
thickness used in the finite element model was reduced to reproduce the response in the
experiments correctly.

Due to stair-step phenomenon and melt pool instabilities, the stair-case-shaped profile and
bonded particles may be formed on the printed parts [ 184]. Profile roughness parameters (Ra),
as defined by ISO 4287 [392], were used to describe the deviation of the surface quantitatively.
In this regard, Wen et al. [65, 182] quantified the Ra for the printed parts ranging from 6 to
52.8 pm.

Pores were typically referred to as enclosed voids beneath the part’s surface [380]. Based
on the measurements, internal porosity values could be formed within a range of 1.98-3.32%
[393]. Jiang et al. [394] investigated the effects of porosity on the mechanical properties of the
AM lattices numerically. It was found that the AM lattices with porosity defects degraded their
elastic modulus compared with their defect-free counterparts, and the elastic responses of these
AM lattices was affected by the fraction of porosity and the space distribution of the defects.
Sombatmai et al. [395] investigated the influence of AM induced defects on mechanical
behavior of AM lattices using the FE models. They found that the internal voids negligibly
affect the elastic modulus and initial yielding stress, partly because of their low volume fraction

(less than 1%).

4.2 Methods for minimizing defects in additive manufacturing

4.2.1 Design constraints

While additive manufacturing technologies make it possible to fabricate sophisticated
materials and structures, some manufacturability constraints still need to be considered to
ensure the fabrication quality of the printed parts [380, 396, 397]. Taking the SLM method as
an example, overhanging surfaces cannot be printed when the inclination angle is smaller than

the minimum allowable level. In general, this minimum inclination angle can be affected by

92



1155

1160

1165

1170

1175

the processing parameters, material types, and powder characteristics and it is often simplified
as being 45° [12].

The SLM process cannot print the parts when the feature size is smaller than the minimum
feature size. For example, Pattanayak [398] pointed out that the fabrication of wall thicknesses
below 300pum was infeasible for Ti metal powder. In contrast, Zhang et al. [159] fabricated a
lattice with a minimum thickness of 200pum with 316L stainless steel.

Melancon et al. [399] presented an admissible design space by exploring a range of pore
sizes, maximum volume fraction, and minimum strut diameter. Following these design
constraints, a density-based topology optimization method was proposed to optimize the

additively manufactured lattice materials [400].

4.2.2 Processing parameters

AM process parameters can considerably affect the formation of defects and the quality of
fabricated parts [401-406]. Taking PBF as an example, two types of processing parameters, i.e.,
laser power P and scan speed v, are often used to control the part quality. For example,
GroBmann et al. [125] investigated the influence of processing parameters on the quality of the
printed lattices. It was found that suitable lattice surface qualities could be achieved when the
laser power P and energy inputs satisfied 2J/mm? < Einput <8J /mm? and 170 W <
P <350 W, respectively. The effects of processing parameters on relative density of the
printed parts were investigated by Du et al. [218]. It was found that the greatest relative density
of 99.93% can be obtained when the laser power is 450 W, and the scanning speed is
3500 mm/s, while the lowest relative density of 97.47% can be achieved with the combined
process parameters of P (400 W) and v (2750 mm/s).

Three scan strategies, i.e., contour, points, and pulsing, were explored to divulge their
influence on strut thickness [407]. It was found that the contour strategy was able to produce
the samples with the highest strength-stiffness and strength-weight ratios. Effects of power and

exposure time on the relative porosity of the printed parts were investigated by Egan et al. [408].
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It was demonstrated that the power and exposure time can significantly influence the relative

porosity and mechanical properties of the additively manufactured structures.

4.2.3 Post-processing

Post-processing is the last chance to mitigate the effects of defects and to improve the
mechanical properties and energy absorption characteristics. A comprehensive review of post-
treatments for AM parts can be found in [57, 381]. Here we briefly highlight the post-processes
used in the additively manufactured lightweight materials and structures.

Chemical etching methods have been widely used to reduce the surface roughness of the
AM energy-absorbing structures. For instance, de Formanoir et al. [409] used the hydrofluoric
acid and nitric acid solution to post-process the AM octet-truss lattice structures. It was found
that the chemical etching process can efficiently reduce the bonded particles on the lattice
surfaces. In addition, Yan et al. [179] used a sandblast method to remove the bonded metal
particles and improve the surface quality of the struts. It was found that nearly all the bonded
particles were removed, and the quality of strut surfaces was considerably improved compared
to the original surfaces obtained from AM.

Heat treatment is another efficient way to improve the mechanical properties and energy
absorption of the AM materials and structures. For example, Brenne et al. [290] examined the
mechanical behaviors of the as-built and heat-treated AM cellular structures. It was found that
heat treatment can improve the ductility and energy absorption of the AM cellular structures.
Jin et al. [410] investigated the effect of different heat treatments on the mechanical properties
of the BCC and FCC lattices fabricated by SLM. The results showed that the rational heat
treatment temperature could considerably improve the mechanical properties of the AM BCC
and FCC lattices. Gorny et al. [411] found the energy absorption of a heat-treated structure is
higher that of an as-built counterpart. Wauthle et al. [412] demonstrated that a proper selection
of the heat treatment is important for the AM lattices in different applications. Yan et al. [413]

found that the total energy absorption of the heat-treated lattices is higher than that of the as-
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built counterparts.

The heat treatment of the AM materials and structures can lead to a more favorable
deformation mode and stress-strain responses thereby improving their energy absorption. For
example, Suzuki et al. [414] provided an examples that a heat treatment lattice presents an
evident plateau region while the as-built lattice exhibits fracture failure without a plateau region.
Maskery et al. [57] conducted a post-manufacturing heat treatment to modify the
microstructures of printed structures; and they found that the heat treatment can prevent the

formation of a shear band in the deformation mode, which leads to a flatter stress plateau.

5. Modeling of additively manufactured energy-absorbing structures

Numerical modeling techniques provide an effective and insightful way to evaluate the
mechanical properties and energy absorption characteristics of additively manufactured parts.
Numerous finite element (FE) models have been developed to simulate the mechanical
responses of various printed parts [33, 415-424]. In literature, there are two main types of FE
modeling methods: (a) defects-free modeling, which is performed based on the ideal CAD
models [136, 153, 425]; and (b) modeling with defects, which takes into account the defects
induced from the additive manufacturing process [29, 32, 390]. Another important area of study
on numerical modeling is to simulate specific AM process for characterizing the as-

manufactured materials/structures [426-428].

5.1 Defect-free modeling
In literature, different types of material constitutive models, finite elements, boundary
conditions, and failure criteria have been considered in the defects-free modeling process,

enabling to evaluate specific mechanical properties and energy absorption characteristics.

5.1.1 Material models

The most widely used material model for predicting the elastic and yield properties of the
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energy-absorbing structures could be simple elastic—perfectly plastic constitutive models. For
example, Al-Ketan et al. [97] used such a model for a polymer to simulate the mechanical
responses of the TPMS micro-lattices. In another study, Al-Ketan et al. [160] used this model
for maraging steel to characterize the mechanical properties of cellular structures. Chen et al.
[149] also used this model for nylon PA 2200 to simulate the mechanical characteristics of the
shell lattices.

Other models are also employed to investigate the large deformation behavior of printed
parts. For example, Li et al. [29] adopted a plasticity model with isotropic hardening to capture
the large deformation behavior of cellular structures . Tancogne-Dejean et al. [130] used a rate-
independent J2-plasticity model with isotropic hardening for stainless steel 316L to obtain the
static and dynamic responses of the metallic micro-lattice materials. To consider the effects of
isotropic strengthening, kinematic strengthening, temperature variation and the associated
variation in yield strength, the Johnson-Cook model has been widely used to evaluate the
deformation responses and the mechanical performances of energy-absorbing structures. For
example, Yang et al. [429] adopted this model for Ti6Al4V material to simulate the mechanical
response of the solid-G structures. Abueidda et al. [ 164, 430] explored some more sophisticated
and accurate finite deformation constitutive models (namely, elastic-viscoplastic Arruda-Boyce
model (AB) model and hyperelastic-viscoplastic flow evolution network (FEN) model) to
study the mechanical properties of printed parts. They found that the FEN model exhibited a

better predictive accuracy compared with the AB model.

5.1.2 Failure criteria

One of the most critical aspects of numerical modeling is how to simulate the failure and
fracture of energy-absorbing materials and structures [386, 431-434]. The failure would greatly
influence the deformation modes and mechanical properties, and thus its modeling can be

critical to the analysis and design of additively manufactured structures and materials.
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5.1.2.1 Brittle fracture

A brittle fracture occurs when a crack is initiated at a mesoscale level with negligible
inelastic deformations [435]. Figure 30 (a) schematically describes the brittle cracking model.
Suppose that the elastic modulus of undamaged materials is E. After reaching a critical load
o.r, the stress starts declining due to damage, softening the mechanical behavior. If the material

experiences an unloading process, the elastic modulus will reduce to (1 — d)E.
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Figure 30. Failure criteria used for AM materials. (a-b) Schematic stress-strain curve with a
brittle and ductile damage model, respectively; (c) failure model for Ti6Al4V with reduced
ductility (red solid line: mill-annealed Ti6Al4V [436]; blue dashed line: 3D-printed Ti6Al4V)
[437]; (d) numerical analysis of failure mechanisms (fiber tensile and compressive damage,
matrix tensile, and compression damage); (e) experimental microscopic analysis. Matrix
damage is predominant for 3D-printed CCF-PA composites under tension and compression

loading [265].
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Kao et al. [371] investigated the bending behaviors of a bi-material structure consisting of
a stiff plaster frame and soft silicone elastomer filler using a brittle cracking material model.
While it allowed for explaining the bending behaviors properly, the authors also pointed out
the limitations of this model: (a) compression damage was not incorporated; (b) the
hyperelastic model did not consider fracture, leading to an overly strong and tough structure
prediction; and (c) mesh dependence may result in numerical inaccuracy. Yao et al. [438]
adopted the maximum stretching strain criteria to predict the failure of bio-inspired structures,
showing good agreement with the experimental results.

Fiber-reinforced composites typically feature brittle and anisotropic fractures. Hashin
[439, 440] introduced fiber damage, matrix damage, and shear damage to simulate fiber
buckling and kinking in compression and matrix cracking under transverse tension and
shearing. Chen et al. [265] used the Hashin criterion and continuum damage mechanics to
capture the responses and failure of the CCF/PA SCF/PA composites. They revealed that matrix

rather than fiber damage is predominant for the composites that they fabricated (Figure 30 (e-

f)) [265].

5.1.2.2 Ductile fracture

A ductile fracture can occur when plastic deformation exceeds a threshold [435].
Experimental observation suggests that ductile fracture is caused by nucleation, growth, and
coalescence of voids [441]. Schematically, the ductile fracture may be illustrated in Figure 30
(b). The stress - strain curves typically contain an initial elastic stage, a plastic hardening stage,
and finally, a damage evolution stage. o, and ¢, are the critical flow stress and effective
plastic strain at the onset of damage. Due to damage, the curve presents a softening branch, and
the corresponding elastic modulus reduces to (1 — d)E. The material is assumed to be fully

damaged when fracture strain is reached.

(1) Constant strain criteria

Constant strain criteria assume that material would fail if a strain quantity, e.g., effective
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plastic strain or maximum plastic strain, reaches a threshold. Such criteria are convenient to
implement in commercial programs but may only provide a rough estimation to fracture
behaviors. In this regard, Tallon et al. [S1] employed a total plastic strain failure criterion to
study the crush performance of micro-lattice reinforced plates made of maraging steel.
Kucewicz et al. [442] applied effective plastic strain as an erosion criterion to simulate the
deformation of cellular structures under quasi-static and dynamic conditions. Tkac et al. [443]
provided an easy-to-implement approach to assess lattice/porous material deterioration using
macroscopic damage initiation and evolution. Mahbod and Asgari [339] adopted a constant
volumetric strain to determine the failure location for a double hexagonal pyramid lattice
structure.

(2) Stress state-dependent ductile damage criteria

Stress state-dependent ductile damage criteria assume that fracture strain highly depends
on the stress state. For example, the damage initiation has been formulated to rely on stress
triaxiality 7, ie., & = &(n) [444-451]. The damage will initiate when the following

condition is satisfied:
e de
D(ep) = j P = (7)

e(m)

where D is a state variable that increases with plastic deformation monotonically.

The stress state-dependent ductile damage model is a built-in module in commercial FE
code ABAQUS, which supports tabulated data input, thereby providing a flexible approach for
numerical implementation. For example, the Bao-Wierzbicki model [452], a typical stress-state
dependent ductile damage criterion, was calibrated in Eq. (8), which was implemented for

SLM Ti6Al4V auxetic 3D anti-tetrachiral metamaterials [437].

0'0176+00313 1< <0
1+3n oo T3S0=

= 10.147n? — 0.00567 + 0.0494, 0 <7 < 0.49 ®)

0.199¢18%, 0.49 <7p

in which the —% < 71 < 0 region is associated with shear fracture, and the n = 0.49 region
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is related to void growth due to tensile stresses, while the intermediate region corresponds to a
mixture of both shear and tensile failure mechanisms (see Figure 30 (¢)). Compared with mill-
annealed Ti6Al4V, the fracture strain of the 3D-printed part was one-tenth smaller than what
was reported by Giglio et al. [436, 437]. Evidently, the ductility was reduced due to the SLM
process.

Xiao et al. [329] used a stress-state dependent ductile damage criterion to simulate the
cell-wall fracture through a tabulated fracture strain and stress triaxiality with linear softening,
which allowed analyzing damage dissipation. They further employed this model to characterize
the compressive behavior of the reentrant honeycomb [453]. This model was originally
designed for metallic materials but has been extended to non-metallic materials. For example,
Airoldi et al. [225] adopted a ductile damage initiation criterion for polymeric materials to
investigate the auxetic behavior under localized impacts.

(3) Strain-rate and/or temperature-dependent ductile fracture criteria

This subset of ductile fracture criteria assumes that fracture strain depends on not only
stress state but also strain rate or working temperature. It would be necessary to apply those
models when the material is subjected to impact loading or temperature change. The most
commonly used model is the Johnson-Cook (J-C) damage criterion, defined as [454]:

gr = [Dy + D,eP#[1 + DyIn(€")][1 + DsT"] 9)
where & is the fracture strain; £ = &,/€, inwhich &, isthereference strainrateand &,
is the effective plastic strain rate; T* = (T — Troom)/(Tmelt — Troom) I Which Tyoom 1S
room temperature, Ty IS melting temperature, and T is the current working
temperature; D;, D, and D; are the material constants related to the effects of stress
triaxiality, and D, and Dy are the constants related to strain rate and temperature effects,
respectively. The material constants D;~Ds can be identified experimentally.

Zhou et al. [332] used the J-C plastic and damage models to simulate the plastic
deformation and layer-by-layer failure of network and sheet-based functionally graded

structures. Xiao et al. [74] simulated the Ti-6Al-4V lattice structures at different velocities, and
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the results were partly consistent with the experimental observations. Zhao et al. [333] showed
that deformation behaviors, yield stress, and energy absorption of functionally graded sheet
structures could be well predicted by the J-C model. Bai et al. [455] applied the J-C model to
simulate the stress distribution of the failed lattice node, providing an effective way to reduce
the stress concentration effect. Kadkhodapour et al. [187] applied the J-C damage model to
evaluate the reliability of computational models in predicting mechanical properties. Li et al.
[456] applied the J-C damage model to analyze the complex state of deformation, including
compression, tension, and bending of metallic micro-lattice and epoxy interpenetrating phase
composites. Parametric analysis of the J-C model was conducted for the BCC and FCC titanium
lattice materials. It was revealed that the ductility of the base materials had more influence on
the energy absorption capability of BCC than FCC [410].

GISSMO (Generalized Incremental Stress State MOdel) is another failure criterion used
to model fracture behaviors of AM materials and structures [246, 457]. Compared with the J-
C damage model, GISSMO has superior capability in predicting instability behaviors and non-
proportional damage evolution [458]. It also includes the numerical techniques to reduce
spurious mesh dependence, which often leads to unacceptable errors when damage occurs
[459]. It is noted that while GISSMO was developed for metallic materials, Tabacu and Ducu
[457] calibrated the GISSMO model for the ABS materials, which can then be applied to the
lattice, honeycomb, and rectangular structures with high modeling accuracy. Novak et al. [246]
also used GISSMO as the constitutive model for the base material (Ti6Al4V) in the parametric
study of chiral auxetic cellular specimens.

A summary of the applications of fracture modeling for AM materials and structures is
provided in Table 10. From the literature studies, energy absorption of additively manufactured
ductile materials can be better predicted if the following fracture mechanisms are considered:

(1) Non-local damage models. The abovementioned studies have focused mainly on
damage initiation. As for damage evolution, localized damage models are often used, where a

damage variable is introduced to quantify the state of damage [460]. The disadvantage of local
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damage models lies in spurious mesh dependence. Briefly, there is no uniqueness of solution
as strain localization arises [461]. Therefore, non-local damage models, for example, gradient
damage model [462], phase field method [463-468], and peridynamics [469] have been
becoming prevalent recently, which include non-local counterpart of damage indicator in terms
of weighted average or its gradient over a spatial neighborhood around each point [470, 471].
(2) Mesh dependence. Apart from non-local damage models, ad hoc numerical approaches
have been developed to reduce mesh dependence. For example, Andrade et al. [459] introduced
a function of mesh size for regularization numerically such that mesh dependence for damage
modeling could be reduced significantly.
(3) Lode parameter. For the stress triaxiality-dependent ductile fracture model, another
important parameter, namely the Lode parameter, which is related to the normalized third
deviatoric stress invariant [472], was neglected in most of the existing studies. However,
numerous experimental studies revealed that the Lode parameter is significant in determining
the damage initiation for metallic materials [472, 473]. Therefore, the accuracy of ductile
damage initiation should be enhanced by including the Lode parameter.
(4) Shear-dominated failure. A shear stress ratio may be introduced to consider shear band

localization. Representative works in [474, 475] can be some further references.
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Table 10. A summary of the application of fracture modeling for AM materials and structures

Fracture Materials Structures Fracture criteria Software AM techniques  Refs
category platforms
Plaster and silicone bi-material structures  Yield function Abaqus/Explicit MIJF [371]
bio - inspired Maximum stretching
Brittle Nylon LS-DYNA MIJF [438]
protective structures strain
damage
carbon fibre (CF)
CF/PA metamaterials ~ Hashin criterion Abaqus/Explicit FDM [265]
reinforced polyamide
maraging steel steel lattice structures ~ Total plastic strain LS-DYNA PBF [51]
ABSplus cellular structures Effective plastic strain ~ LS-DYNA FDM [442]
Ultimate stress and
Ductile  ABSplus-P430 lattice structures Abaqus FDM [443]
strain
damage
functionally graded
polymer porous lattice Effective plastic strain ~ LS-DYNA SLA [339]

structures
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AlSil0Mg

Ti6Al4V

polymer and

polyurethane

TC4

Ti-6Al-4V

Ti-6A-14V

Ti6Al4V

Ti6Al4V

Steel and epoxy

graded auxetic
reentrant honeycomb,

metallic auxetic

reentrant honeycombs

3D anti-tetrarchical

lattices

cellular structures

TPMS lattice
structures

lattice structures

TPMS

Graded strut of BCC
Lattices

TPMS

micro lattice and

epoxy IPC

Triaxiality-dependent

fracture strain

Bao- Wierzbicki model

Triaxiality-dependent

fracture strain

J-C model

J-C model

J-C model

J-C model

J-C model

J-C model
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Abaqus

Abaqus

Abaqus/Explicit

Abaqus/Explicit

LS-DYNA
Abaqus
/Standard

Abaqus/Explicit

Abaqus/Explicit
Ansys Explicit

Dynamics

SILM

SLM

SLS

SLM

SEBM

SLM

SLM

SLM

SLM

[329,
453]

[437]

[225]

[332]

[74]

[333]

[455]

[187]

[456]



Ti-6Al-4V

Ti-6Al-4V

ABS

BCC and FCC lattices J-C model

Chiral auxetic cellular

GISSMO
structures
lattice, honeycomb,
and rectangular GISSMO

structures

LS - DYNA

LS-DYNA

LS-DYNA

SILM

SEBM

FFF

[410]

[246]

[457]
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5.1.3 Element types

In finite element (FE) analysis, 1D beam elements, 2D shell elements, and 3D solid
elements can be used to model the energy-absorbing structures fabricated by additive
manufacturing techniques [2, 18, 418, 476]. To improve computational efficiency, most of the
studies used the 1D beam elements to construct the FE models of the strut-lattice structures [29,
32]. For instance, Li et al. [ 121] built the FE models by the two-node linear beam element (B31
in ABAQUS) to investigate the crushing behavior of multi-layer lattice panels. It was found
that the beam elements can effectively predict the mechanical responses of the struct-lattices.

For plate/shell lattices and other structures with complex topology, shell elements [163]
and solid elements [130, 159, 333] have been used to capture sophisticated geometric features.
For instance, Wang et al. [477] studied the compressive behavior of TPMS lattice-based
cylindrical shells using the shell elements. Zhou et al. [332] investigated the mechanical
properties of TPMS sheet-network lattices using solid hexahedron elements. Kadkhodapour et
al. [161, 187, 478] investigated the deformation mechanisms and mechanical properties of

porous biomaterials using voxel meshes.

5.2 Modeling with defects

As stated in Section 4, various defects and imperfections resulted from the additive
manufacturing processes can significantly affect the deformation modes and mechanical
behavior of printed parts, implying that an idealized and defect-free model cannot predict
mechanical responses accurately [12]. For example, Zhang et al. [159] adjusted the shell
thicknesses of the FE models to replicate surface roughness. They found that a total thickness
reduction of 60um in the FE model is able to achieve a good agreement with experimental
responses.

To simulate the manufacturing defects in the FE model realistically, the most commonly
used method is X-ray computed tomography (CT), which enables the reconstruction of as-

manufactured models nondestructively and precisely [33, 61, 127, 479-486]. For example, Lu
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et al. [32] used X-ray computed tomography to develop as-manufactured models for predicting
the elastic and failure responses of the strut lattices computationally, as shown in Figure 31(a).
It was found that the results of the as-manufactured models are closer to the experimental
results than those of as-designed defect-free models. Lei et al. [33] employed X-ray micro-
computed tomography (u-CT) to capture the geometric imperfection of the BCC and BCCZ
lattices, as shown in Figure 31(b), which also showed that the reconstructed FE models can
better predict the mechanical properties than their as-designed counterparts.

It is computationally expensive to obtain realistic mechanical properties and energy
absorption characteristics for AM parts because the imperfections can be randomly distributed
on them. The statistical approach has been used to construct probability distributions of the
defects in literature [487, 488]. Based on the defect distributions, the numerical models can be
built to more realistically obtain the mechanical responses of printed parts.

The FE model considering the statistical characteristics of defects was established using
1D beam elements to explore the resultant mechanical performance and energy absorption
capability of the lattices, as shown in Figure 31(c). It was found that the reconstructed models
derived from the p-CT images can improve the prediction accuracy compared with the as-
designed and statistically-averaged models. To consider the geometric imperfections in printed
structures, a first-order perturbation-based stochastic homogenization method was used to
study the compressive responses of the AM lattices [30], as shown in Figure 31(d). It was
found that the simulated compressive stiffness of the lattice structures agrees well with the
experimental results.

For pore defects in AM parts, Amani et al. [489] used a “double detector” tomography
technique to capture the architecture and internal defects of the samples. Then, the Gurson-
Tvergaard-Needleman (GTN) model was used to simulate void nucleation and growth. They
revealed that the FE models incorporating the detailed microporosity had a better prediction

accuracy of the fracture location and higher stress concentration than the homogenous models.
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Figure 31. (a) Reconstructed unit cell for the as-manufactured structures [32]; (b)
reconstructed FE models for the as-manufactured structures [33]; (c) FE models for the as-
manufactured structures [32]; (d) FE model built used the first-order perturbation based

stochastic homogenization method [30].

1445 5.3 AM process simulation

Modeling and simulation of a specific AM process is a promising way to quantify the
influence of process parameters on the resultant AM part properties [490-492]. Through AM
process simulation, one can better understand AM's physical/chemical processes quantitatively,
thereby improving the design for reducing the defects of the AM parts [493]. Due to different

1450  AM processes involving different physical/chemical reactions, the simulation of AM process
needs to be realized in line with a specific AM process [494-496].
For PBF or DED, three subjects for AM process simulation are categorized as thermal

fields, residual stresses, and melt pool characteristics [415]. For instance, Lee and Prabhu [497]
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proposed a metamodel of heat transfer beneath the laser beam to optimize the additive
manufacturing process. The results showed that the proposed optimizer could be used to control
temperature by tweaking the scan speed. Song et al. [498] used the ABAQUS AM module to
simulate the AM process of complex 3D parts. The simulated residual stresses and distortion
were validated with experimental results. Sahoo and Chou [499] developed a phase-field model
to predict the microstructural evolution of Ti6Al4V powder in the SEBM process. The
simulation results were in good agreement with experimental and analytical counterparts.

For the filament-based material extrusion AM process, Serdeczny et al. [428] presented a
novel computational fluid dynamics (CFD) based model to predict the recirculation region,
stagnation point, and melt zone. Moreover, the pressure and temperature distributions inside
the channel were obtained by numerical simulation. The proposed numerical model was
validated with the experimental results, which can be used to develop control strategies for
liquefier heaters. For the vat photopolymerization process, Classens et al. [S00] developed a
modular control-oriented model to describe the multiphysical vat photopolymerization process.
Moreover, a tracking control strategy based on the proposed model was used to optimize the
material properties produced through vat photopolymerization.

The imperfections and residual stress distributions of the AM parts can be modeled by the
AM process simulation, which may have a significant influence on the mechanical properties
and energy absorption of the AM parts [12, 380, 490, 501]. These simulated AM process results
can be used as the initial conditions of the large deformation simulation to improve the

computational efficiency and accuracy of the numerical modeling with defects.

6. Design Optimization

Energy-absorbing structures with lightweight and high performances normally have
intricate geometries, thus limiting the applications of conventional manufacturing technologies.

In this regard, AM has exhibited a compelling capacity to take engineers a step closer to
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achieving ideally desired performances of energy-absorbing structures [237, 319, 334, 502-
504]. Compared with conventional manufacturing approaches, AM techniques have
tremendous potential to produce geometrically complex components [2, 5, 13, 15, 505-507].
Such high flexibility thus makes AM a promising technology for generative design in multi-
scale, multi-materials, and custom-made energy-absorbing structures [351, 508-510]. On the
one hand, the manufacturability of novel structures is no longer a critical issue by using AM;
on the other hand, new possibilities offered by AM call for more elegant and efficient design
methodologies. While various novel materials and structures have been proposed, as reviewed
in Section 3, it is possible to automatically generate the design with desirable mechanical
properties and energy-absorbing capacity. For this purpose, growing research has focused on
computational optimization for design of energy-absorbing structures in literature [34, 163,
225,322, 511].

While various optimization approaches are significantly promising to provide structure-
aware solutions, challenges remain when integrating them with AM. One of the key issues
associated with AM is its manufacturing uncertainties. Due to geometric imperfection, material
uncertainty, and defects induced in the manufacturing process, as-fabricated parts may
considerably deviate from as-designed models. In some worst-case scenarios, the critical
deviations can even drastically impair desired performances of as-built parts [33, 127, 380,
512]. In particular, the deformation behavior of energy-absorbing structures is highly sensitive
to geometry, which can further affect energy absorption performances [33]. Uncertainty in
physical, chemical, and mechanical properties is also a critical issue, which may play an key
role in the energy absorption performances of as-built parts [55]. Therefore, this section
reviews the state-of-the-art optimization studies on the design of energy-absorbing structures

considering various AM factors.

6.1 Parametric optimization

In contrast to trial-and-error-based approaches, parametric optimization provides a more
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efficient and effective means, which has drawn substantial attention from academia and
industry [513-516]. In parametric optimization, desired performances are typically classified
as objectives or constraints, then treated as explicit functions with respect to design parameters
[316, 419, 517]. The design parameters are often related to the size and shape of the structural
profile [518-524]. Parametric optimization aims to seek an optimum solution for structural and
material parameters such that the best performance of objective functions can be achieved
while satisfying the design and manufacturing constraints.

In the past decades, substantial research efforts have been devoted to parametric
optimization for a range of energy-absorbing structures [163, 225, 322, 517, 525-527],
including strut-based lattices [129, 298, 525], TPMS-based lattices [528], bio-inspired lattices
[166, 222, 331], auxetic structures [517], honeycombs [55], and origami-inspired structures
[529] etc. as reviewed in Section 3. For example, Mahbod et al. [322] investigated a strut-based
lattice, namely a double pyramid dodecahedron, in which the ratios between the lengths of
horizontal and inclined struts were defined as design parameters to tailor mechanical properties.
Yin et al. [163] explored the design of sheet-based TPMS structures, where the level-set
constant and thickness were parametrized as design variables to generate different geometries.
Fernandes et al. [207] studied the thickness and location of diagonal struts in a lattice structure
inspired by deep-sea glass sponges. Airoldi et al. [225] investigated an auxetic structure
composed of chiral units in which the length and thickness of ligaments were used to describe
the geometry. Once energy-absorbing materials and structures are parameterized,
computational modeling techniques such as FEA can be used to calculate the responses of
objectives and constraints with respect to design parameters. Following this, the performances
of energy-absorbing structures can be tailored by optimizing these design parameters [13, 524,
530-532].

Computational modeling of energy-absorbing structures under large deformation typically
involves material and geometrical nonlinearities. Direct coupling computational modeling with

optimization algorithms can be fairly expensive when iteratively evaluating many designs [22].
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To address the issue, surrogate modeling, which represents some approximate functions of
objectives and constraints with respect to design parameters, has often been developed to
replace FEA in an offline fashion [22]. The first step of surrogate-based optimization is to
generate sample points in the design space by Design of Experiments (DoE) [533]. Then, the
mechanical responses at these sample points are calculated using FEA or other numerical
simulation techniques, and the surrogate models are constructed based on these sampling data.
Various surrogate models have been adopted to design energy-absorbing structures and
materials, and interested readers can refer to a previous review article [22, 534].

Substantial works have been carried out with surrogate-based AM structural parametric
optimization. For example, Ye et al. [518] presented a Kriging-based parametric optimization
for enhancing the gradually stiffer property of a 3D periodic structure. Wang and Rai [535]
proposed a surrogate model-based optimization scheme to design lightweight and high-strength
functional components with spatially varying conformal cubic periodic cellular structures.
Gorguluarslan [523] proposed a surrogate-based multiobjective size optimization for lattice
structures by considering the AM constraints, such as the minimum printable size. Doan et al.
[536] presented a new approach for optimizing buckling loads of lattice structures by coupling
a Reduced Order Model (ROM) based on the Homotopy Perturbation Method (HPM) and a

Kriging model with the AM constraints.

6.2 Topology optimization

Topology optimization, as an advanced and powerful tool, aims to optimize the material
distribution in a given design domain for achieving the desirable goal, which typically enables
better use of material. Topology optimization starts with an initial design and evolves the
material distribution into a new configuration that can significantly differ from the initial
counterpart. The manufacturability issue of intricate parts generated by topology optimization
used to be a critical bottleneck in realization. Fortunately, the advances in additive

manufacturing have largely changed this situation and made it possible to fabricate almost any
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sophisticated configuration [537]. Therefore, AM has been gaining significant interest and
popularity in the topology optimization of energy-absorbing structures [353, 504, 520, 538-
540].

6.2.1 Density-based topology optimization methods

As one of the most popular methods, density-based topology optimization has
demonstrated significant success. For example, Xiao et al. [128] employed a solid isotropic
material with the penalization (SIMP) technique [541] to optimize structural topology for a
single lattice, which was manufactured by SLM for energy absorption. Song et al. [34] also
used the SIMP model to optimize the lattice structures for fabrication with SLA, in which the
experimental tests on the fabricated parts also showed an enhanced energy absorption
efficiency. Zhang and Yanagimoto [504] optimized a strut-based lattice by the SIMP approach
and experimentally tested the energy absorption capability of the lattice structures made by 3D-
printed polylactic acid [76]. Duan et al. [S11] performed topology optimization on a single
lattice by using the bidirectional evolutionary structural optimization (BESO) approach [542];
they prototyped the design using SLA for testing mechanical performances, including energy
absorption efficiency.

In the density-based approaches [543, 544], a pseudo density p is commonly assigned to
each element as a design variable which is used to interpolate material properties. Penalization
schemes such as a power-law model are usually applied on the pseudo density p to push it to
be either 0 (void) or 1 (solid material). As such, sensitivity analyses of objectives and
constraints are deduced with respect to the pseudo density p, which are then used to drive
topological evolution during optimization processes. In a typical SIMP procedure, the
analytical sensitivities provide mathematical algorithms (such as the method of moving
asymptotes (MMA) [545]) with gradient information to determine the iterative update of the
pseudo density p. In the BESO algorithm, a heuristic scheme is adopted to directly add or
remove elements partially or entirely according to the relative rank of the analytical sensitivities

[546, 547].
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6.2.2 Boundary-based topology optimization methods

In literature, boundary-based topology optimization methods have gained considerable
popularity in the design of additively manufactured energy-absorbing structures. Unlike the
density-based approach, the boundary-based method employs an explicit function to describe
structural interfaces between different material phases, in which topological change is achieved
by evolving such an explicit function during the optimization process. The level-set function
[548, 549] and the phase-field function [550] are typical functions employed in the boundary-
based methods. For example, Zhang et al. [551] adopted the level-set method to design lattice
structures. The optimized part was fabricated by SLM to show a notably high energy absorption
efficiency. Takezawa et al. [552] designed a lattice structure using the phase-field approach.
The experimental tests were conducted to investigate the mechanical properties of the selective
electron-beam melting (SEBM) based as-built parts. A more recently proposed moving
morphable components (MMC) method [553] was also employed for the design of additively
manufactured graded lattice structures [554]. The MMC method uses an explicit function to
directly describe the shape and spatial position of each component for achieving better
performance by optimizing topological configuration.
6.2.3 Nonlinear sensitivity analysis

One of the key steps in topology optimization is to obtain sufficiently accurate gradient
information for driving the evolution of structural configuration. In dynamic energy absorption
analysis, challenges remain in the sensitivity analysis attributed to the associated high material,
geometry, and even contact nonlinearities presented in the FEA. In order to consider all these
nonlinear behaviors accurately, path/time-dependent sensitivity analysis needs to be carried out
if the computational cost in deriving sensitivities is at an acceptable level [555-559].
6.2.4 Topology optimization methods for energy absorbing structures

Several approaches have been proposed for the topology optimization of energy-absorbing
structures to solve such a highly complex yet important topic in an efficient and effective way

[22]. In general, these related studies could be classified into several main methodological
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categories, namely the nonlinear programming-based algorithms [559-561], the BESO-based
methods [555, 562, 563], the hybrid cellular automaton (HCA) approaches [561, 564-567],
evolutionary heuristic algorithms [539], and the equivalent static loads (ESLs) approach [568-
572].

In the BESO-based design of energy-absorbing structures, maximizing total external work
is typically considered an objective function subject to a displacement-controlled load for
numerical stability [555, 562, 563]. To calculate the sensitivity involved in the nonlinear FEA,
the external work is approximately expressed by the sum of the external work through many
small loading steps and assuming a linear force-displacement relationship within each small-
time step. By using the adjoint equations corresponding to each time step, the sensitivity can
be obtained, which equals the total strain energy of each element in its final deformed state.
Such a path-dependent sensitivity has been demonstrated to be simple yet effective for
enhancing the energy absorption efficiency of the optimized structure.

In the HCA approach, a so-called cellular automaton (CA) is combined with nonlinear
FEA. A CA cell can be defined as a single element or a group of elements in the design domain.
Similar to the density-based approach, a pseudo density between 0 and 1 is associated with
each CA cell. In addition, field variables such as stress, strain energy, and internal energy of
each CA can be obtained from the nonlinear FEA. Then, the field variables of each CA cell are
averaged by using its neighboring CA cells during the optimization process. Since the goal of
the HCA approach is to redistribute the structural mass for a homogenous distribution of the
desired field variables, a heuristic scheme is adopted to update the density of each CA cell.
Typically, the error between the field variable and its ideal target value forming a uniform
distribution is employed as the clue to update the density; e.g., if the field variable of one CA
cell is lower than its target value, its density is then reduced, and vice versa. It should be noted
that HCA characterizes a heuristic approach without gradient information, thereby bypassing
the complicated sensitivity analyses in a nonlinear FEA.

The ESLs approach was first proposed by Lee and Park for dynamic topology optimization
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[568]. The idea is to calculate sequential linear static loads generating the same response field
as the nonlinear dynamic analysis at each time step. Under the equivalent linear static loads,
the sensitivity information can be easily derived, and then the well-developed density-based or
boundary-based approaches can be applied, substantially reducing the computational cost.
6.2.5 Additive manufacturing constraints in topology optimization

AM process could also raise new manufacturing constraints for topology optimization of
energy-absorbing structures [573-584]. In the powder-based AM process, a powder-removing
hole is essential for cleaning sintered parts with residual metal powder, meaning no enclosed
void is allowed in the optimized architecture. For example, Takezawa et al. [552] employed a
phase-field-based method to generate the lattices with isotropic stiffness. In their study, a fixed
powder-removing hole with different layouts was manually embedded in the design space to
investigate the effects on optimized parts. More recently, Xiong et al. [585] proposed a BESO-
based topology optimization approach to automatically avoid enclosed voids in the optimized
structures. Table 11 summarizes the studies considering typical AM constraints using different

topology optimization methods.

Table 11 Examples of additive manufacturing constraints used in topology optimization for the

design of energy-absorbing materials and structures

AM constraints ~ Optimization methods Refs
Overhang/self- Level-set with single domain integral [586]
support SIMP with an edge detection algorithm [587]
SIMP with projection operations [588]
SIMP with maximum density function [584]
SIMP with multiple filtering methods [589]
MMC and Moving Morphable Voids (MMV) [590]
Building BESO [574]
direction Multiresolution SIMP [581]
Building SIMP with component partitioning vector field [583]
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volume/partition

Enclosed voids Level-set with a side constraint scheme [589]
SIMP with Poisson method [591]
SIMP with virtual scalar field method [592]
Thermal residual Level-set with thermo-elastic evolution model [593]
stress/distortion ~ SIMP with a transient heat transfer model [594]

SIMP with element birth technique and inherent strain [579]
technique

SIMP with Inherent strain method [595, 596]
SIMP with Inherent strain method and homogenization  [103]
Level set with Inherent strain method [597]

6.3 Design optimization considering fabrication-induced uncertainties

While AM facilitates the fabrication of structures and materials with rather complex
geometry, manufacturing-induced uncertainties and defects arise in material property and
structural geometry, which are fairly different from traditional manufacturing technologies [33,
598-604]. On the one hand, much effort has been made to minimize the defects by imposing
proper constraints, optimizing process parameters [S98], and introducing post-processing, as
reviewed in Section 4.3. It would also be beneficial for enhancing the optimization
effectiveness if the AM process and resultant mechanical behavior are considered
simultaneously in the stage of computational design. In other words, both the AM process
parameters and the material/structural features can be treated as design variables for achieving
desirable mechanical properties and energy absorption characteristics under loading [605-610].

On the other hand, it would be possible to develop uncertainty-based optimization
approaches to accommodate fabrication-induced imperfections without eliminating the source
of uncertain variability [22, 611-613]. In this regard, topology optimization considering
material and geometry uncertainties has become an active research topic with the advent of

various AM technologies [607, 614-620]. For example, Liu et al. [605] studied a non-
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probabilistic reliability-based topology optimization by considering local material uncertainty
in AM, in which a multi-dimensional ellipsoid model was correlated with the uncertainties in
several subdomains. Alacoque et al. [621] investigated a robust topology optimization for
periodic lattice structures composed of thermoelastic multi-materials, in which material and
geometry uncertainties were considered simultaneously by assuming uniform distributions of
manufacturing uncertainties. Table 12 summarizes the literature studies on AM uncertainties
with different materials and the corresponding optimization schemes. Note that while recent
attention has been paid to the manufacturing uncertainties, further studies on nondeterministic
topology optimization are still expected to explore more effective algorithms by considering

various effects of AM processes on design of novel energy-absorbing materials and structures.

Table 12 Design optimization involving AM-induced uncertainties

Refs Materials Uncertainties Optimization schemes

[621] Multi-materials Density/composition Robust topology optimization

[103] VDI - AISil0Mg  Material property worst-case topology optimization

[605] Metal non-probabilistic reliability-based
topology optimization

[614] Metal Reliability-based topology
optimization

[617] Metal Topology optimization with random
fields of material parameters

[618] Metal Robust BESO topology optimization

[539] Metal Load Evolutionary level set method

[619] Metal geometric Monte Carlo-based topology

uncertainty optimization

[622] Metal Material & load Non-probabilistic reliability-based
topology optimization

[607] Metal Robust topology optimization

[611] Metal Mechanical Robust BESO topology optimization

[612] Metal properties Robust multiphase topology
optimization

[620] Metal Reliability-based and robust topology
optimization

[615] Metal Material & SIMP topology optimization with
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geometrical stochastic collocation methods
[616] Metal SIMP-based topology optimization
with stochastic collocation methods

7. Data-driven and machine learning in additive manufacturing

Machine learning (ML) signifies an artificial intelligence approach that automatically
deals with a large amount of data observed in nature, bespoken by humans, or generated by
other methods. ML techniques have exhibited compelling outcomes in many fields such as
image analysis [623], neural language processing [624], data mining, and health sciences [625].
Recently, the unprecedented success of ML techniques has inspired researchers to explore their
applications in fields of engineering, aiming to improve the material properties of fabricated
parts. A growing number of studies have investigated the synergy of ML techniques in
computational mechanics [533, 626, 627] and material and structural design [628, 629]. In the
recent years, AM has undoubtfully become one of the fast-growing areas drawing substantial
attention for ML research and applications [630-639]. This section thus aims to review the
recent studies on ML in AM from three aspects: (1) ML in design for additive manufacturing

(DAM); (2) ML in AM process parameters; (3) ML for the in-situ monitoring of AM process.

7.1 Overview of data-driven and machine learning approach

From a perspective of learning types, ML algorithms could be briefly categorized into
supervised learning, unsupervised learning, semi-supervised learning, reinforcement learning,
etc.; while from a view of ML tasks, the applications of ML algorithms could be generally
classified into regression, classification, and clustering. Figure 32 summarizes the commonly
used ML techniques in AM. For regression tasks, ML techniques can be applied in several
different AM fields, including DAM, design of process parameters, prediction of
mechanical/physical properties, and prediction of dimension/geometry deviations [640].

Logistic & linear regression [489, 641, 642], Gaussian processing (GP) [643], random forest
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(RF) [644], support vector machine (SVM) [645], artificial neural network (ANN) [646] and
convolutional neural network (CNN) [623] are some typical ML techniques, which have been
widely employed for various regression analyses. Classification is commonly used for defect
detection, microstructure prediction, and melt pool monitor in AM, which includes decision
tree (DT) [647], K-Nearest Neighbors (KNN) [648], RF, SVM, ANN, and CNN. Clustering is
normally used for data mining and analysis, such as material data and processing data, to
determine some clues on how different materials and AM processing parameters would affect
the mechanical properties and energy absorption characteristics of as-built parts [649, 650].
Commonly used clustering approaches include principal component analysis (PCA), self-
organizing map (SOM), etc [651-654].

ANN and CNN are the most widely employed ML models in AM studies [655-660]. Both
ANN and CNN contain a number of nodes (neurons) and are usually composed of an input
layer, one or more hidden layers, and an output layer. In ANN, neurons in one layer are fully
connected with neurons in the next layer by weight factors that are trained with ground truth
data using a backpropagation scheme. Different from ANN, CNN is a representative deep
learning algorithm using a convolutional operator between each layer where neurons between

different layers are not fully connected. CNN exhibits good performance in feature recognition

with high efficiency [661-663].
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Figure 32 A summary of commonly used machine learning techniques in additive

manufacturing.

7.2 Design for additive manufacturing

1730 Concerning the design optimization of energy-absorbing materials and structures,
surrogate modeling introduced in Section 6.1 may be regarded as one class of ML algorithms.
Looking forward, more advanced ML algorithms could be developed for the AM-oriented
analysis and design of energy-absorbing materials and structures [664-666].

In literature, there have been some research attempts in data-driven and machine learning-

1735  based design for additively manufactured materials and structures [667, 668]. For example,
Guo et al. [669] proposed three-dimensional convolutional neural networks (3D-CNN) to
model the effective elasticity tensor and its gradients for general AM voxel-based
nonparametric microstructures. Xiong et al. [670] developed a two-step surrogate-based design
framework using the Bayesian network classifier as the reasoning approach, allowing to

1740  explore the design space in the embodiment design stage and the Gaussian process regression
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model to exploit the design space in detailed design stage. Garland et al. [665] proposed a
machine-learning approach for discovering new unit cells in the Pareto frontier for optimizing
multiple competing objectives. Singh and Kapania [671] developed Deep Neural Networks
(DNNs) to optimize curvilinear stiffeners for additive manufacturing. Nasiri and Khosravani
[668] employed a machine learning (ML) approach to predict the structural performance and
fracture of additively manufactured components. Gu et al. [672] proposed a machine learning-
based approach to optimize hierarchical materials, which was trained with a database of
hundreds of thousands of candidate shapes from FEA and a self-learning algorithm for
discovering high-performing materials for additive manufacturing.

Data-driven/ML approaches have also been recently used to design lattice structures in
literature. Table 13 summarizes some representative studies on data-driven/machine-learning
techniques for the design optimization of lattice structures. Unlike ML algorithms, data-driven
methods directly employ ground truth data and a stochastic process such as the Gaussian
process [673] to develop a design by following physical laws or optimization criteria, while
machine learning techniques are essentially data-driven. Data-driven/ML approaches normally
play two roles in the design of lattice structures: (1) generative models for automatically
generating new structures, and (2) surrogate models for establishing the structure for desirable

mechanical properties [674, 675].

Table 13 A summary of data-driven/machine learning approaches in the design of lattice

structures
Refs Optimization schemes  Lattice structures
[676, Data-driven/Latent-
677] variable Gaussian
process
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[686] ML/generative
adversarial networks

[687] ANN

7.3 Process parameters

Process parameters in AM can have significant effects on material/structural characteristics
of resultant parts. Adoption of different processing parameters can lead to different mechanical
properties with varying defects/imperfections. For example, in laser-based AM processes such
as SLS, SLM, and SEBM, laser power, scan speed, scan spacing, layer thickness, and
processing temperature may influence the density, dimensions, and tensile strength of
fabricated parts [688-690]. In the FDM process, layer thickness; air gap; raster angle; build
orientation; road width; the number of contours can lead to different creep and recovery
behavior, tensile/compressive strength, etc. [691-695]. For this reason, significant effort has
been devoted to developing the relationship between process parameters and various
materials/structural properties of as-built parts by using conventional modeling techniques, as

discussed in section 5.3.
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Table 14 A summary of ML techniques for predicting mechanical/physical/geometrical properties of AM parts with various process

parameters.
Refs AM  Materials ML Process parameters Characteristics
methods
[696] PBF  Polymer ANN Laser power; scan speed; scan spacing; layer thickness Density
[697] Polymer ANN Laser power, scan speed, scan spacing, layer thickness Dimensions
[698] Polymer ANN Z-height, part volume, and bounding-box volume Building-time
[699] Polystyrene ANN Laser power, scan speed, hatch spacing, layer thickness, scan Shrinkage ratio
mode, temperature, interval time
[700] Polystyrene ANN Laser power, scan speed, hatch spacing, layer thickness, scan Density
mode, temperature, interval time
[701] 316L Stainless ANN Laser power, scan speed, and layer thickness; annealing and hot ~ High cycle fatigue
steel isostatic pressing
[702] 316L Stainless ~ Gaussian  Laser power, scan speed, and laser beam size Melt pool depth
steel process
[703] Ti6Al4V ANN, RF  Laser power, scan speed, hatch space, powder layer thickness Fatigue life
[704] Stainless steel GP Laser power, laser scanning speed Porosity
[705] Steel GP; SVR  Laser radiation, pressure intensity, laser energy density Porosity
[706] 316L Stainless ANN, RF, Laser power, scan speed, hatch space, powder layer thickness Fatigue life
steel SVM
[707] Ti-6Al-4V ANN Spreader diameter, length, spreader translational/rotational speed Surface roughness
[708] SLA  Polymer ANN Layer thickness, [lluminating time, waiting time Shape deviation
[709] Polymer ANN Layer thickness, border overcure, hatch overcure, fill cure depth, Dimensions
fill spacing, hatch spacing
[710] Polymer CNN print orientation, Slice layer Stress distribution
[711] FDM ABS polymer ANN Layer thickness, air gap, raster angle, build orientation, road Creep and recovery

width, the number of contours
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[712] ABS polymer ANN Layer thickness, orientation, raster angle, raster width, air gap Compressive strength
[713] Polymer ANN Layer thickness, orientation, raster angle, raster width, air gap Wear strength
[714] ABSP400 ANN Layer thickness, orientation, raster angle, raster width, air gap Dimensions
[715] ABSP400 ANN Layer thickness, orientation, raster angle, raster width, air gap Dimensions
[716] Polymer ANN Orientation, slice thickness Building time
[717] Polymer RF Build plate and extruder temperature, vibrations surface roughness
[718] DED 316L stainless SVM Laser power, scan spacing Depositing height
steel
[719] Copper ANN Wire feed rate, welding speed, arc voltage, nozzle to plate Bead geometry
distance
[720] 316L Stainless CNN Micro morphological and crystallographic Yield strength
steel
[40] 2024 Al Alloy ANN Laser power, scanning speed, powder feeding rate Dimensions
[721] 316L Stainless RNN Geometry, build dimensions, toolpath strategy, laser power, scan  Thermal history in melt
steel speed pool
[722] Cobalt alloy KNN Power, feed rate, travel speed Surface roughness
[723] MJ Stainless steel ANN Layer thickness, printing saturation, heater power ratio, drying Dimensions and
time surface roughness
[724] Co-Cr-Mo alloy ANN Roller translational speed, roller rotational speed, drying time, Dimensions
binder level, layer thickness
[725] DED Carbon steel ANN Welding speed, wire feed speed, overlap ratio, measured Surface roughness
roughness
[726] Steel RF Travel speed, wire feed speed, weaving wavelength, weaving surface roughness
amplitude
[727] Stainless steel ANN Welding current, voltage, contact-to-workpiece distance, travel deposited shape

speed
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Note that conventional modeling techniques heavily rely on physical/chemical rules for
investigating process parameters, which are not always available and/or accurate enough due
to the intrinsic complexity of different AM processes. Therefore, ML techniques have drawn
growing attention to establishing process-properties relationships for various AM processes
and certain materials, which makes physical/chemical rules unnecessary for such highly
nonlinear and complex modeling problems. Table 14 summarizes the studies on various ML
techniques for predicting the characteristics of as-built parts with respect to different process
parameters with different materials in different AM processes. In literature, ANN appears to be
the most popular ML technique for linking material/structural properties to the process
parameters as shown in Table 14. For example, Sood et al. [712] employed ANN to investigate
the effects of layer thickness, printing orientation, raster angle, raster width, and air gap in an
FDM process on the compressive strength of fabricated parts. In their study, the five factors are
first sampled by a face-centered composite design; and then the experimental tests were
performed in line with the sampled factors to collect different compressive strengths that were
used as ground truth data to train the ANN model. Zheng et al. [701] employed ANN to study
the high cycle fatigue life of stainless steel manufactured by PBF with respect to different laser
powers, scan speeds, layer thicknesses (processing parameters), annealing and hot isostatic
pressing (post-processing) conditions.

Once the process-property relationship is established by ML techniques, optimizing the
process parameters to achieve desired part properties can be performed at a fairly low cost. In
this case, ML models can be regarded as functional surrogates similar to those reviewed in
Section 6.1 for parametric optimization, in which either conventional heuristic algorithms such
as genetic algorithm (GA), particle swarm optimization (PSO), or machine learning-based
methods such as Bayesian optimization can be applied for the process parametric optimization
[724, 728-737]. For example, Park et al. [738] used ANN to optimize four process parameters
(laser power, laser scanning speed, layer thickness, and hatch distance) in the SLM process to

achieve a desirable density ratio and roughness. Their study first carried out experimental tests
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to obtain the ground truth data for containing the implicit relationship between these four
process parameters and two anticipated mechanical properties. Then, an ANN model was
trained by the experiment data to establish their relationship explicitly. Since ANN can almost
predict the desired properties with respect to different input parameters instantly, it is possible
to even apply the simplest brute-force algorithm to optimize the process parameters for desired

properties with acceptable efficiency.

7.4 In-situ monitoring

In-situ monitoring of AM enables to assure product quality and reliability, which provides
a means to automatically control the printing process in a close loop without human
intervention. The real-time data in the printing process requires a deep understanding of
materials and AM mechanisms, as discussed in Section 5.2, which can notably restrict the
spectrum of applications when using new materials and different AM machines. Besides,
defects detection and other in-process factors such as melt-pool temperature rely on computer
vision [739, 740]. A large amount of collected data could hinder in-situ monitoring by human
operators.

To address these issues, ML techniques have drawn significant attention due to their
excellent real-time processing ability and remarkable performances in image analyses [741,
742]. ML applications for the in-situ monitoring of AM process have two main active areas.
The first is the real-time detection of defects such as cracks, surface deviation, and roughness,
where ML techniques are employed to analyze image data collected from a camera or sensor.
In this regard, Duman et al. [743] proposed a deep learning based approach for defect detection
in the PBF process, in which layer images were collected during laser sintering processes in
situ and were then transferred to a pre-trained CNN on ImageNet to predict micro cracks.

The second active area is to monitor the melt pool temperature during the manufacturing
process, which can reduce microstructural defects (cracks, porosity) and thermal residual stress.
In this aspect, Kumar et al. [744] employed CNN and Long Short-term Memory neural network

(LSTM) to monitor the melt pool temperature in the WAAM process, in which the melt pool
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temperature was observed using a thermal imaging camera and then analyzed by the trained
CNN-LSTM.
1835 Table 15 summarizes more studies that used ML techniques for the in-situ monitoring of

various AM processes with different purposes.
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Table 15 A summary of in-situ monitoring of AM process using machine learning techniques.

Refs AM process  Monitor objectives Machine learning methods Data monitor/collection approaches
[745] PBF Surface topographies Autoencoder neural network Scattered light captured by a screen and
recorded by a camera
[746] Laser track welds CNN Camera/video clips
[747] hot-spot defects k-means, SVM, ANN Camera: video-imaging data
[748] microscopic pores Autoencoders, PCA, k-means Optical emission spectra signals
[749] Porosity Graph Fourier coefficients X-ray Computed Tomography
[750] Melt pools Bag of Words High-speed camera
[751] Anomaly detection CNN Camera
[752] k-means, CNN/filter bank Camera
[753] Variational autoencoder High-speed camera
[754] Part defects XGBoost Sensor
[755] Reinforce learning algorithm Fiber Bragg grating: acoustic emission
[756] CNN Fiber Bragg grating: acoustic emission
[757] CNN Fiber Bragg grating: acoustic emission
[758] SVM High-resolution digital camera
[759] CNN Camera
[760] CNN Multi-modal sensor fusion
[761] PCA, Gaussian Mixture Model, Acoustic emission sensor
variational auto-encoder [517]
[762] CNN Camera
[763] K-Means, KNN Optical tomography monitoring
[764] CNN Camera
[765] Porosity ANN. SVM High-speed camera
[766] DED Surface quality KNN, SVM, GP, ANN Robot joint data from the robot controller
[767] Part defects LSTM-Autoencoder, k-means Emission spectroscopy
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[768] CNN Acoustic emission

[769] FDM Surface roughness RF Sensor: temperature of the build plate, extruder,
deposited material; ambient temperature,
vibration of the build plate, the extruder

[770] PCA [Nlumination and microscope module

[717] RF Sensor: thermocouples, infrared temperature
sensors, and accelerometers

[754] Interlayer imperfections ~ CNN Camera images

[771] Layer inspection SVM, CNN Camera

[748] Part defects SOM Acoustic emission sensor

[772] Clustering by fast search and Sensor: acoustic emission

find of density peaks (CFSFDP)
[773] ANN, CNN Vibration sensor
[774] SVM Camera
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8. Applications

8.1 Automotive Engineering

It is essential to use suitable energy-absorbing structures for protecting lives and goods
from impact/blast loading. In engineering practice, many attempts have been made to improve
the energy absorption capacity of lightweight structures [20, 199, 775]. Compared with
conventional techniques, additive manufacturing can fabricate more sophisticated components,
thereby enhancing the energy absorption capacity and efficiency [237]. Aiming to increase
energy absorption capacity and decrease the weight of materials/structures, researchers have
applied additively manufactured parts in automotive engineering as energy absorber
components [776-779]. For instance, the brackets printed by SLM were used in BMW i8
Roadster in a series of vehicle production [36], in which a 44% weight reduction was achieved
compared to its preceding design, as shown in Figure 33(a). The rear uprights of the suspension
assembly were designed by a topology optimization method and fabricated by SEBM [37], as
shown in Figure 33(b). In literature, Lee et al. [780] proposed an auxetic-core infilled tube,
which was fabricated by the SLM method with stainless steel 316L, for the crash box of a cart.
It is noteworthy that the auxetic tube not only possesses a higher energy absorption performance
but also exhibits better damping characteristics under a low-speed impact condition than the
honeycomb counterpart. Tan et al. [35] presented a novel auxetic hierarchical crash box
comprising an outer square tube shell and an auxetic hierarchical filling core, in which
multiobjective optimization was conducted to obtain the Pareto sets by using the non-dominated
sorting genetic algorithm (NSGA-II), and archive-based micro genetic algorithm (AMGA). The
auxetic hierarchical crash box was found to be of the highest SEA compared with the foam-

filled crash box and traditional crash box.

8.2 Aerospace Engineering

The lightweight structures are widely used in aerospace to absorb acoustic, shock, and

vibration energy [26, 781-784]. The optimally-designed aircraft fuselages and wing structures
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can be fabricated using additive manufacturing. For example, Fasel et al. [781] demonstrated
the applicability of composite AM to morphing aerospace structures, in which the drone body
was fabricated and flight-tested successfully, evaluating the great potential of AM for improving
lightweight and flight performance. Opgenoord and Willcox [785] proposed a lightweight
design approach for an aircraft bracket using additively manufactured cellular structures. The
aero-brackets were designed using the topology optimization method and manufactured by
SLM [38], as shown in Figure 33(c). Al-Ketan et al. [367] proposed the interpenetrating phase
composites (IPC) based on the TPMS. They also explored the design features for an AM jet
engine bracket based on the IPCs, as shown in Figure 33(d).

Biihring et al. [786] investigated the potential of applying additively manufactured
sandwich structures with pyramidal lattice cores for a small aircraft wing. Antony et al. [308]
demonstrated the applicability of the AM natural fiber reinforced composites in the structural
frame of the unmanned aerial vehicle (UAV). Li et al. [787] presented a topology optimization
strategy for the design of AM-based functionally-graded cellular structures. An illustrative
design example of a quadcopter arm was fabricated by FDM, as shown in Figure 33(e).
Palomba et al. [788] designed the drone frame structures using cellular structures and fabricated
them using the FDM technology with PLA materials. Feng et al. [789] developed a sandwich
panel for the aircraft wing, which consists of freeform T-spline surfaces with skin faces and
TPMS cores. The designed sandwich panel for the aircraft wing was fabricated using the SLA
technique. To protect the core parts of the UAVs from impact and collision during flight, a dual-
phase OCT-BCC micro-lattice meta-material was used for airframe parts of the UAV, which
was fabricated using PuSL [790]. Xiong et al. [39] reported the application of architected

materials with shape recoverability in the legs of space landers.

8.3 Load-bearing tissue scaffolds and implants

A notable application area of AM cellular materials can be tissue engineering for load-
bearing orthopedic treatments. The controllable porosity and biomechanical properties enable

them to act as a natural bone, withstanding mechanical loading and absorbing impacting energy
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[177]. Typically, the scaffolds can be of fairly sophisticated architecture, and it is difficult to
fabricate using conventional methods. The development of 3D printing technology has vastly
changed this situation and enabled the fabrication of various tissue scaffolds successfully.

For load-bearing applications, there have been tremendous studies on additively
manufactured implants reported in the open literature. For example, Zhu et al. [791] presented
a porous polycarbonate urethane (PCU) meniscal implant with deformed TPMS-P units. In their
study, implant samples were fabricated by FDM; and the biomechanical properties of the porous
implants with different volume fractions or functional periodicities were evaluated using a
realistic total-knee FE model. It was found that the stress peak, stress concentration area, and
meniscal extrusion were lessened by replacing the solid implant with the porous implant under
loading. Zhang et al. [204] proposed a novel porous architecture with a diamond lattice pore
structure and fabricated a sample using SLM for femoral-head repair implants. The
biocompatibility and repair effects have been studied using in-vivo experiments. The clinical
results indicated that the damaged bones were well reconstructed, and the implants exhibited
superior load-bearing capability and biocompatibility. Tang et al. [792] demonstrated an
application of the cervical vertebral fusion cages fabricated SEBM, as shown in Figure 33(f).
Thompson [701] designed a hemi-pelvic implant using a lattice structure fabricated by SEBM
with Ti6Al4V, as shown in Figure 33(g).

To develop a biomimetic scaffold, Vijayavenkataraman et al. [528] proposed a parametric
optimization method for designing the TPMS sheet scaffolds. Three different applications,
namely, tissue-specific scaffolds, scaffolds for stem cell differentiation, and functionally graded
scaffolds with biomimetic gradients, were presented to illustrate the versatility of the proposed
design method. Feng et al. [793] attempted to design porous scaffolds for tissue engineering
with TPMS based on T-splines, and the designed porous scaffolds were manufactured by SLA.
Tan et al proposed some mandibular prosthetic scaffolds which were fabricated by SEBM with
Ti6Al4V material [41]. Aranda et al. [43] reported a case of sternocostal reconstruction using
additive manufacturing technology with titanium alloy. Cronskér et al. [42] reconstructed the

clavicle fixation plates using a computed tomography and fabricated the plates by SEBM with
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titanium alloy. Entezari et al. [794] developed different ceramic tissue scaffolds for skull
reconstruction and obtained an optimal configuration in-vivo. They also proposed to optimize
the parametric design for additive manufacturing (DAM) for ceramic scaffolds [795]. More
recently, they developed a robust optimization method for ceramic scaffolds by taking account
into the AM-induced uncertainties [796]. Wu et al. [626] proposed a machine learning method
to predict tissue ingrowth in ceramic scaffolds through a sheep model. In summary, these studies
demonstrated that AM has been playing a growing role in such a significant healthcare area and

generating remarkable socioeconomic benefits.

8.4 Other applications

Additively manufactured energy-absorbing structures have been also applied in many other
areas. For example, Mueller and Shea [44] studied the effects of buckling, build-orientation,
and scaling on the mechanical properties of the printed lattice structures fabricated by Ployjet,
which can be used as bicycle helmets, as shown in Figure 33(h). Inspired by the luffa sponge,
Xie et al. [222] proposed a bionic structure based on the fractal theory and prototyped it using
FDM with TPU material. The luffa sponge bionic structures can be applied to the transport
pallet by replacing the traditional solid wood pad. Weeger et al. [45] suggested a computational
design tool for soft lattices where the lattice members were modeled as a 3D curved rod for
nonlinear analysis using a spline-based isogeometric method. A lattice shoe sole prototype was
presented to verify the effectiveness of the design tool, as shown in Figure 33(i). Calle et al.
[46] used the additively-manufactured samples for investigating the structural response of
large-scale thin-walled marine structures in line with the scaling laws. Muhammad et al. [797,
798] proposed a wave spring with better load bearing capacity, stiffness, and energy absorption
efficiency. A multifunctional shoe midsole was designed with functional gradient wave springs

at the critical areas of foot pressure (heel, forefoot and toe).
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1945 Figure 33. Examples of applications. Automotive engineering: (a) roof brackets for BMW 18
Roadster [36], (b) rear upright of car suspension [37]. Aerospace engineering: (¢) metal aero
bracket [38], (d) jet engine bracket with interpenetrating phase composite [367], (e)
quadcopter’s arm [787]. Load-bearing tissue scaffolds and implants: (f) cervical vertebral
fusion cage [792], (g) hemi-pelvic [799]. Other applications: (h) bicycle helmets [44]; (1) shoe
1950 sole [45].
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9. Concluding remarks and outlooks

This review provides a comprehensive overview of recent advances in the development of
additively manufactured materials and structures for energy absorption applications. A range of
additive manufacturing (AM) technologies has been available to fabricate various energy-
absorbing devices made of a range of materials such as polymers, metals, ceramics, and
composites. A variety of additively manufactured materials and structures with excellent
mechanical properties and energy absorption characteristics have been evaluated in the
literature. The AM-induced defects differ from those yielded from traditional manufacturing
processes, which significantly influence mechanical properties and energy absorption. Design
constraints, optimal processing parameters, and post-processing techniques have been
evaluated for minimizing AM-induced defects. Defect-free, modeling with defects, and AM
process simulation methods were proposed and validated with experimental tests in literature.
A range of design optimization approaches, such as parametric, topology, and machine learning-
based optimization, were used to optimize the mechanical properties and energy absorption of
the AM materials and structures. Although great effort has been made in additively
manufactured energy-absorbing structures for different applications, some challenges remain
for future research.

The advances in AM have made it possible to produce complex functional parts that may
not have been able to fabricate using traditional manufacturing technologies. However, several
significant limitations of AM technologies may need to be overcome, e.g., the AM processes
are time-consuming and expensive in general, placing a challenge on mass production; and it
1s difficult and demanding to fabricate relatively large parts [16]. Besides, there are limited
printable materials available which can be used for AM. Combine both advantages of AM
process and traditional manufacturing technologies, in which hybrid manufacturing
technologies could be an alternative to producing novel energy-absorbing structures.

A number of design strategies, such as bio-inspired design, functionally graded design,
hierarchical design, and origami-inspired design, have been adopted for additively

manufactured materials and structures. However, the reported energy-absorbing structures are
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mainly produced using a single-phase material. It is well known that composites, e.g., multi-
materials such as fiber-reinforced materials, exhibit better mechanical properties and energy
absorption characteristics [260, 362]. More attention can be paid to the AM-based composite
design for lightweight materials and structures [628, 800]]. The composite AM materials and
structures could exhibit more desirable mechanical and energy absorbing properties.

In most of the existing studies, energy absorption of AM structures was mainly investigated
under quasi-static loads, whereas the dynamic responses have been under-studied to date.
However, energy-absorbing structures are used more often in a dynamic loading context such
as vehicle collision and explosion protection. Dynamic and strain-rate effects can significantly
influence the mechanical properties and energy-absorbing characteristics of AM materials and
structures [801]; thus more experimental and modeling studies are still required to characterize
the rate-dependent properties and energy absorption behavior [802].

AM-induced defects can greatly influence the performance of fabricated materials and
structures [380]. The manufacturing defects are extensively investigated in the literature using
the CT-based reconstruction and statistical analysis methods [803-806]. However, such methods
are expensive and may not be suitable for mass production. It is recommended to couple the
simulations of the manufacturing process and the subsequent mechanical loading process
involving large deformation [807]. Further, the design optimization of AM materials and
structures, incorporated with the simulations of the manufacturing processes and mechanical
responses, could improve the efficiency of the product design and development.

A variety of failure criteria have been implemented in numerical simulations to predict the
complex damage/crack initiation behaviors of lightweight AM materials and structures.
However, the failure mechanisms of AM-based materials have not yet been well explored, and
it remains unclear if the existing failure criteria developed for conventional materials are
suitable for AM materials. Furthermore, damage evolution after initiation needs further study
to better capture the crack propagation in additively manufactured materials and structures
under large deformation.

While attempts have been made to minimize the fabrication-induced imperfections and

138



2010

2015

2020

2025

2030

2035

2040

uncertainties, it is also recommended to develop advanced nondeterministic optimization
algorithms for the design of AM materials and structures with superior mechanical properties
and energy absorption characteristics. Advanced data science and artificial intelligence
algorithms such as machine learning have exhibited a compelling capacity for prediction and
optimization of novel additively manufactured materials and structures. In addition, artificial
intelligence has great potential for studying how AM processing parameters affect the

performances of as-built structures and in-situ monitoring of the manufacturing process.
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