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1. Introduction

Cellular solids have found applications in numerous fields due to
the combination of favorable properties, such as excellent thermal

insulation, tailorable specific strength,
superior impact energy absorption, and
cushioning performance, all at low struc-
tural weights. The tailorability of the macro-
scopic (bulk) behavior of these structures by
tuning the base material properties and cel-
lular architecture has led to the widespread
applications of cellular solids in automotive,
aerospace, sports, biomechanics, and pack-
aging industries. It is established that
density, load bearing, energy absorption,
acoustic, and thermal properties of
cellular solids are strongly dependent on
the geometry, connectivity, and architecture
of their cell structure. The property�
structure�performance interdependence
in cellular solids has led to the development
of various types of stochastic or nonordered
(foams) and periodic or ordered (lattices)
structures with tailorable and application-
specific properties. However, from a practi-
cal perspective, a common drawback in the
design and development of cellular solids,
especially for applications wherein the
structure’s load-bearing capacity is key, is
the trade-off between specific strength
and energy absorption properties.[1] It has

been shown that increasing the cell-wall thickness in cellular sol-
ids generally leads to higher strength and lower energy absorption
capacities. In contrast, specific energy absorption (strain energy
absorbed normalized by weight) can be improved by reducing
the cell-wall thickness at the cost of strength and stiffness.

There have been major developments to address the
strength�energy absorption dichotomy in cellular solids. For
instance, the development of auxetic structures has opened doors
to a new class of cellular structures that outperform their conven-
tional counterparts in terms of improvements in resistance to
deformation and indentation, increased load bearing and frac-
ture resistance, and enhanced impact energy mitigating proper-
ties.[2–4] Auxetic structures have proven promising, especially in
sports applications as lightweight protective paddings with tun-
able properties.[5] However, despite their potential in providing a
pathway to achieving improved strength and cushioning perfor-
mance, some difficulties need to be overcome and call for further
development in this area. For example, the processing and
fabrication of auxetic structures, especially auxetic foams, are
not feasible for all polymer systems and require precise and often
costly processing techniques.[2,6]
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Cellular solids have gained extensive popularity in different areas of engineering
due to their unique physical and mechanical properties. Recent advancements
in manufacturing technologies have led to the development of cellular solids
with highly controllable microstructures and properties modulated for multiple
functionalities at low structural weights. The concept of density gradation in
cellular solids has recently gained attention due to its potentials in opening new
doors to the development of lightweight structures that offer optimal physical
and mechanical properties without compromising their favorable characteris-
tics. Herein, a comprehensive insight into the fundamental concepts, fabri-
cation, and current and potential applications of density-graded cellular solids in
various areas of science and engineering is provided. Cellular solids are broadly
classified into two main categories: foams and lattice structures. An overview of
the fundamental concepts in each category is presented, followed by details on
the characterization approaches and some of the most novel processing
techniques utilized in fabricating the structures. The uses of density-graded
structures in load-bearing, acoustic, and biomedical applications are
highlighted. The state of the art in each category and the current trends in
application-specific optimization of density-graded structures are discussed.
The review concludes with an outlook of the future directions in this exciting
field.
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Density gradation has recently been proposed as a promising
approach that facilitates the development of lightweight, high
strength, and high energy-absorbing cellular solids.
Conceptually, density-graded cellular solids hinge on developing
an integrated structure in which the local density is varied spatially
and along specific directions, where the overall weight of the struc-
ture remains low, whereas its strength and energy absorption
capacity (as well as other properties, e.g., acoustic, thermal insula-
tion, etc.) are enhanced. Recent achievements in the development
of density-graded structures point to the fact that density gradation
can indeed improve the energy absorption of foams and lattice
structures, while simultaneously enabling the tailorability of struc-
tural weight, load-bearing performance, and other functionalities.
As such, there has been an increased interest in the design, fabri-
cation, and characterization of density-graded cellular solids.

The present article attempts to provide an overview of the
recent developments in the characterization, design and develop-
ment, and applications of novel density-graded cellular solids,
mainly from a solid mechanics perspective (see Figure 1). It
should be emphasized that the present overview focuses on a
new class of graded cellular structures, wherein the overall prop-
erties depend primarily on the spatial variation of density. As
such, the present article focuses on a very specific class of func-
tionally graded cellular solids. More fundamental discussions on
the general topic of functionally graded structures can be found in
a number of previously published studies.[7,8] In the forthcoming
sections, we first broadly categorize the two classes of structures,
wherein density gradation has proven promising. These two cate-
gories are foams and lattices. Section 2 highlights the mechanical
characterization approaches utilized in the study of density-
graded foams and lattice structures. An overview of the design
and fabrication of density-graded cellular structures, with empha-
sis on some of the most novel approaches utilized to manufacture
these structures, is also presented. Section 3 reviews some of the
most promising applications of density-graded structures with a
focus on their load-bearing characteristics. Recent developments
in the use of density-graded cellular solids in biomedical and
acoustic applications are briefly discussed. Finally, Section 4
presents a brief discussion on the recent efforts in the structural
and property optimization of graded cellular solids. The latter has
been a trending topic of research in recent years due to the
advancements in computational algorithms and the advents in
manufacturing of parts with complex geometries.

2. Density-Graded Cellular Solids

2.1. Graded Foams: Concepts and Fabrication

Foams are widely used as energy-absorbing components in vari-
ous engineering applications. These structures can withstand
large deformations at nominally constant stress levels, also
referred to as plateau stresses.[1] Load-bearing and energy absorp-
tion capacities of foams can be tailored by varying the microstruc-
ture and architecture of their cells.[9] The macroscopic properties
of foams are highly dependent on their nominal density.
Lower-density foams generally possess lower stiffness, lower pla-
teau stresses, and higher densification strains for a given base
material. In contrast, the energy absorption behavior of foams

does not necessarily follow a particular trend in response to
changing the nominal density; rather, it is discussed in terms
of energy absorption diagrams via analysis of the experimental
stress�strain behaviors of foams with different densities.[10]

In other words, the energy absorption metrics are often
described in terms of the area below the stress�strain curve, thus
depending on both strength and deformability. Spatial variation
of the density in a foam structure using laminated layers with
different nominal densities leads to the development of
density-graded foams. One of the most important purposes of
fabricating the so-called density-graded foam structures is to
attain higher energy absorption capacities, while maintaining
high strength at minimal structural weights.

Density-graded foams can be produced in several ways. In an
early attempt by Gupta,[11] graded syntactic foams were fabricated
using an epoxy resin matrix that embedded glass microballoons
with spatially variable volume fractions. Following this method,
several fabrication processes have been invented based on the
use of epoxy-microballoon slurries. Graded syntactic foams have
also been produced with variable microsphere shell thick-
nesses.[12] Graded syntactic foams produced in these works were
capable of withstanding compressive strains significantly higher
than the failure strain of their ungraded counterparts. It has also
been shown that the arrangement of layers in particular ways can
result in improved energy absorption and compressive strength
in graded syntactic foams.[13] To further improve the perfor-
mance of syntactic foams, glass microballoons have been substi-
tuted by alumina and silica cenospheres.[14–16] Doddamani
et al.[17] developed a novel approach to fabricate functionally
graded syntactic foams with fly ash cenospheres.

In addition to syntactic foams, single-material density-graded
foams have also been developed by Cusson et al.[18] by applying a
controlled thermal gradient on the foam compression molding
system. Density-graded polyethylene foams produced in this
way were shown to possess improved flexural moduli and impact
stress mitigating properties compared with their uniform density
counterparts. Figure 2a–d shows the schematic and micrographs
of different syntactic-graded foams fabricated from glass micro-
balloons and cenospheres and density-graded polyethylene
foams processed by spatially modulated thermal gradients in
the compression molding system. The ability to produce graded
structures with seamless interfaces has been reported as one of
the major advantages in producing these foam structures.

Due to their lightweight and high energy-absorbing capacities,
graded metal foams have attracted tremendous attention
recently.[19,20] He et al.[21] used a modified casting method to pro-
duce closed-cell graded aluminum foams. Compared with uni-
form density foams, graded samples exhibited lower peak
stress and an extended plateau region. Hangai et al.[22] fabricated
similar metallic foams using the friction stir-processing method.
Metal foams were synthesized with two porosity layers using dif-
ferent amounts of foaming agents. The same research group
made a combination of open-cell aluminum foams, consisting
of Al/NaCl composites through a sintering dissolution tech-
nique.[23] Using powder metallurgy, Hassani et al.[24] applied par-
ticle size variation along the longitudinal axis and fabricated
functionally graded open-cell Al foams (see Figure 2e–f ), where
spherical granulated carbamide particles were used as space
holders.
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Metal-matrix syntactic-graded foams have also been produced in
several previous studies. Similar to the concept of polymer-based syn-
tactic foams, metal-matrix syntactic foams can also be processed by
incorporating filler particles in a metallic matrix.[25] In metal-matrix
syntactic foams, the filler phase can be either hollow shells or porous
particles.[26,27] Two primary methods have been developed to pro-
duce functionally and density-graded metal-matrix syntactic foams:
1) variation of the volume fraction and size distribution of the hollow
particles along specific directions throughout the structure and
2) use of multiple types of particles for tailored distributions of gra-
dient properties. By controlling the distribution of microspheres dur-
ing the centrifugal casting process, Ferreira et al.[28] developed Al-
matrix syntactic foams with spatially variable structures and proper-
ties. In another similar attempt, aluminum syntactic foams were
developed through the randomdistribution of two differentfiller par-
ticles, that is, hollow ceramic and hollow iron.[29] Movahedi et al.[30]

recently fabricated functionally graded syntactic metal foams using

two different filler particles (activated carbon and expanded perlite).
A systematic comparison of the mechanical properties of these
foams with conventional metallic foams revealed the superior energy
absorption behavior of the graded structures. Movahedi et al.[30] also
demonstrated that the apparent yield stress, densification strain, and
energy absorption responses of the examined graded structures were
highly dependent on the constituents’ density. Although not fully
explored, the data in Movahedi et al.[30] point to the possibility of
achieving optimal mechanical properties through spatial modulation
of the phases’ densities in metal-matrix foams.

2.2. Characterization of the Mechanical Response of Graded
Foams

In addition to the efforts dedicated to the processing and fabri-
cation of graded foams, there have also been a plethora of

Figure 1. Mechanics, fabrication, and applications of density-graded structures are at the core of this review. a) Modeling and experimental characteri-
zation of the deformation response in density-graded foams (top)[51] and lattice structures (bottom),[104] b) examples of density-graded structures in
biomechanics (e.g., design of shoe soles with enhanced cushioning properties[218]), and acoustic applications (bottom),[136] and c) fabrication of density-
graded honeycombs by 3D printing (left)[104] and graded syntactic foams (right).[11] Panel a (bottom) reproduced from CC-BY open access Elsevier
publication, 2019.[104] Parts a (top) reproduced with permission.[51] 2016, Elsevier. Panel b (top) reproduced with permission.[218] 2020, Elsevier.
Panel b (bottom) reproduced with permission.[136] Springer Nature, 2018. Panel c left reproduced from CC-BY open access Elsevier publication,
2019.[104] Panel c right reproduced with permission.[11] 2007, Elsevier.
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research works focused on characterizing the mechanical
response of these structures. Many of the studies in this area
focus on the modeling and theoretical analyses of density-graded
foams in response to external mechanical loads. For example,
Chen et al.[31] have used the Voronoi model to analyze the
mechanical and energy absorption behaviors of closed-cell foams
with spatially distributed porosities. Dynamic mechanical
response of density-graded structures subjected to impact load-
ing was investigated by Liang et al.,[32] Yang et al.,[33] and Zhou
et al.[34] In addition to simple geometries, functional and density-
graded systems, including sandwich structures and metallic

tubes, were also analyzed in several numerical and analytical
studies.[35–37]

Experimental studies have been conducted to understand the
constitutive mechanical response of density-graded foams sub-
jected to quasistatic and dynamic loading conditions.
Experimental studies conducted recently via in situ digital image
correlation (DIC) measurements suggest that the main differ-
ence between the stress�strain response of uniform and
density-graded foams lies in the fact that graded structures show
a step-wise hardening behavior that occurs due to the sequential
collapse of various density layers in the structure. Such a

Figure 2. Density-graded polymeric foams. a) Schematic representation of functionally graded syntactic foams fabricated using glass microballoons as the
filler.[11] b) Schematic of the three-layered density-graded syntactic foams fabricated by embedding cenospheres in an epoxymatrix.[17] c) Optical and scanning
electron microscope (SEM) micrographs of density-graded syntactic foams showing the seamless interface between adjacent layers and a clear difference in
the cenosphere concentration across the interface.[17] d) SEMmicrograph of density-graded polyethylene showing a continuous variation of cell size along the
gradient (vertical) direction.[18] Density-graded metal foams: e) optical micrograph of a cell-size-graded Al matrix foam produced by powder-space holder
technique using spherical granulated carbamide as space holders. f ) A comparison between the compressive stress�strain responses of density-graded and
uniform density Al matrix foams indicating higher mechanical strength (at compressive strains> 0.2) and higher strain hardening response achieved through
density gradation.[24] Panel a reproduced with permission.[11] 2007, Elsevier. Panel b reproduced with permission.[17] 2012, Elsevier. Panel c reproduced with
permission.[17] 2015, Wiley. Panel d reproduced with permission.[18] 2019, Sage. Panels e & f reproduced with permission.[24] 2012, Elsevier.
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sequential collapse mechanism starts with the weakest
(lowest-density) region and continues throughout the higher-
density layers. This step-wise collapse pattern is shown in
Figure 3a–c for graded foam structures with continuous and
step-wise gradients subjected to quasistatic loading.[38,39] It is
established that the sequential hardening takes place in graded
foams regardless of the number and distribution of density layers
present in the structure. Nevertheless, graded foams with distinct
density layers show a more obvious step-wise hardening response
in their global stress�strain response, as shown in Figure 3b.

In addition to quasistatic compression,[21,40,41] drop weight
impact[42] and projectile impact tests[43] are used to study the slow
rate and low-velocity impact response of density-graded foams
and characterize the high-energy and high-velocity impact
response and crashworthiness of these structures. For example,
Xia et al.[44] conducted blast tests to analyze the effectiveness of
density-graded foams for blast mitigation. Shock loading
response of density-graded foams has been an active topic of
research in several other investigations. Liu et al.[45] used the
shock wave theory to analyze the dynamic behavior of density-
graded cellular rods subjected to axial impact. Similar theoretical
studies were conducted by Shen et al.,[46,47] wherein the compac-
tion wave propagation patterns in density-graded foams were also
analyzed using shock wave theory. Results obtained from these
studies as well as those of Karagioza and Alves,[48] Liu et al.,[49]

Wang et al.,[50] Zheng et al.,[51] and Chang et al.[52] suggest that
the shock wave propagation patterns in density-graded foams are
highly sensitive to density distribution, also referred to as the gra-
dient. It has been shown that the shock wave response in density-
graded foams with a negative gradient (i.e., the higher-density
layers are positioned toward the impact side), a double shock
wave propagation mode, can develop. Such double shock wave
phenomena take place when a forward compaction wave (formed
at the impact end) and a backward compaction wave (formed at
the distal end) propagate in opposite directions (see Figure 3d).
The development of such double shock wave patterns alters the
overall stress�strain and the energy absorption capacity of the
structure, as the stress of the distal end can be more effectively
mitigated in earlier deformation times. In contrast, density-
graded foams with a positive gradient, that is, structures whose
impact end is fabricated from lower-density components, deform
with a single shock wave mechanism. In these structures, the
shock wave propagation is more stable, and the overall
energy absorption performance of the structure is improved.
Observations and quantitative measurements of compaction
waves and the verification of single versus double shock propa-
gation modes (see Figure 3d,e) have recently been conducted in a
series of studies that use ultrahigh-speed DIC.[39,53–55] Full-field
deformation measurements facilitated by DIC have been used to
determine the acceleration fields and their corresponding inertia
stress fields as metrics for tracking the propagation of compac-
tion waves in uniform and density-graded foams.

The mechanical and shock propagation response in density-
graded structures with more complex gradients and those
subjected to complex loading conditions have also been charac-
terized. These studies include nonlinearly varying continuously
graded structures,[49] structures with variable cross sections,[56]

and middle-high and middle-low density-graded foams.[51]

Chen et al.[57,58] studied the dynamic behavior of graded foams

using the fluid structure interaction method, wherein the foam
samples were subject to underwater blast loading. High-
temperature dynamic response of graded cellular structures
was investigated by Liu et al.,[59] analyzing the influence of the
thermal environment on the impact energy mitigation response
of density-graded foams using finite-element simulations. It was
found that the general shock propagation patterns (i.e., single
shock and double shock wave propagation modes) persist in
density-graded foams under thermal loading conditions.
However, the presence of a temperature gradient along the
sample axis can enlarge the deformed regions both for negative
and for positive gradient cases. While a positive gradient function
can lead to an enhanced impact energy absorption performance,
the general impact mitigating efficacy of a graded foam is
deteriorated as the thermal gradients intensify.

Graded foams have received particular attention in sandwich
structures due to their enhanced energy absorption at low struc-
tural weights. The density gradation in sandwich panels can
increase the critical velocity and kinetic energy required to induce
failure, thus improving the panel’s overall energy absorption
capability.[60] Using drop weight impact, Zhou et al.[61] conducted
an experimental study on graded-foam sandwich structures and
highlighted the improved perforation resistance of these struc-
tures compared with uniform density foam cores. Zhang
et al.[62] studied the dynamic response of graded foams using ball
impact tests and concluded that the placement of high-density
layers in the proximal end improves the overall crashworthiness
of a graded structure. In another work, Pollien et al.[63] conducted
bending tests on graded foam sandwich structures. While the
mechanical performance of graded foams was shown to outper-
form that of single-density structures, the scope of using a light-
weight graded structure was reported to be limited and
impractical from a manufacturing perspective. Wang et al.[64]

studied sandwich composite panels with graded cores under
shock wave loading. It was shown that in cases where lower-
density foam layers were oriented toward the shock load, the
structure was able to absorb the kinetic energy of the shock more
effectively by undergoing large local compressions. These large
compressive deformations reduced the amount of damage
imparted to the structure. Besides experimental studies, numer-
ous numerical studies address the dynamic and impact behavior
of graded foam sandwich structures,[65,66] clearly demonstrating
that the impact mitigation performance of sandwich structures
can be significantly enhanced when the core is made of a density-
graded foam.

2.3. Graded Lattice Structures: Concepts and Mechanical
Deformation Response

2.3.1. Definitions, Types, and Mechanical Characterization

Lattice structures are topologically ordered, 2D or 3D open-cell
structures, consisting of one or more repeating unit cells with
no gaps between cells.[67–69] A lattice structure is an example
of a cellular solid, although the terms are often used interchange-
ably.[70] Natural cellular materials (e.g., wood, bone, cork, coral,
bamboo, etc.) have been used for centuries, and their cellular
structures have been replicated in modern times in the form
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Figure 3. Layer-by-layer collapse mechanism in density-graded foams under quasistatic loading revealed by a) in situ imaging of density-graded foams
with continuous gradation[38] and b,c) DIC characterizations of discretely layered polyurethane foams.[39] Numbers in (c) mark the corresponding stress/
strain values in (b). Contour maps in (c) show the distribution of axial strain, εxx, in the layered structure. d) Modeling the crushing response of density-
graded foams under impact loading conditions showing the development of single shock (top) and double shock (bottom) wave patterns.[51] Similar
experimental results are obtained by conducting impact tests on three-layered density-graded polyurethane foams with different gradients: e) impact load
applied at the low-density side (top); impact load applied at the high-density side (bottom).[39] The contour maps in (e) show the distribution of axial strain
at various time instances after the impact. Panel a reproduced with permission.[38] 2020, Elsevier. Panels b, c and e reproduced with permisson.[39] 2021,
Elsevier. Panel d reproduced with permission.[51] 2016, Elsevier.
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of lattice structures and synthetic foams.[71] Lattice structures
are highly attractive for various applications, for example,
biomedical,[72] automotive,[73] aeronautical,[74] and energy
absorption,[75,76] to name a few, due to their favorable properties
such as a low stiffness-to-weight ratio, tunable thermal conduc-
tivity, and impact resistance, all of which are the result of their
highly porous structure.[77]

Thermomechanical properties of lattice structures strongly
depend on the architecture of their building blocks, referred
to as “unit cells.” Lattice unit cells can be categorized as stretch
dominated (stiff and strong) or bending dominated (flexible),
depending on the mechanical response of the parent solid, nodal
connectivity (i.e., number of struts joining a node), and cell topol-
ogy. The latter can further be grouped into strut based and sur-
face based.[78,79] Strut-based lattice structures consist of a
network of often prismatic struts connected at nodes. The num-
ber of struts connected at a given node dominates the lattice
structure behavior under compressive loading conditions.[80]

Depending on the number of struts, S, and nodes, N, strut-based
structures can be characterized by their Maxwell number, M,
expressed as[81]

M ¼ S� 3N þ 6 (1)

Bending-dominated structures are those with a negative
Maxwell number (M< 0). This condition implies that the num-
ber of struts should be smaller than that of stretch-dominated
counterparts. Among all the strut-based unit cell lattice struc-
tures, the most widely used ones are body-centered cubic,
face-centered cubic, and honeycomb structures. Other common
unit cell types include diamond, cube, tetrahedral, and
dodecahedron.

Besides strut-based unit cells, triply periodic minimal surfaces
(TPMS) are the most common type of surface-based unit cells
made of surfaces with mathematically defined structures
repeated in three dimensions with a mean curvature of zero
at every point.[80] TPMS structures have been observed to possess
highly repeatable additive manufacturability and uniform stress
distribution, which stem from their unique geometric character-
istics.[81] Examples of TPMS are gyroid, Schwarz-diamond, and
Schwarz-primitive structures (see Figure 4a). Gyroid pattern unit
cells, naturally found in themicrostructure of butterfly wings and
adapted to become gyroid lattice structures, are the most exten-
sively researched TPMS unit cells.[82]

The compressive mechanical performance and energy absorp-
tion capacity of TPMS structures with and without density gra-
dients have been investigated in numerous studies. For instance,
quasistatic compressive behaviors of four different TPMS lattice
structures were analyzed experimentally and numerically by Shi
et al.[83] While gyroid, diamond, and I-wrapped (IW) structures
have a bending-torsional coupling deformationmode due to their
relative density, gyroid and IW structures showed improved
compressive mechanical performance but lowered energy
absorption capacities. Yu et al.[84] investigated the mechanical
properties and energy absorption capacity of uniform and den-
sity-graded Schwarz-primitive and gyroid lattice structures
(Figure 4b). While the Schwarz-primitive structures cracked in
a layer-by-layer pattern and showed pronounced peak stress,
the gyroid structures showed inconspicuous cracks. Al-Ketan

et al.[85] investigated the effect of density gradation, cell-type grad-
ing, and lattice-type gradation in gyroid and diamond TPMS unit
cells (Figure 4c). When tested perpendicular to the gradient
direction, the density-graded structures exhibited shear band for-
mation. The dominant deformation patterns were changed to a
layer-by-layer compression and sequential collapse mode when
tested parallel to the gradient direction. Han et al.[86] analyzed
the compressive mechanical properties of uniform and continu-
ously graded porous scaffolds with Schwarz-diamond unit cells.
Layer-by-layer deformation followed by step-wise densification
mechanisms was also observed in the graded samples in the
results of Han et al.[86] The step-wise yielding and densification
in graded structures were also observed by Liu et al.[87] for
density-graded TPMS gyroid and diamond unit cell lattice struc-
tures made from Ti�6Al�4 V alloy. The deformation mecha-
nism was observed to be dominated by shear deformation for
structures with unit cell grading. The effect of different gradient
patterns was studied by Afshar et al.[88] using stretch-dominated
(I-WP and primitive) and bending-dominated (diamond) poly-
meric TPMS structures. They observed that the deformation
mechanism exhibited by the structures was informed by the gra-
dient patterns. Higher deformability and lower failure strains
were observed for structures graded longitudinally.

As another class of ordered cellular solids, mechanical meta-
materials are artificially designed with micro/nanoarchitectures
that derive their properties from their internal microstructure
and geometry. By carefully engineering the unit cells in these
metamaterials, unusual properties that do not rely on their chem-
ical composition can be achieved. Metamaterials exhibit a wide
set of mechanical and physical properties which are otherwise
not found in nature. The expanded material properties have
given rise to new potentials for various applications, where their
unique properties can be exploited.

In recent years, the concept of auxetic metamaterials has invig-
orated tremendous research and technological interest. Auxetic
metamaterials are structures that possess a negative Poisson’s
ratio. The negative Poisson’s ratio implies that when an auxetic
metamaterial undergoes uniaxial tensile deformation, it stretches
in one direction, while expanding in the perpendicular direction.
Under compressive forces, auxetic structures contract in the axial
and transverse directions.[4] The artificial hardening behavior in
auxetic structures, which is attributed to the negative Poisson
effect, enables them to have higher load-bearing capacities than
conventional cellular structures. Furthermore, auxetic metama-
terials have been shown to exhibit higher fracture toughness,
shear modulus, strength-to-weight ratio, resistance to fatigue
crack propagation, and enhanced vibration damping proper-
ties.[4,6] The combination of these favorable attributes has led
to the widespread use of auxetic structures as one of the most
viable candidates for impact resistance and energy absorption
applications. Chiral, re-entrant, and double arrowhead are
among the most widely used cell geometries exhibiting auxetic
behavior.

The in-plane dynamic behavior and energy absorption charac-
teristics of uniform, graded auxetic antichiral, and hybrid chiral
structures (see Figure 4d) have been analyzed by Qi et al.[89] It
was observed that the gradient effect impacts the graded hybrid
chiral structures more significantly than the antichiral structures.
Wu et al.[90] studied a cell-wall angle graded auxetic structure for

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2022, 24, 2100646 2100646 (7 of 20) © 2021 Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.aem-journal.com


enhanced energy absorption applications. As shown in Figure 4e,
under compression, uniform and graded structures show signif-
icant differences in deformation patterns. When subjected to
quasistatic compressive loads, the energy absorption response
improvement was significant due to the graded design.

However, improved strain energy absorption was only achieved
when the crushing direction was along the weak-to-strong direc-
tion (i.e., a positive gradient function). Jin et al.[91] showed that
the graded auxetic structures used as sandwich panel cores can
improve the resistance of panels to blast loading compared with

Figure 4. a) Examples of TPMS lattices.[85] b) Deformation behavior of uniform and density-graded Schwarz P and gyroid structure under quasistatic
compression.[84] Uniform density structures show a shear band formation whereas the deformation of density-graded structures is exemplified in a
sequential layer-by-layer collapse that initiates from the low-density layers and propagates through the higher-density areas. c) Various gradation
approaches used in the production of graded TPMS structures: density gradation (top), unit cell size gradation (middle), and multimorphology lattice
gradation (bottom).[85] d) Schematic of uniform (top) and graded (bottom) hybrid chiral structures.[89] e) An example of density gradation by cell wall
angle variation in re-entrant structures. Ungraded (top) and layer-wise graded (bottom) structures show vastly different deformation patterns when
subjected to compressive loads.[90] Panels a & c reproduced with permission.[85] 2020, Elsevier. Panel b reproduced with permission.[84] 2019,
Elsevier. Panel d reproduced with permission.[89] 2019, Elsevier. Panel e reproduced with permission.[90] 2020, Elsevier.
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ungraded cores when the higher density side of the structure is
positioned toward the impact side. Novak et al.[92] reported that
the plateau stress (progressive/regressive) in graded auxetic
structures fabricated from Ti�6Al�4 V subjected to impact load-
ing is dependent on the direction of the gradient. Interestingly,
the latter two observations have been consistent with those made
on density-graded foams and lattice structures, implying that a
universal deformation mechanism may exist for different types
of density-graded cellular solids irrespective of their cell type,
architecture, and cellular order.

Design and development of gradient 2D auxetic metamaterials
have been repotted in some recent reports, as well.[93,94] Spatially
controlled morphology and structural shape changes, especially
when subjected to large tensile deformations, make the new gen-
eration of these graded 2D structures promising for a number of
different applications, including but not limited to soft robot-
ics[95] and protective structure.[94]

Metamaterials inspired by origami (ancient Japanese art of
folding paper) have also gained widespread attention in recent
years. Miura-Ori is one of the most studied types of origami
structures.[96] 2D- (gradient along x-direction) and 3D (gradient
along x- and z-directions)-graded origami structures based on the
Miura-Ori pattern were studied under quasistatic compressive
loading conditions by Yuan et al.[97] It was observed that there
was a sequence of buckling and collapse throughout the rows,
which originated as a result of the innate self-locking graded
geometry. Kirigami is another variation of origami that includes
cutting the paper creases in conjunction with folding to create
cellular tessellations.[98] A kirigami sandwich structure made
of half-graded auxetic honeycomb and half re-entrant honeycomb
was manufactured using woven Kevlar prepreg for compression
and edgewise loading.[99] Due to the negative Poisson’s ratio, the
mechanical behavior of the structure was reported to be depen-
dent on loading direction. Different failure mechanisms were
observed with the graded sandwich panels under quasistatic
edgewise loading.

2.3.2. In-Plane Versus Out-of-Plane Mechanical Response of
Density-Graded Lattice Structures

A number of theoretical and experimental works were conducted
on the in-plane and out-of-plane mechanical properties of
density-graded lattice structures under static and dynamic load-
ing conditions.[100] Density-graded lattice structures have been
thoroughly researched and reported to exhibit a layer-by-layer
deformation behavior when subjected to compressive
loads.[101,102] The layer-wise deformation patterns in these struc-
tures stem from the deformation and collapse of the lower-
density layers before higher-density sections. This behavior often
leads to an apparent step-wise stress�strain curve that has been
reported in honeycombs made from various materials and lattice
types.[103–105] It is worth mentioning that the number of steps
observed in the stress�strain curves of density-graded structures
corresponds with the number of density layers present in the
structure (see Figure 5a–c). The step-wise response is exempli-
fied in both in-plane and out-of-plane deformation conditions,
except in graded structures, like in uniform density lattices,
out-of-plane loading is generally associated with higher

strengths. The step-wise behavior is due to the different micro-
scale deformation responses in out-of-plane (cell-wall and strut
buckling) versus in-plane (cell-wall bending) loading.[1,106]

The mechanical behavior of density-graded gyroid cellular
structures with continuous gradients under in-plane compres-
sion was characterized by Yang et al.[107] It was observed that
while samples graded perpendicular to the loading direction
exhibited deformation behaviors similar to uniform density
structures, samples with gradients parallel to the loading direc-
tion showed a layer-by-layer collapse with extended plateau
regions, higher Young’s moduli, and improved energy absorp-
tion. Tao et al.[108] studied the out-of-plane crushing strength
and energy absorption of graded honeycomb structures using
numerical simulation, relating the in-plane gradient to improved
crushing strength and specific energy absorption of the honey-
comb structures by about 70%. Also, severe plastic deformation
mainly concentrated at the intersecting cell walls, leading to a
larger portion of the strain energy dissipated in that area.
Similar studies were conducted by Kumar et al.,[109] wherein
the mechanical strength and energy absorption response of hon-
eycomb structures under out-of-plane loads were investigated. It
was reported that a geometrically tailored design made possible
by varying the cell-wall thickness along the out-of-plane direction
can lead to significant changes in the energy absorption charac-
teristics of the structure.

The ability to modulate the energy absorption capacity of hex-
agonal honeycombs with in-plane gradients has been proven
promising, especially in low-velocity impact loading scenarios
(see Figure 5d–f ). The improved strain energy absorption capac-
ity in density-graded honeycombs has been reported for struc-
tures fabricated from both elastoplastic[103] and hyperplastic
materials.[104] Recent trends in the applications of flexible honey-
combs with in-plane gradients have the potentials to open new
doors to the design of nonpneumatic tires and wheels (Figure 5g)
with superior performance (reduced noise, increased durability,
multiple impact sustainability, and less heat build-up) at lower
weights compared with their conventional counterparts.

2.4. Fabrication of Graded Lattice Structures

Conventional methods of design and fabrication of engineering
materials are often not applicable to density-graded lattice structures
as they contain delicate unit cells. Following the advent of additive
manufacturing technologies in conjunction with the advancements
in computer-aided design software development, optimal design
and fabrication of complex lattice structures with density/function-
ality gradations have become possible. This section discusses the
most common fabricationmethods used for the processing and fab-
rication of density-graded lattice structures.

2.4.1. Stereolithography (SLA)

Considered the first rapid prototyping manufacturing method,
stereolithography (SLA) is a photopolymerization procedure used
in several engineering areas. A laser beam is directed toward a
point on the photosensitive resin surface to trigger the polymeri-
zation process. The laser beam thenmoves to a different spot and
rasters until a layer is cured. The fully cured layer is then lifted,
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and a new layer is formed based on the geometric details in the
G-code file. Gonzalez et al.[110] used this process to fabricate a 3D
hemimaxillary bone-like structure using aluminum oxide and
polymeric mixtures with the aid of ceramic SLA printing equip-
ment. They observed that the structure could be sintered defect
free, and the process is appropriately scalable for wall thicknesses
smaller than 100 μm. Liu et al.[111] also investigated the compres-
sive mechanical behavior of topology-optimized graded

structures made by SLA and discovered that their mechanical
behavior is dependent on the type and arrangement of the unit
cells.

2.4.2. Material Extrusion

Developed in the 1990s, material extrusion, commonly referred
to as fused deposition modeling (FDM) trademarked by

Figure 5. In-plane deformation behavior of a) uniform density and b) three-stage graded hexagonal honeycomb structures fabricated from TPU.
c) Stress�strain and d) energy absorption responses of the three-stage flexible honeycombs. Dotted curves represent the behavior of uniform density
structures. The number of stress plateaus in graded structures corresponds with the number of density layers present in the structure.[104] e) Schematic
and f ) normalized plastic strain energy dissipation of elastoplastic honeycombs with various gradients under impact.[103] Density gradient is denoted by
the parameter, γ, defined as: γ ¼ (ρiþ1 - ρi)/ΔL. g) A nonpneumatic tire with flexible honeycomb spokes (Source: https://www.compositesworld.com/
articles/tires-that-never-go-flat). Panels a–d reproduced from CC-BY open access.[104] 2019, Elsevier. Panels e & f reproduced with permission.[103] 2011,
Elsevier.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2022, 24, 2100646 2100646 (10 of 20) © 2021 Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.aem-journal.com


Stratasys, is one of the fastest-growing additive manufacturing
methods for fabricating thermoplastic materials.[112] Material
extrusion, also known as fused filament fabrication (FFF), pro-
duces 3D objects by a molten thermoplastic deposited into suc-
cessive 2D layers.[113,114] The process entails the extrusion of a
molten filament through a nozzle, building up a 3D object layer
by layer, and thus is regarded as a bottom-up method of
manufacturing. This process is popular due to its ease of appli-
cation and its ability to fabricate complex geometries at low costs.
One of the major benefits of this additive manufacturing tech-
nique is attributed to the simultaneous feeding of the filament
and layer-by-layer printing of the object. Therefore, it is possible
to adjust the type and quantity of the deposition both temporally
and spatially. This feature makes the material extrusion process a
practical method of fabricating graded and multimaterial
structures.

Bates et al.[104] fabricated density-graded honeycomb struc-
tures using thermoplastic polyurethane (TPU) by the FDM
method. The architectured structures were graded discretely
(two, three, and five different densities in nine layers) and con-
tinuously (nine different densities). Through a series of experi-
mental characterizations, they observed that the density
gradation could modify the mechanical damping of the structure.
There was also an increase in the energy absorption capability of
the honeycomb structures. The experimental data obtained by
Bates et al.[104] were used as the input to a modeling effort, in
which the superior load bearing and strain energy absorption
performance of 3D-printed TPU honeycombs were analyzed
and optimized.[115] Material extrusion was also used to fabricate
four graded cellular structures with different unit cell shapes
(cylindrical, square, hexagon, and triangular) by Duraibabu
et al.[116] The energy absorption capability of all four samples
was investigated as a function of their pore size, shape, and rela-
tive density. Duraibabu et al.[116] found that graded hexagonal
honeycomb structures have the highest energy absorption
capacities.

2.4.3. Directed Energy Deposition (DED) and Selective Laser
Sintering/Melting (SLS/SLM)

Direct energy deposition (DED) technique involves introducing
focused thermal energy, such as a laser, electron beam, or a
plasma arc, to fuse coaxial material feedstock (metal powders
or wire) by melting and quick solidification to form a sintered
layer on a substrate.[117,118] While the DED method has mostly
been utilized as a coating process, it has also been proven suit-
able for fabricating density-graded structures. When using wires,
graded 3D objects can be produced by controlling the feedstock
speed. Metallic density-graded 3D objects can also be fabricated
by adjusting the volume of metal powders fed into a melt pool
under a moving laser.[119]

Selective laser sintering (SLS)/selective laser melting (SLM)
methods are categorized as light-assisted additive manufacturing
methods. The main difference between DED and SLS/SLM
methods is that in the latter, an entire area within a powder
bed is melted/sintered, enabling the creation of a 3D object in
a layer-by-layer pattern, while in the former, melting/sintering
process is generally carried out in a point-by-point fashion.[120,121]

SLM method has been utilized to manufacture and study the
mechanical properties of density-graded (by varying strut diam-
eter) structures against their uniform density counterparts by
Maskery et al.[122] While both graded and uniform density struc-
tures absorbed the same amount of energy before densification,
the strain at which the graded structure densified was measured
to be lower than that of the uniform structures. Choy et al.[123]

investigated the mechanical properties of density-graded cubic
and honeycomb Ti�6Al�4 V lattice structures fabricated by
SLM. The strut diameters of the lattice structures were varied
both discretely and continuously along the cell layers. It was
observed that three out of the four fabricated density-graded sam-
ples absorbed more energy and attained higher plateau stress
than the uniform density samples. Also, unlike the density-
graded samples whose compressive mechanical deformation
was exemplified by a sequential and layer-by-layer pattern (simi-
lar to those shown in Figure 4b), the uniform density samples
showed abrupt shear failure with diagonal cracking across the
whole structure.

3. Other Applications of Density-Graded
Structures

3.1. Acoustic Applications

An essential application of density-graded structures lies in the
field of acoustics. For example, the damping of acoustic energy is
of great interest in numerous scenarios. Because of their light-
weight and porous structures, cellular solids serve as promising
candidates for noise control, especially in achieving sound
absorption within a wide-frequency range with moderate space
occupancy. These cellular structures and materials can absorb
acoustic energy through dissipation and viscous losses inside
them. For example, foam materials with high porosity have been
widely used for noise mitigation.[124] The acoustic properties of
these foams are dependent on the pore size, porosity level, and
mechanical properties of the base material.[125] While foams with
uniform pore sizes have been reported to exhibit effective sound
absorption, by functionally designing the microstructures of the
foams, including graded pore sizes, their acoustic properties can
be further enhanced. Ke et al.[126] reported an improved absorp-
tion coefficient of Al alloy foams with graded pore size manufac-
tured by melt infiltration method. A graded bio-based foam
structure is also proposed, and a 9% increase in average absorp-
tion is observed (Figure 6a).[127] Following this concept, several
layered or graded foam structures have been developed and opti-
mized for noise control applications.[128–132] Better absorption
characteristics in bandwidth, absorption coefficient, or
ow-frequency performance are demonstrated. The behavior of
composites with gradient impedance and density is also system-
atically studied, and it is shown that better low-frequency absorp-
tion can be achieved using a layered structure.[133] The graded
configuration of the mesoscale structures provides additional
interactions between acoustic waves and structures, leading to
better acoustic properties.

Besides the microstructural design of the cells in
stochastic (nonordered) structures, the acoustic properties of
periodic (ordered) structures (e.g., phononic crystals and
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metamaterials[134]) are also investigated for wave control applica-
tions. By designing the unit cells hierarchy, the propagation of
acoustic waves through the structure can be manipulated. For
instance, lenses capable of tuning the propagation of acoustic
waves can be obtained by stacking cellular structures with gradu-
ally varying indices. A prime example is the Luneburg and gradi-
ent-index lenses that can bendwaves to a focal spot on the opposite
surface of the lenses. Because of their minimal spherical aberra-
tion and wide field of view, these lenses have been widely used in
acoustic focusing and imaging (Figure 6b–c).[135,136] When inte-
grated with a backing layer or an absorbing core, these lenses
can also be used for retroreflection,[137] sound absorption,[138–
141] or energy harvesting (Figure 6d)[142,143] by routing acoustic
waves to the target location. Graded metamaterials have also been
used for impedance matching in ultrasonic transducers and other
wave engineering devices.[144–146]

In recent years, gradient-index or functionally graded metamate-
rials have been extended to planar versions, where graded scatterers
are patterned in the lateral direction. These quasi 2D structures are
called metasurfaces and have shown to exhibit unprecedented wave
manipulation potentials.[147] By controlling the local amplitude and
phase of the transmitted or reflected acoustic waves, various func-
tionalities have been proposed and realized, including wavefront
modulation,[148–153] asymmetric propagation,[154–158] and acoustic
holography (Figure 6e).[159–162] Specifically, holographic lenses
are also applied in fluid environments for the patterning of particles
and cells.[163–165] This enables label-free and high-throughput
manipulation of bioparticles by controlling the acoustic pressure
distribution and fluid motion. These metasurfaces can realize

different functionalities with minimal space requirement due to
their thin thickness, which is often important in engineering
applications. For example, Yang et al.[166] developed an ultrathin
broadband acoustic absorber using graded patterned resonators.
The absorber is causally optimal as its thickness reaches the lower
bound dictated by the law of causality. Other similar absorbing
structures have been proposed by combining unit cells with gradi-
ent geometries.[167–170] Compared with absorbers composed of uni-
form unit cells, introducing graded structures often results in a
broader bandwidth, reduction of the thickness, or improved absorp-
tion coefficient. Such an improved functionality is a result of cell-to-
cell coupling and synergic effects, which can be absent in uniformly
structured materials. In addition to the aforementioned functional-
ities, graded acoustic metasurfaces have also found applications in
advanced manufacturing,[171] communication,[172,173] and biomedi-
cal ultrasound (Figure 6f ),[174] to name a few.

3.2. Biomedical Applications

Bioinspired cellular structures have also attracted tremendous
attention in biomedical applications. From artificial tissues to
advanced implant design, the emergence of natural and biologi-
cally inspired structures has been evident in recent decades.[175]

Metamaterials that resemble the structure and performance of nat-
ural graded structures (such as bone, bamboo, etc.) have begun to
find applications in biology andmedicine. One important area that
has highly benefited from the recent developments in architec-
tured and metamaterials is cell culturing in 3D environments.
For instance, density-graded scaffolds that mimic the gradients

Figure 6. Density-graded structures for acoustic applications: a) Functionally graded foam structures for enhanced acoustic absorption.[127] b,c) 2D and 3D
Luneburg lenses for acoustic imaging. The refractive indices of the unit cells vary in the radial direction.[136] d) Graded phononic crystal structures for acoustic
focusing and energy harvesting.[143] e) Schematic showing a holographic acoustic lens capable of delivering complex acoustic fields.[159] f ) Gradient-index
lens used in biomedical ultrasound by forming desired pressure distribution inside the skull.[174] Panel a reproduced with permission.[127] 2015, Springer
Nature. Panels b & c reproduced with permission.[136] 2018, Springer Nature. Panel d reproduced with permission.[143] 2020, American Institute of Physics
(AIP). Panel e reproduced with permission.[159] 2016, Springer Nature. Panel f reproduced with permission.[174] 2019, American Physical Society (APS).
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in native tissues have been synthesized by Nie et al.[176] via a ther-
mally induced phase-separation method. The novel continuous
gradation method was shown to allow for precise adjustment
and control of macropore sizes in the scaffold (see Figure 7a).
3D nanolattice scaffolds with applications in bone tissue growth
were fabricated by Maggie et al.[177]. The linear arrangement of
tetrakaidecahedron unit cells with various strut sizes and different
coatings was used by Maggie et al.[177] to establish a stiffness gra-
dient. In another scenario, auxetic scaffolds with a tunable
Poisson’s ratio were fabricated and demonstrated to be useful
in cell differentiation applications.[178] Because of their strain con-
centration effect, auxetic and honeycomb metamaterials have also
been used in stretchable sensors and supercapacitors with
enhanced sensitivity and capacity.[179,180] In addition, studies have
been conducted by leveraging the unconventional mechanical
effects of metamaterials to achieve enhanced structural properties.
For instance, metamaterial-inspired implants have been designed

tomitigate bone implant interface failure and improve the longev-
ity of the implants (Figure 7b).[181] In contrast, hierarchical and
density-graded metamaterials provide better energy absorption
and load-bearing functionalities geared toward biomateri-
als.[182–184] Besides the intrinsic characteristics, another concept
in developing biometamaterials is their interaction with external
fields. Metamaterials can interact with electromagnetic, acoustic,
or elastic waves to modulate the propagation of waves, enabling
another layer of sensing and actuation in biomedical applications.
For example, metamaterial-based microwave and terahertz sen-
sors have been used in biomedical analyses.[185,186] In ultrasound
imaging applications, graded metamaterials are demonstrated to
be useful for enhanced sensitivity[187,188] and aberration correc-
tion.[187,189] Because of the large potential of metamaterials and
the importance of biology andmedicine in the contemporary soci-
ety, we anticipate that more work will be done to bring the tech-
nology into real-life products.

Figure 7. a) Continuous pore size gradient in a poly(L-lactic acid) scaffold produced by leaching sugar particles (shown in a).[176] b) Schematic drawing of auxetic
and conventional metabiomaterials, hybrid metabiomaterials, and meta implants shown in A, B, and C, respectively.[181] c) SEM micrographs showing the near-
surface (graded) and interior (homogeneous)morphologies of glass�alumina structures produced by sintering.[194] d) Variation of dissipated plastic energy density
with respect to time determined for uniform and three-layered density-graded equestrian helmet liners subjected to low energy impact.[200] Improved performance
of graded liners in dissipating the energy of the impact is evident. Panel a reproduced with permission.[176] 2016, Elsevier. Panel b reproduced with permission.[181]

2018, Royal Society of Chemistry. Panel c reproduced with permission.[194] 2012, Elsevier. Panel d reproduced with permission.[200] 2009, Elsevier.
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In biomimicry, hierarchical formation is a critical feature that
hinges on the continuous and spatial variation of structure/
composition. Biomimetics adopts the basic concepts of material/
structure gradation to promote and optimize several functionali-
ties. For instance, the concept of porosity gradation is imple-
mented for skeletal replacements to minimize stress
shielding.[190,191] Similar ideas have been implemented for den-
tal implants to facilitate osseointegration.[191] The functionality of
dental implants changes at the jawbone boundary, inside and
outside the jawbone.[192] Due to the development of normal
stresses around conventional single-metal implants, the possibil-
ity of losing bone density around the implant area, also known as
stress shielding, can be increased. Graded implants are proven to
be advantageous over conventional single-material implants in
reducing stress shielding (Figure 7c)[193–195] and preventing ther-
momechanical failure with improved biocompatibility.[196] In
addition, porous functionally graded implants have the potential
to match Young’s modulus of the bone, leading to the reduction
of the residual bone removal process.[197] The density/function-
ally gradation concepts also shed light on the aortic valve (AV)
design. Under physiological conditions, graded AV leaflet is
shown to experience large transmural stress variations.[198]

Osteoblasts’ accumulation, bone formation, and vascular
formation can be improved by controlling the spatial porosity
(i.e., density modulation) in the structure.[199]

In addition to the applications described earlier, the use of
density-graded foams in biomechanics has also been docu-
mented. Design and development of highly energy-absorbing
foam structures for helmets and footwear are among these appli-
cations. Graded foam liners with three density layers were shown
to have the capability to reduce peak acceleration by expanding
the contact area, better distributing the impact stress and conse-
quently increasing the dissipation of plastic energy density in
equestrian helmets (see Figure 7d).[200,201] Shock absorption per-
formance of shoe midsoles has been shown to improve substan-
tially through density gradation.[202]

4. Current and Future Efforts in Property
Optimization of Graded Structures

While density-graded cellular structures have found applications
in numerous areas, more remains to be done to further mature
this field. Despite their usefulness in many aspects, structures
and architectures of density-graded parts have to be judiciously
designed and engineered so that they display desired properties,
which is often a cumbersome task. The future of density-graded
cellular structures calls for the design of these structures readily
available for desired applications. As such, the rational design
and optimization of these structures have become an important
topic. Fueled by the recent developments in advanced optimiza-
tion techniques, including machine learning, recent years have
witnessed a growing interest in implementing these techniques
to further push the boundaries of density-graded structures.
These optimization tools (e.g., topology optimization,[203–205]

genetic algorithms,[206] and machine learning[207,208]) have been
used at the microscopic- (i.e., the architecture of the cells) and the
macroscopic-level[209–211] (i.e., the mesoscale geometry and gra-
dation of the cellular structures) designs in the search for lattice

and cellular geometries that lead to optimal mechanical proper-
ties at reduced structural weights. For example, using a gradient-
based algorithm, Wang et al.[212] determined the optimal truss
lattice structure for arbitrary loadings in the low-volume limit.
Berger et al.[213] demonstrated extreme elastic properties through
a data-driven design approach. Different from conventional
design approaches, these optimization methodologies only
require limited (or even zero) prior knowledge in the search
for the optimal structures and exhibit great flexibility.

In addition to the data-driven optimization studies, there have
also been recent efforts to develop optimized “application-
specific” graded structures. For instance, Das et al.[214] developed
a multiphysics topology optimization technique to optimize a
graded porous structure with an enhanced heat dissipation
response by controlling the pore size and resolution. Cheng
et al.[210] proposed a stress constraint-based topology optimization
model to minimize the total structure weight. Their model uses
the asymptotic homogenization method to calculate the lattice
structure’s effective elastic properties in terms of design variables,
whereas a multiscale failure model has been used to calculate
yield strength. The proposed lattice structure was used for weight
minimization purposes. A novel topology optimization technique
was proposed to minimize the lattice structure’s weight with a
uniform variation of density by Li et al.,[215] in which the
variable-density gyroid structure was generated and optimized
for superior load-bearing performance. Daynes et al.[216] devel-
oped an optimization technique based on a novel biomimetic
methodology to minimize the mechanical compliance of graded
lattice core structures. In a recent effort by Panesar et al.,[217] var-
ious topology optimization strategies were compared. It was con-
cluded that although density gradation may not be the most
efficient topology optimization strategy in terms of processing
efforts, it can lead to high structural resilient designs. The signif-
icance of density-based topology optimization strategies that are
especially applicable to additive manufacturing processes was
studied in detail in a recent review by Plocher and Panesar.[95]

Another optimization technique is the facile analytical optimiza-
tion methodology, which has been proven effective in designing
and developing density-graded foams and lattice structures for
enhanced load-bearing and impact energy dissipation at reduced
mass.[40] The analytical gradient optimization methods have
recently been utilized to develop density-graded flexible foams
for footwear application[218] and in density-graded honeycomb struc-
tures for structural applications.[115] Figure 8 shows examples of
some recent efforts in the design and development of density-
graded foams and lattice structures with optimal gradients.

As advanced manufacturing techniques have become an
important means for the fabrication of graded structures,
research effort has also been devoted in optimization with
the consideration of manufacturing compatibility[219–221] and
novel material systems. Recent papers by Plocher and
Panesar[222,223] are examples of some of the most recent efforts,
in which novel manufacturing methods are combined with high-
performance materials to pursue of the design and property
optimization of graded lattice structures. The advancement in
computer clusters and numerical algorithms, in contrast, makes
the optimization process more efficient and less expensive.
Nevertheless, research efforts are still needed for the optimiza-
tion of density-graded structures in a variety of applications.
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Ultimately, these novel optimization techniques may provide a
one-stop solution for the engineering and application of
density-graded structures, including the multilevel design of
the structures within manufacturing capabilities.

5. Conclusion

Density-graded cellular solids are architected materials designed
to conform to various application needs. The objective of this

review was to provide a comprehensive insight into the funda-
mental concepts, novel fabrication methods, and some of the
most promising applications of density-graded cellular solids.
Recent advancements achieved in the design and development
of density-graded foams and lattice structures were highlighted.
Density-graded cellular solids have emerged as substitutes for
regular cellular solids due to their tailorable physical and
mechanical properties. Perhaps the most widely used character-
istic of density-graded foams and lattice structures is their
unique strength�energy absorption properties that outperform

Figure 8. a) Optimization of density-graded polyurethane foams with various gradient functions controllable by the gradation exponent, m, in
ρðyÞ ¼ ρmin þ ½ρmax � ρmin�ðy=HÞm. The generated efficiency (absorbed strain energy normalized by stress) maps shown on the right can be used to
identify the optimal gradients.[40] b) A comparison of ungraded, continuously graded, and step-wise graded hexagonal honeycombs used for the opti-
mization of load bearing and energy absorption response in flexible honeycombs.[115] c) A comparison between the flexural behaviors of uniform
(ungraded) and density-graded beams with optimal spatially variable gradients.[210] d) Ungraded, diameter-graded, and spatially graded (with optimal
structure) beams with their corresponding load�deflection curves shown on the right. Both graded structures outperform the ungraded beam in terms of
flexural stiffness and strength.[216] Panel a reproduced with permission.[40] 2016, Elsevier. Panel b reproduced from CC-BY open access.[115] 2020, Elsevier.
Panel c reproduced with permission.[210] 2019, Elsevier. Panel d reproduced with permission.[216] 2017, Elsevier.
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those of single-density and conventional cellular structures. It is
also evident that recent advancements in additive manufacturing
technologies have transformed the applications of density-graded
structures, leading to the ever-increasing growth of these struc-
tures in several engineering areas. This review focused on some
of the most promising areas, wherein density-graded structures
have gained considerable attention, including structures, acous-
tics, and biomedical engineering. The survey of the available lit-
erature on the topic also revealed that great strides have recently
been made to further improve the properties of graded structures
in various ways, for example, by changing the geometry and
topology of such structures. The recent efforts in optimizing
process�structure�property interrelationships in density-
graded structures seem to be the direction that the current
research efforts are directed toward. In conclusion, while it is
clear that significant research work needs to be done to uncover
the full potentials of density-graded structures, it is also evident
that the tailorability of the properties and functionalities of
graded cellular structures is the primary factor that has led to
and will continue to increase the rapid growth of these structures
in several areas of applied science and engineering.
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