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This article summarizes the latest advances in manufacturing of negative Poisson’s ratio materials, so-called
auxetic materials, their structural mechanics and energy absorption capabilities. Diverse examples of
application of these materials have been provided. Due to their excellent energy absorption capability and
functional performance, these materials have generated significant interest in several applications including
medical implants, automobile and sport items. It is possible to tailor their macroscopic properties by tuning
the architectural features at the meso-scale, thanks to developments in 3D printing technologies. The
current research is dominated by auxetic materials with periodic or ordered microstructures. The main
focus of this review paper is to discuss the progress in energy absorption performance of re-entrant
structures manufactured by fused deposition modeling 3D printing process. After highlighting the
knowledge gaps in existing literature, this review provides an outlook on the possible future research. It is
expected to gain new insights into the design and modeling of re-entrant structures for different industrial

applications.

Keywords 3D printing, auxetics, cellular structures, energy
absorption, negative Poisson’s ratio, re-entrant lattice
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1. Introduction

Auxetic structures exhibit exceptional properties such as
high specific stiffness, strength and energy absorption capabil-
ity in comparison with conventional materials due to their
unique architectural design (Ref 1, 2). Inspiration for design of
such structures often comes from naturally occurring materials
such as cork and sponge; their design can be parametrically
tailored to suit various engineering applications (Ref 3, 4). In
recent years, due to advancements in 3D printing processes,
extensive studies have been carried out on auxetic structures for
different applications as depicted pictorially in Fig. 1. Auxetic
materials or structures behave differently than conventional
materials, i.e., they shrink during compression and expand
during tension (Fig. 2). Evans (Ref 5) used the term “auxetics”
first time for structures or materials showing a negative
Poisson’s ratio (NPR). As per (Ref 6), Almgren first introduced
a new type of auxetic structure called “two-dimensional re-
entrant honeycomb structure” in 1985 by introducing a strut in
the honeycomb structure. This structure exhibits a negative

Niranjan Kumar Choudhry, Biranchi Panda, and
Uday Shanker Dixit, Department of Mechanical Engineering,
Indian Institute of Technology Guwahati, Guwahati, India. Contact
e-mail: pandabiranchi@iitg.ac.in.

Journal of Materials Engineering and Performance

Poisson’s ratio under compression. Its performance can be
varied by choosing a suitable material and structural design.

Figure 3 shows the publication trend of re-entrant auxetic
structures collected from the year 2000 to 2023. This trend is
based on Scopus search engine accessed on March 19, 2023, by
using the keywords “re-entrant structure, arrowed structure,
star structure, hybrid re-entrant structure and graded re-entrant
structure” and including the articles under “Engineering” and
“Multidisciplinary.” If other categories are included, the
number of published articles increases approximately twofold.
Web of Science search engine also provides similar trend. It can
be seen that initially (up to 2015) only a few articles were
published, but thereafter there is an exponential growth in the
number of publications. This indicates the increased interest of
researchers in auxetic re-entrant structures and their applica-
tions. A good number of review papers have been published on
auxetic mechanical metamaterials, but there is hardly a
comprehensive review article on 3D printed re-entrant auxetic
structures for energy absorption application. This review article
fills up this gap in the literature.

This paper reviews the latest development of two-dimen-
sional (2D) auxetic re-entrant structures for energy absorption
(under quasi-static loading) for various industrial applications.
Different variants of re-entrant structures such as regular re-
entrant honeycomb, hybrid re-entrant, graded re-entrant and
sandwich structures using these re-entrant structures as the core
materials are reviewed. The deformation mechanisms of these
re-entrant structures, which lead to higher energy absorption
properties, are also studied in this paper. The aim of the review
is to understand the ongoing development in re-entrant
structures for achieving higher energy absorption and their
key applications, while highlighting the challenges of manu-
facturing by the extrusion-based 3D printing process. The
review combines engineering design and mechanistic under-
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Fig. 2 Effect of loading on auxetic and non-auxetic structures

standing for fabrication of auxetic materials. It also highlights
what remains to be improved and where research is urgently
needed for future development.

2. Research on Energy Absorption of Re-entrant
Structures

In this section, particular attention is paid to in-plane energy
absorption behavior of fused deposition modeling printed re-
entrant structures. Basically, re-entrant structures are closed
polygons that have at least one negative angle (internal angle
more than 180°). A progressive study on lattice design has been
made to understand how the evolution in design takes place
over a period of time (Fig. 4a). The purpose of evolution in
design is to improve the re-entrant lattice structure’s energy
absorption performance. A detailed study has been made in the
following subsection. The scope of the review article is limited
to q;lasi—statif loading conditions (strain rates in the range of
1077 ~15s).
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The energy absorption capacity (in MJ/m®) of any lattice
structure is determined by the area under the stress—strain curve
starting from the beginning and covering up to the onset of
densification. There are three different ways to identify the
onset of densification (¢p) (Ref 7) as presented in Fig. 4(b). The
first method is used when there is a sharp rise in stress in stress—
strain response, while the second and third methods are used
when there is no such sharp rise in stress in stress—strain
response.

In the first method, the onset of densification is identified by
locating a sharp rise in stress value, while in the second
method, a line parallel to the strain axis is drawn from the peak
stress (gp) which intersects the stress—strain curve and the
corresponding intersecting strain is identified as the onset of
densification. In the third method (efficiency method), energy
absorption efficiency 5 is plotted against the strain, and the
corresponding strain having the highest efficiency is identified
as the onset of densification. The efficiency as a function of
strain is calculated as

E
n=-2 (Eq 1)

Omax

where 0,,x 1s the maximum stress up to strain ¢ and energy
absorbed is given by

&

E, = /ade.

0

(Eq 2)

The energy absorption characteristics of auxetic structure
mainly depend on its plateau region, which is the area under the
stress—strain curve starting from the yield point to the onset of
densification; the larger the plateau area the more will be energy
absorption capacity (Ref 8). The energy absorption perfor-
mance is correlated with their specific energy absorption
(SEA); the greater the specific energy absorption, the better the
lattice structure. Specific energy absorption is calculated by
dividing £, with density of the lattice structure.
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Fig. 4 Schematic presentation of (a) evolution in lattice design of re-entrant structure for improvement in energy absorption performance and
(b) different methods used to identify the onset of densification (¢p) strain and their corresponding energy absorption performance

2.1 Regular Re-entrant Structure

Many researchers have explored the 3D printed re-entrant
structures and revealed their mechanical properties due to their
negative Poisson’s ratio property (Ref 1, 9-12). Figure 5(a)
shows a typical re-entrant structure comprising straight and
inclined struts. As a re-entrant structure shows anisotropic
behavior, the in-plane crushing performance of the re-entrant
structure can be studied in two different loading condi-
tions—(1) loading perpendicular to the straight strut and (2)
loading parallel to the straight strut (Fig. 5a). For all the cases
deformation mechanism is the same for the FDM printed re-
entrant lattices, but the deformation patterns formed are
different, causing the variation in the crushing response
(mechanical properties) of the re-entrant structure.

2.1.1 Deformation Mechanisms. The failure of re-en-
trant structure follows bending-dominated mechanism. Defor-
mation mechanism unfolds behavior of different ligaments
when subjected to the compressive loading. The structures
exhibit the elastic—plastic collapse behavior in three distinct
stages—elastic regime, plateau regime and densification regime
(Ref 3, 13) at the macro-scale as shown in Fig. 5(b), (c) and (d).
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The elastic regime is the first stage where the structures undergo
linear-elastic deformation. During the linear elastic compres-
sion phase, inclined members experience axial, bending and
shear loading (Ref 3, 14). Further, as compression continues,
the stress in the inclined member reaches to its critical stress,
and the cell collapses near the joint due to the formation of a
plastic hinge (Ref 15, 16). Elastic regime is mostly governed by
the bending performance of the inclined members.

In the second stage, viz. plateau regime (post-yielding), the
structure starts deforming plastically resulting in a long plateau
region. In this stage, the strut behaves like a perfectly rigid
plastic material, and the cell collapses either due to plastic
hinge formation or due to the buckling, in case the load in the
member exceeds Euler buckling load. Once all the cells present
in a row of the structure collapse, the deformation waves move
to the other row. This continues till whole structure collapses.
During the plateau regime, stress peaks and valleys are formed.
Peaks are formed when cells of the deforming row resist the
loading before the start of collapse, while valleys are formed
when cells of the deforming rows completely collapse. Finally,
in the densification regime, when all the rows of the structure
collapse, there is a sharp increase in the stress, which is mainly
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due to the compaction of the cells (as within the compaction
phase the performance is determined by the matrix material and
not by the structure (Ref 17) and the stiffness of the matrix
material is higher than the structure). In the compaction phase,
the stress—strain behavior of the structure depends on the
material of the structure (Ref 18).

2.1.2 Effect of Loading Direction on the Crushing Per-
formance and Deformation Pattern. There is an effect of
loading direction on the crushing performance of lattice
structures, especially on the deformation patterns and their
mechanical responses. The deformation patterns of the re-
entrant structure when loaded perpendicular to the straight strut
are shown in Fig. 5(b). In this loading direction, the re-entrant
structure shows wider elastic regime with lower yield stress,
which is desirable for the packaging industry. Once the
structure starts deforming plastically (beginning of plateau
regime), the cell wall of the structure shrinks locally and
expands at boundaries, forming a double horizontal V-like
pattern. This type of pattern resists the formation of peaks and
valleys and provides an almost stable or flat plateau region.
Further compression causes a change in the deformation
pattern. The double horizontal V-type deformation pattern is
shifted to a Z-like pattern, and gradually, the structure reaches
densification (Fig. 5b) (Ref 19). This type of deformation
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pattern gives more stable and longer plateau region with lower
plateau stress.

On the other hand, the deformation patterns and mechanical
response of the re-entrant structure loaded parallel to the
straight strut are quite different. The stress—strain curve of a re-
entrant honeycomb structure (RH) under this loading condition
is shown in Fig. 5(c). Like perpendicular loading conditions, it
also exhibits three distinct deformation stages as reported by
many researchers (Ref 15, 20, 21). However, the formation of
patterns in the deformation mechanism is different (Ref 22, 23).
In the linear elastic stage, cells of the RH structure deformed
uniformly throughout the lattice and reached the maximum
value. The cell walls which were parallel to the loading
direction exhibited their behavior like an end-loaded column
and buckled when the load exceeded Euler buckling load, while
the other inclined cell walls bent as shown in Fig. 5(c). At the
node where three walls meet, deformation was controlled by the
rotational stiffness of the node. The inclined walls affected
rotational stiffness greatly as they determine the degree of
constraint to rotation (Ref 3) and led to buckling and bending of
the cell walls. Due to this, moments were generated and
responsible for sideways collapse of the cell. The stiffness and
yield stress are always greater than those of the perpendicular
loading condition.

Journal of Materials Engineering and Performance



Once the stress increases to its maximum value, its value
drops as the first layer of cell walls collapses. After that, the
stress again increases due to the densification of collapsed cells.
This cyclic behavior of stress (increasing and decreasing)
continues till all the rows collapse, forming peaks and valleys,
leading to an unstable plateau region (Fig. 5¢). Collapsing of
the cell starts from one end of the lattice and propagates toward
the other end till it completely collapses. Finally, when all the
rows of the structures collapse, densification starts. This type of
deformation pattern gives a less stable shorter plateau region
with higher yield stress.

2.1.3 Effect of Wall Thickness on the Crushing Perfor-
mance of a Re-entrant Structure. Figure 5(d) shows the
effect of strut wall thickness on the stress—strain response of a
re-entrant auxetic structure. The increase in relative density is
mainly due to increase in the wall thickness of struts; the
geometry of the structure remains unchanged. It was found that
a thick-walled re-entrant honeycomb structure deformed dif-
ferently than a thin-walled re-entrant honeycomb structure (Ref
19). As the thickness of the lattice wall increases, there is a
sharp increase in the stiffness and yield stress, while the elastic
regime reduces.

There is an impact of lattice wall thickness on the plateau
regime also. Due to increase in the wall thickness, there is a
change in the deformation patterns. For perpendicular loading
conditions, it forms a vertical V-like deformation pattern during
the early stage of compression as the cell at the top-mid part
moves toward the interior-mid portion. As compression con-
tinues, cell rupture starts along with cell wall movement, which
is responsible for the change of the deformation pattern from
vertical V mode to Y mode and finally to X mode. In the case
of parallel loading conditions, due to increase in the thickness
of cell wall, the distance between the walls reduces leading to
early failure (due to early percolation of contacts between cell
walls) (Ref 3). This reduces the onset of densification that
ultimately reduces the total energy absorption. The thicker wall
of the cell results in early densification with higher plateau
stress and a reduction in energy absorption capacity. Hence,
thicker walls are undesirable.

.......

2.2 Evolution in Re-entrant Lattice Structure Design

In recent years, numerous studies have explored re-entrant
structures, aiming to improve mechanical properties without
much increase in mass. In this section, a detailed study has been
presented on the development of lattice design and its impact
on mechanical performance. All proposed methods are broadly
classified into four groups—Iligament addition and geometric
tailoring, hybridization, graded lattice design and composite
lattice (Fig. 4a).

2.2.1 Ligament Addition and Geometric Tailoring. In
this method, mechanical performance such as energy absorp-
tion and stiffness of the regular re-entrant structure is improved
either by geometric tailoring or ligament addition or by
combining both. A re-entrant structure with its geometrical
parameter is shown in Fig. 6, where /, &, ¢ and 0 represent the
length of inclined ligaments, the height of straight ligaments,
the thickness of ligaments and the angle between the straight
and inclined ligaments, respectively.

In the geometric tailoring method, the structures are
developed either by varying the geometric parameters (as
shown in Fig. 6) or by introducing lower node connectivity by
splitting the ligaments. It has been observed that the key factors
for designing the new re-entrant structure by varying the
geometric parameters are O and A/[ ratio designated by o
Figure 7(a) and (b) shows the effect of re-entrant angle 6 and o
on the normalized Young’s modulus. Normalized Young’s
modulus is the ratio of stiffness of the lattice structure E to that
of base material E; (Ref 24). The normalization helps in
comparing two designs of different materials. For loading
parallel to the straight ligament, the influence of the re-entrant
angle (identified by the slope of the curve) on the normalized
Young’s modulus is higher for a smaller re-entrant angle and it
reduces as the re-entrant angle increases; it becomes less
effective at high re-entrant angle (Fig. 7a) (Ref 24, 25). For
loading perpendicular to the straight ligament, the re-entrant
angle has opposite trend for the normalized Young’s modulus.
For smaller re-entrant angles, it is less dominant and becomes

| Ligament addition and geometric tailoring ]

l Geometric tallormg I

ngament addltlon

2

[ Combmed method

CII T [

Fig. 6 Different design methodologies belong to ligament addition and geometric tailoring method: (a) geometric tailoring due to changes in
the geometrical parameters, (b) geometric tailoring by splitting the ligaments, (c) ligament addition perpendicular to the straight ligament, (d)
ligament addition parallel to the straight ligament and (e) combined method. In all cases, loading direction is parallel to the straight ligament
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more dominating as re-entrant angles increase as can be seen in
Fig. 7(b).

For both loading conditions, the effect of o on the
normalized Young’s modulus is higher at lower re-entrant
angles and its effect reduces as re-entrant angles increased.
Similar patterns are reported by the researchers who proposed
new re-lattice designs by changing the design parameters (Ref
26-28). For all the cases of small re-entrant angles, the
normalized Young’s modulus is the highest when the loading is
parallel to the straight ligament. Thus, the re-entrant angle has a
strong influence on the mechanical performance of the re-
entrant lattice.

Figure 7(c) shows a relation between the specific energy
absorption of re-entrant lattices to the corresponding re-entrant
angles for a given value of o and 7. At a lower value of 0, the
cell of lattices collapsed very early due to easy contact of the
opposite inclined members, leaving behind a porous deformed
layer, leading to lower energy absorption with an early onset of
densification strain (Ref 29). As the re-entrant angle increased,
its specific energy absorption increased and became the
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maximum near the re-entrant angle of 60°; thereafter, a drop
in the specific energy absorption capacity of the lattices was
observed.

Another way of developing higher energy absorption
capacity re-entrant lattices is by introducing lower node
connectivity joints (Fig. 7d). These lower node connectivity
joints further improve the bending-dominated deformation
mode leading to a higher energy absorption capacity of the
developed re-entrant lattice. Higher node connectivity joints
restrict the movement of inclined ligaments near the joints,
while lower node connectivity joints allow easy rotation near
the joint due to the lower rotational stiffness of the joint (Ref 3,
29). Local deformation takes place due to the presence of these
lower node connectivity joints, which improves the onset of
densification strain and hence the energy absorption capacity of
resultant re-entrant lattices. Performance of the lattices can be
further improved by making them lightweight by removing the
masses from inclined ligaments (Ref 30).

In the ligament addition method, straight, zigzag or curved
ribs are added parallel or perpendicular to the straight ligaments

Journal of Materials Engineering and Performance



(Ref 27, 31, 32) (Fig. 6¢c and d). The addition of ligaments
strongly influences the stiffness of re-entrant structures (Ref
33). It has been found that ligament addition changes the
deformation pattern (bending dominated deformation pattern to
stretching dominated deformation pattern)(Ref 34) and reduces
the auxeticity of the re-entrant structure (Ref 35). The added
ligament restricts the lateral movement of the cell and hence
reduction in their transverse strain which leads to reduction in
auxeticity of the structure. For the same relative density,
ligament addition improves the stiffness of the structure but
reduces energy absorption capacity due to the formation of the
soft post-yield response (Ref 36). Nevertheless, the energy
absorption capacity of the structure can be further improved by
adding lower wall thickness ligaments that can introduce local
buckling effect (Ref 31, 37, 38). In a recent work, ligaments are
added only at higher node connectivity joints to simultaneously
improve stiffness and energy absorption capability of re-entrant
structure. Due to the selective addition of ligaments, Choudhry
et al. (Ref 35) observed the enhancement in the stiffness and
SEA up to 3.55 and 1.65 times, respectively. Further improve-
ment in stiffness and SEA (~ 4.5 and ~ 3.5 times, respec-
tively) was achieved by increasing the thickness of the added
ligaments marginally.

2.2.2 Hybrid Re-entrant Structure. In the hybridization
method, new structures are developed by adding two or more
different lattice structures. These newly developed structures
are called hybrid structures. These hybrid structures are
designed in such a way that they can have the advantages of
both the parent lattices. The mechanical properties of hybrid
structures are found to be higher than that of their parent
structures.

Figure 8(a) shows a hybrid re-entrant structure which is
designed for higher NPR, and it can sustain larger compressive
strain (more opening). A hybrid structure is formed by putting a
re-entrant honeycomb within the center of a chiral unit cell (Ref
39). A chiral structure is a structure, which is distinct from its
mirror image (Ref 40). Although re-entrant structure is highly
auxetic (more NPR) and its auxeticity can be tailored, yet it is
not able to sustain larger deformation due to loss in stability and
auxeticity after the instability. On the other hand, chiral
structures are stable for larger deformations despite having
lower auxeticity (lower NPR). The new hybrid design is able to
maintain higher auxeticity as well as greater stability for a
larger deformation.

Ingrole et al. (Ref 14) designed new structures (Fig. 8b) by
combining the honeycomb structure with a re-entrant honey-
comb auxetic structure to introduce a local failure (buckling of
strut) of the structure during compression. The structure was
designed in such a way that it can evenly distribute the applied
load throughout the structure. Due to the high thickness (2.5
times that of an inclined strut) of the vertical strut, the structure
had enhanced mechanical properties than the parent structures.
The pattern of deformation was different than their parent
lattices, which concluded that the path of deformation can be
changed by changing the topology of the structure and hence
desired mechanical property can be achieved. The hybrid
structure had improved energy absorption than their parent
structures. The improvement in energy absorption was 70% and
30% when compared with honeycomb and re-entrant structures,
respectively.

Figure 8(c) shows a narrow-ribs auxetic re-entrant honey-
comb hybrid structure. In the narrow-ribs auxetic re-entrant
honeycomb hybrid structure, local buckling is induced for
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improving the energy absorption capacity of the hybrid lattice
by embedding the lower wall thickness rhombus structure (Ref
41). Due to the lower wall thickness of the rhombus structure,
the wall of the thombus lattice buckles more than the original
re-entrant wall during compression. This leads to local buckling
of struts during the deformation and thus increases the energy
absorption (EA) ability of the structure.

2.2.3 Graded Re-entrant Structure. Functionally
graded materials/structures (FGMs) characterized by a gradual
change in a prescribed volume have been frequently used for
energy absorption applications (Ref 20, 42, 43). These
structures are also known as gradient cell structures. Here,
either the cell wall thickness or unit cell size varies from one
layer to another layer. Figure 9(a) shows the cell wall angle-
graded structure where lattices are designed by varying the cell
wall angle to enhance energy absorption capability of the
structure (Ref 44). Due to grading in structure, the initial peak
stress value is reduced. The deformation wave moves from a
weak-to-strong direction which enhances the energy absorption
capacity of the graded structure with smaller initial peak stress.
The effect of grading is not significant in sequences of crushing
deformation, but it affects extensively the local deformation
(Ref 45).

2.2.4 Composite Re-entrant Lattice Structure. The
afore-mentioned design methods are capable of improving the
lattice performance to some extent (up to a few-fold) only.
Generally, lattices have poor stability and load-carrying capac-
ity due to the presence of cavities. Composite re-entrant lattices
can mitigate these problems. This section discusses the
mechanical performance of composite re-entrant structures.
Figure 9(b) depicts a representative composite lattice structure
where the auxetic cell wall is made of stiffer material and
internal cavities are filled with soft material (Ref 46). These
composite structures have much higher mechanical perfor-
mance than the structures made up of a single material (Ref 47).

Albertini et al. (Ref 48) developed a composite structure
where walls of auxetic lattice were 3D printed using VeroWhite
material (opaque white polyjet resin) and cavities were filled
with TangoBlack (soft material). The compression test results
revealed superior performance of the composite structure in
terms of stiffness and energy absorption efficiency. The
material filled in the cavity of the auxetic lattice frame is
known as matrix; it helps in improving the stiffness and
compressive strength due to the biaxial compression of the
matrix. Many similar examples were reported in the literature
where lattices were fabricated with stiffer material and cavities
were filled with soft material (Ref 49-52).

In some cases, auxetic composites are made by filling the
lattices with different densities of foamed concrete. The energy
absorption capability of foamed concrete influences the energy
absorption capability of the composite lattices (Ref 53). It has
been reported that the higher density foamed concrete resulted
higher energy absorption capability composite lattice. The
performance of concrete is also improved by using lattice
designs as a reinforcement. Here, the lattices are made from
polymer and considered as reinforcement, while concrete is
considered a matrix. Due to presence of reinforcement, the
load-bearing capacity of concrete composite is increased by
many folds (Ref 54). The performance of concrete composites
under bending is improved due to the mitigation of concen-
trated loads and crack deflection.

The conventional lattices are permanently damaged during
the compression, but they are not recoverable. New composites
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are developed to overcome the permanent damage of auxetic
lattices by using the slow recovery foam (Ref 51). The foam
acts as a superior buffer material; it has superior energy
absorption and high-volume compressibility. Lateral buckling
of the structure is minimized. The wall thickness and re-entrant
angle also affect the energy absorption of the composite.
Energy absorption increases with the wall thickness but reduces
with increasing re-entrant angle of the auxetic lattice. These
composite structures are used repeatedly without having
permanent deformation and hence have many potential engi-
neering applications such as automobile engineering, aero-
space, protective engineering and biomedicine.
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2.3 Sandwich Re-entrant Structures

The sandwich panel structures have been widely used in
many industrial applications because of their high mechanical
properties. Sandwich panels containing auxetic structure as a
core have been designed to prevent the effect of blast at the
battlefield. It was observed that auxetic re-entrant honeycomb
cored structures have better energy absorption capacity than
honeycomb cored structures (Ref 55, 56). The peak reaction
force shown by the auxetic cored sandwich panel is lower than
the non-auxetic honeycomb core. The deformation pattern of
the re-entrant cored sandwich beam has two sections: (I) local
compression deformation at the center of the beam and (II)
bending-stretching deformation on both sides of the center. The
core structure fails due to either local indentation or cell wall
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Fig. 9 FEA model of (a) graded structure (Ref 44). (b) Composite lattice structure and (c) boundary conditions of a sandwich structure having
auxetic re-entrant honeycomb structure as a core (Ref 59). Panel (a) reprinted from Composite Structures, Vol 247, Xin Wu, Yutai Su, Jing Shi,
In-plane impact resistance enhancement with a graded cell wall angle design for auxetic metamaterials, Article 112451, Copyright 2020. Panel
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fracture or due to shear (Ref 57, 58). Figure 9(c) shows the
numerical model developed for analysis of sandwich structure.

Beharic et al. (Ref 60) designed a sandwich structure in
which the core of the structure was made from lower stiffness
material, while the outer surface was made using rigid material.
The purpose of skin is to provide rigidity against bending,
while the core provides shear rigidity. By experimental
observation, it was clear that impact properties depend on
thickness of skin of the sandwich panel, relative density of the
core structure and overall thickness of the structure. Tan et al.
(Ref 61) designed a sandwich panel with three-layered core
structures (re-entrant, re-entrant hierarchical with regular
hexagonal honeycomb (RHH) and regular equivalent triangle
(RHT)) and found higher energy absorption performance
compared to the conventional re-entrants. Ma et al. (Ref 62)
developed new sandwich panel where they used a functional-
graded auxetic structure as a core material. The frontal facet not
only prevents auxetic core as it does not allow blast waves to
come in direct contact with the core but also distributes the
impulsive load throughout. This leads to high energy absorp-
tion and uniform deformation of composite panels.

Journal of Materials Engineering and Performance

2.4 4D Printing of Re-entrant Structures

4D printed structures make use of materials such as single-
shape memory polymers (SMP), liquid crystal elastomers,
composite hydrogel to maintain a temporary shape and return to
their original shape with influence from external environment
sources such as temperature, pressure, humidity and electro-
magnetic fields (Ref 63-65). Auxetic structures made by 4D
printing process have better tunable mechanical properties such
as stiffness, Poisson’s ratio, energy absorption and rigidity than
those in conventional structures (Ref 66, 67). These smart
structures were shaped reconfigurable and reusable with the
self-deployable properties. Their stiffness and energy absorp-
tion capacity can be adjusted by adjusting the temperature and
time (Ref 63, 68).

Shape memory cycle has three major stages—shape pro-
gramming, fixation and recovery (Ref 68). Shape programming
is performed by heating a re-entrant structure to some
temperature (say 70 °C for a typical digital SMP) such that
SMP material becomes like rubber. At the same elevated
temperature, compression is performed, and at the end, a folded
honeycomb is built. During fixation, the load is not removed,
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Shape programming
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Shape recovery
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but the temperature is lowered to 30 °C so that the material
reaches its glassy state. Finally, a deformed honeycomb is
retained, which can be further completely recovered to its initial
shape by heating it to 70 °C during shape recovery. By
adjusting the heating time and temperature during the pro-
gramming the shape fixation rate can be adjusted; thus, the
performance can be monitored. Similarly, the shape recovery
rate can also be adjusted by adjusting the heating time and
temperature to get the original shape through complete elastic
deformation (Ref 63). Figure 10(a) shows the shape program-
ming, fixation and self-expanding process of SMP re-entrant
honeycomb under compressive load.

The 4D printed lattices have a similar compressive response
as that of 3D printed lattices. They have also three distinct
stages at both higher and lower temperatures. In the first stage,
deformation is uniform, while in the second stage, structure
buckles and distortion starts from the edge of the re-entrant
hexagon. At the end, the stresses get elevated because of the
densification that occurs in the third stage. Figure 10(b) shows
the stress—strain response of 4D printed re-entrant lattices at
low and high temperatures. It was observed that the responses
of these structures are quite different and hence there is a
difference in mechanical properties. Table 1 presents the effect
of temperature on Young’s modulus (£;) of the 4D printed re-
entrant structure. At higher temperatures, the re-entrant struc-
ture showed lower stiffness (1/60 to that at a lower temperature)
and higher flexibility. It was also noticed that the properties are
adjustable and reversible. By changing the wall thickness,
mechanical properties (stiffness/elastic modulus) are signifi-
cantly changed and the plateau region in stress—strain curve can
be further increased by having the repeated compression cycle
at a given temperature.

Further, dual-material meta-structures (DMMS) made up of
soft (hyper-elastic polymer) and hard (elastoplastic material)
materials have better energy absorption (Ref 69, 70). These
structures exhibit good capacity to generate nonlinear stiffness
for better energy absorption (Ref 71). The dual-material
characteristic of these DMMS has the feature of easy dissipa-
tion of the energy due to mechanical hysteresis; there is non-
coincidence of compressive loading and unloading curves. It
has been demonstrated that the plastic deformation and
dissipation of energy was completely reversed as these DMMS
were heated.
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Fig. 10 SMP and their mechanical performance; (a) shape programming and self-expanding process of SMP re-entrant honeycomb under
compressive load and (b) stress—strain response of 4D printed re-entrant lattices at low and high temperatures

Table 1 Switching mechanical properties by thermal
excitation

Temperature, Young’s modulus, Change in Young’s
°C MPa modulus, EE’O
30
30 34 1.000
40 0.8 0.235
50 0.24 0.070
60 0.096 0.028
70 0.06 0.017

An investigation was made on the auxetic re-entrant
structures by applying different programming and recovery
cycles at different deformation levels to get varying stiffness
and Poisson’s ratio (Ref 66). There was a nonlinear relationship
between the modulus of shape memory polymer (SMP) and the
level of programming. Due to repetitive cycles of programming
and recovery, residual strains got induced in printed structures
that led to a reduction in the mechanical properties. Two factors
influenced the magnitude of the residual strains, the level of
deformation applied during the programming and the number
of cycles of programming and recovery.

Large shape transformations were achieved by designing
active auxetic metamaterials (AMM) (re-entrant and anti-chiral)
(Ref 64). SMP materials were used to 4D print the active
auxetic metamaterial. There was around 200% area transfor-
mation in AMM due to external stimuli of temperature. The
temperature at the recovery step plays a vital role in deciding
the rate of shape transformation; greater the temperature, the
lesser the time required (10 s at 80 °C).

3. Research on Analytical and Numerical Model-
ing of Re-entrant Structures

With the rapid development of powerful computational
techniques, numerical modeling strategies such as finite
element method have played an increasingly important role to
further understand the performance of deforming lattices. It
helps in relating the deformation modes to their mechanical
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properties. There are several methods to decode the lattice
behavior during compression, which are highlighted in the
sequel. Generally, the homogenization technique is used to
study mechanical behavior theoretically. In this method,
mathematical equations for the coarse-scale phase are derived
by considering the geometry of structure and equations derived
for fine-scale phases (Ref 72). This technique reduces the
design cost and computational time. As the microscopic
structural-scale models are converted into an averaged form,
the problem can be solved following continuum approach at
macroscopic level (Ref 73).

3.1 Analytical Modeling

Many mechanics-based models were developed to study the
auxetic behavior of re-entrant auxetic structures based on
Timoshenko and large deflection beam theories (Ref 74). These
models were used for structures having small relative density,
i.e., for structures having small ratio of the volume occupied by
the solid cell walls to the nominal volume of a cell (Ref 75).
The finite element method-based homogenization methods may
pose computation difficulties in terms of convergence and
computational time (Ref 76, 77). Wang et al. (Ref 24) proposed
a strain-based expansion homogenization method for elastic
analysis of re-entrant auxetic cellular structure. In-plane elastic
modulus and Poisson’s ratios were calculated analytically.

Lira et al. (Ref 78) analyzed out-of-plane shear properties of
the re-entrant honeycomb structure. A large deflection model
was used to derive the expressions for Poisson’s ratios for the
2D re-entrant structure. Wan et al. (Ref 79) and Levy et al. (Ref
80) also considered large deflection and expressed Poisson’s
ratios for the structure in two principal directions. However,
many parameters related to the design of structure that affect
the Poisson’s ratios were ignored. This problem is solved by
combining a large deflection beam model with a Timoshenko
beam model. Based on homogenization theory and solving
partial differential equation, Gonella et al. (Ref 81) estimated
the equivalent elastic moduli and Poisson’s ratios of structure.
The large deformation study of re-entrant structures has also
been carried out (Ref 74). For considering the nonlinear
behavior in large deformation, a nonlinear modifying factor
was used. The model estimated in-plane shear modulus quite
accurately. Chan et al. (Ref 82) studied the deformation of
conventional and auxetic foams. They also estimated the effect
of thinning on the Young’s modulus using a classical model of
literature. A three-dimensional re-entrant model was developed
by Lu et al. (Ref 83) for predicting the Young’s modulus and
Poisson’s ratio of auxetic re-entrant structure.

Analytical models consider some assumptions and devel-
oped for individual structures. A generalized model that will fit
for all types of structures is not yet reported. It is also difficult
to derive analytical expression for complex structures. This
prompted researchers to develop numerical models.

3.2 Numerical Modeling

FEM was used using ANSYS, LS-DYNA, ABAQUS, etc.,
and has gained in popularity as one of the most powerful tools
to study the deformation behavior of re-entrant honeycomb
structure. In order to replicate actual experimental conditions
where large deformation was taking place, an “Explicit
dynamic” analysis was generally opted with considering all
nonlinearity problems (as material nonlinearity, geometric
nonlinearity and boundary nonlinearity).
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At the early stage, researchers used elastic, elastic—plastic
and elastic-perfectly plastic material models to study the
crushing response of polymer or metal lattices (Ref 14, 30).
These material models only consider the elastic and plastic
performance of the base material under tension and are
applicable to those materials which have the same yield
behavior under tension and compression loading. Polymers that
exhibit significantly different yield behavior in tension and
compression are modeled by using a pressure-dependent
plasticity model such as the linear Drucker-Prager plasticity
model (DP) and the volumetric hardening model (VHM) (Ref
29, 84). These material models predict more accurate results
and are capable of capturing accurate deformation patterns
during the compression of the lattices (Ref 29).

To include and get insight into the crack generation and
propagation near the joints and their effect on the failure and
delamination of the ligament along with the above-stated
models damage models are added (Ref 29, 85) such as
Johnson-Cook damage criterion was combined with damage
evolution law or linear Drucker-Prager plasticity model (DP)
was combined with ductile damage model (Ref 84, 86). As per
this model, the failure of the cell follows the following steps. At
first, a void nucleates within the cell; thereafter it grows and
finally collapses. In the model, it was assumed that the
equivalent plastic strain was affected by the following factors:
stress triaxiality, pressure stress, von Mises equivalent stress
and equivalent plastic strain rate (Ref 87, 88). Many parameters
that affect ductile damage are strain rate, plastic strain and
temperature. Kramberger et al. (Ref 89) used continuum
damage mechanics (CDM) model to study the deformation
behavior of auxetic cellular structure.

When a structure is made from a unit cell by arranging it
periodically, then the study of mechanical behavior becomes
very simple. Instead of taking the whole structure for study we
can only consider a unit cell, and periodic boundary conditions
are applied. This reduces the simulation cost (Ref 90, 91). This
approach is called the infinite medium model approach. On the
other hand, in finite medium models, the free surface effects are
used to study the mechanical properties where loads are applied
in a well-defined way. Loads are applied on the top surface of
the structure, and the bottom surface of the structure is fixed. In
this case, the top and bottom surfaces are considered rigid
plates. Different material models (Ref 18, 92-98) used for
numerical modeling of re-entrant structures in recent years are
shown in Table 2.

To study the behavior of re-entrant structure different
models were proposed by researchers such as ‘Beam Element
Model’ and ‘Continuum Element Model.” Beam Element
Models consider the element of structure as a 3D element. It
considers the effect of bending and transverse shear by using
quadratic interpolation functions. The vertex of a cell is
assumed to be spherical with high stiffness, and its radius is
considered as same as that of the strut radius. Due to the
spherical shape, there is an overlap or a gap at the joint of the
vertex for the cylindrical strut. Often the stiffness of the
structure is over-predicted. However, at the same time, this
model is computationally cheap (Ref 99). Continuum Element
Models have tetrahedron elements with quadratic interpolation
functions and consider all features of the structures which
provide a detailed study of the structure. Due to the rapid
prototyping process fillets are generated between the struts,
these fillets are modeled using the continuum element
approach. The length of the element edge is generally lesser
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Table 2 Numerical models used for the analysis of re-entrant structures

Sr. no. Structure Material model References
1 Cell wall angle-graded auxetic metamaterials Linear Elastic model (Ref 44)
2 Re-entrant Circular Honeycomb Linear-Plasticity material model (Ref 10)
3 AuxHex lattice structure Johnson-Cook plasticity material Model (Ref 100)
4 Auxetic lattice cylindrical structures Ductile Damage model (Ref 92)
5 Re-entrant Chiral Auxetic structure Strain hardening material model (Ref 18)
6 Re-entrant anti trichiral honeycomb Elastic perfectly plastic (Ref 93)
7 Re-entrant representative unit cell as well as a star subordinate cell Elastic material model (Ref 94)
8 Double-arrowed auxetic structure Perfectly elastic plastic (Ref 95)
9 Hierarchical(slotted) and non-hierarchical structure Linear plasticity material model (Ref 96)
10 Re-entrant Star-shaped Honeycomb(RSH) Elastic perfectly plastic (Ref 97)
11 Auxetic Re-entrant cells Elastic-plastic material model (Ref 98)
12 Re-entrant chiral auxetic Elastic-plastic material model (Ref 23)
13 Augmented Re-entrant Honeycomb Elastic perfectly plastic (Ref 34)

than 1/6 of the diameter of the strut and mesh refinement occurs
at the vertices. The computational cost of the process is very
high when compared with Beam Element Models, but at the
same time, it provides highly accurate stress and strain fields
which helps in studying the mechanical behavior of a structure.

Mechanical properties of re-entrant structures were studied
through theoretical and numerical models. These models were
developed for in-depth analysis of structural behavior during
quasi-static compression. Recently more focus was given to
developing numerical models as it gives a clear insight into the
deforming structure. Results generated from the numerical
model were compared with experiments. The accuracy of
results predicted from the model depends on the accuracy of the
model.

4. Fused Deposition Modeling 3D Printing

Lattice designs are very complex for manufacturing and
cannot be precisely manufactured using conventional manu-
facturing processes. The 3D printing methods are best suited for
the fabrication of such complex geometry with a size of micro-
to macroscale. The process involves in the deposition of
material in a layer-by-layer manner directly from CAD model
(Ref 101, 102). With the advancement of technology, 3D
printing processes (Ref 103, 104) including (Table 3) poly jet
(Ref 105, 106), stereolithography (SLA) (Ref 107-109), fused
deposition modeling (FDM) (Ref 110-118), SLS (Ref 119),
SLM (Ref 120-122) and direct wire 3D printing are becoming
sustainable in terms of material utilization and productivity.
From Table 3 it is clear that the FDM method is widely used by
many researchers among all other 3D printing processes to
fabricate different re-entrant structures.

The FDM method is commonly used to fabricate intricate
structures with a thermoplastic material like polylactic acid
(PLA) and acrylonitrile butadiene styrene (ABS). A heated
semi-liquid filament is extruded out from the nozzle onto the
bed of the printer or on the top of the previously printed layer
(Ref 123). The minimum size limit of this process depends on
the nozzle diameter used for the printer and can be up to a few
hundred micrometers (Ref 124). The quality of the printed
structure largely depends on the printing parameters for
example nozzle diameter, layer thickness, extrusion tempera-
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ture, printing speed, infill density and infill patterns (Ref 125,
126).

Due to layer-wise printing, a printed part can have many
layers. These layers are responsible for deviation in diameter at
different locations of a printed vertical and inclined ligament,
and a staircase effect was seen while printing of inclined
ligament as shown in Fig. 11(a), which leads to a lower
mechanical property when compared to its FEA model (Ref
127). To minimize this difference in numerical and experimen-
tal results Ravari et al. (Ref 128) generated a solid non-uniform
diameter strut similar to FDM printed part by dividing the
length of the strut into N equal parts. Further defects like voids
and gaps (improper filling at narrow sections) are common in
FDM printing and can be minimized by selecting optimum
printing parameters.

FDM was also used to print a re-entrant structure with multi-
materials by adding multiple nozzles in it (Ref 130). Johnston
et al. (Ref 129) used PLA, PLA-Nylon and PLA-Thermoplastic
Polyurethane (TPU) to print different re-entrant structures. It
was found that multi-material printed structures failed due to
weak layer adhesion (Fig. 11b) rather than material failure (Ref
131). The continuous start and stop of the material extrusion via
nozzle caused fine strings (Fig. 11¢) within the structure. This
interlayer adhesion can be improved by controlling the overlap
percentage which will increase the bonding surface area (Ref
131). Despite widespread usage of the FDM printing process,
some challenges such as part inaccuracy, higher printing time,
less variety of printing material and low productivity need
further attention (Ref 129).

5. Industrial Applications of 3D Printed Auxetic
Structures

There are many examples of industrial applications of
auxetic structures due to their excellent properties such as
energy absorption, lightweight, negative Poisson’s ratio, rela-
tive density, high stiffness, high strength, load bearing, elastic
modulus, shape programming, self-deployable, high impact
strength, energy dissipation, sound absorption, piezoresistive
sensitivity, vibration isolation and energy storage. In this
section, only re-entrant structures fabricated by FDM process
are discussed for applications in automobile, aerospace, bio-

Journal of Materials Engineering and Performance



(zz1 3139 1opmod g1/ [ouodu] [eoeydS qUIOOASUOY JUBHUS-AI ONAXNE (T
(121 399 Topmod A $-[V9-11, S[eLIoJBWOIq-EJoW dNaXNY
071 30 SINOTISTV Jopmod wmnurwmn|y QIMJONI)S JUBNUD-OI PIPeID) WIS
(8T1-S1T Jo0) Sdav juenus-al e
W11 19 juowe[y sueyiamAjod onsejdounroy JNOXNE JURHUI-IY
(€11 ‘211 329 JowAjod (V1d) proe onoejAjod AIMONIS YOIMPUES JUBTHUI-0Y
(801 30¥) (4d1) Iowoise[o onsejdowniay) YA, 1199 JUBUI-3I [RILIPUI[AD)
(111 399 UO[AN PoMoOlLIe pUB JuBnUL-dI (I
1139  (J4d) swowe[y Ioqy Xey ym padiojurdl (1) proe anoejAjod jo adey, qQUO2A2UOY JUBNUR-I (JT Waid
(601 3o¥) [eLIO)eW JING JO OpBUW UISAI QANISUIS0OYJ armonns arenbs-1e)s g
(801 Jo¥) (dga) 1ewAjodoroyd apnuiq snsefo aym [[99 JuenUS-aI [edLIPUIIAD)
(L0T 339 @ TLH ursa1 aanisuasojoyd souejsisar arjerodud)-ySi
(€ 199) UISAI SANISUIS0JOYJ JuBNUI-dI (¢ VIS
(901 309) SN[JOL[JOSUR], pue SN[JONYA\OIOA
(6€ 3o) 09L6INA PUe AIYALOIA
(501 329 sn[Joue], pue 9JIYA\ OIOA juenue-al g
by J0) INLNYMOIA SAserens pue INA-S686X 14 SAserens SAIMONIS papeId juenue-aI qg JETWN(OR | poyIow SULIORNUBW JANIPPY
SIIUIIYIY [BLIRBIA] 3d£) dumdNns JuBHUI-IY $s9004d Surin)oejnuely  UOHEBIYISSB[ POYIdOW SULINJIBJNURBIA

poy)owl Jurinjdejnuew JANIPpe Jo Alewwing ¢ d[qeL

Volume 32(20) October 2023—8993

Journal of Materials Engineering and Performance



Vertical ligament

Q
s
{_&

au
o

(a) CAD design FDM printed part

(b)

Inclined ligament

CAD design FDM printed part

Stringing

©

Fig. 11 Parts printed from FDM printing; (a) defect presented in vertical and inclined ligaments, (b) dual-material splicing (Ref 129), (c) string
on print (Ref 129). Panels (b) and (c) reprinted from Additive Manufacturing, Vol 38, Ross Johnston, Zafer Kazanci, Analysis of additively
manufactured (3D printed) dual-material auxetic structures under compression, Article 101783, Copyright 2021, with permission from Elsevier

medical, defense, marine, offshore, constructions, transporta-
tion, sports, textiles, electrical and robotics.

5.1 Automobile Industry

There is an increasing interest in designing lightweight
automobile parts to enhance the passive safety of automobiles.
In vehicle, a crash box structure is an integral component for
ensuring the safety of a car which serves as an energy-
absorbing member, together with the bumper beam in case of
frontal collision during car accidents (Fig. 12a). In this regard,
different lattices have been designed and tested in impact and
blast loading condition (Ref 132-134). The core of the
sandwich was made from auxetic lattices that helped in energy
absorption (Ref 135).

Cellular structures (hexagonal and re-entrant) were further
used in noise reduction application. The noise produced by
automobiles can cause discomfort during hearing, and to
mitigate this problem, sound-absorbing devices were designed
by using cellular lattices (Ref 136). The cellular structures were
fabricated by using polylactic acid reinforced with chicken
keratin materials and were capable of reducing noise as they
reduced the free space and hence the airflow through them-
selves.

5.2 Bio-medical

Recently, auxetic re-entrant structures were proposed for
designing mechanical adjustable stents, smart bandages, bone
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screws, bone plates, hip joints (Ref 137-139). Bone screws are
the most commonly used orthopedic implants. Auxetic struc-
tured screw possesses the advantage, as it expands in a
transverse direction when stretched (Ref 140). This helps in
improving the fixation contact area of a screw to the bone (Ref
141). Similarly, auxetic structures are proposed for enhancing
the radial expansion ability while reducing the axial expansion
ability of the stents, used in health problems such as blockage
of blood vessels, respiratory tracts because of diseases like
cancers, clotting of blood (Ref 142).

Leung et al. (Ref 143) proposed a new heel pad design
based on auxetic (Fig. 12b) structure to reduce the pressure on
the heel for diabetes mellitus. The heel pad was designed with a
circular auxetic RH pattern and fabricated through 3D printing
technology. When a compressive load is applied (during
walking), the heel pad allows more contact area between the
heel pad and foot due to lateral shrinking, and hence, the peak
contact force is reduced. It is reported that 10% reduction in
peak contact force can be obtained using the proposed design
than that of other foam materials.

5.3 Aerospace

For impact energy absorption, lightweight sandwich panels
are commonly used in aerospace industry. In sandwich panels,
the core structure plays a very important role and inspired by
advantage of NPR structure, auxetic designs are proposed for
energy absorption applications (Ref 61). For curved-shaped
parts, sandwich panel composites can be easily formed into
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Fig. 12 Industrial applications of 3D printed auxetic structures; (a)
frontal collision during car accidents, (b) peak plantar heel pressure:
heel pads with auxetic structure versus PU foam heel pad, and
illustration of plantar heel contact during wear trial (Ref 143) (c).
Schematic view of the fabrication of highly sensitive piezoresistive
sensors in low strain values (Ref 144). Panel (b) reprinted from
Computers in Biology and Medicine, Vol 146, Matthew Sin-hang
Leung, Kit-lun Yick, Yue Sun, Lung Chow, Sun-pui Ng, 3D printed
auxetic heel pads for patients with diabetic mellitus, Article 105582,
Copyright 2022, with permission from Elsevier. Panel (c) reprinted
from Sensors and Actuators A: Physical, Vol 305, Bahman
Taherkhani, Mohammad Bagher Azizkhani, Javad Kadkhodapour,
Ali Pourkamali Anaraki, Shima Rastgordani, Highly sensitive,
piezoresistive, silicone/carbon fiber-based auxetic sensor for low
strain values, Article 111939, Copyright 2020, with permission from
Elsevier

domed shapes and their design can be tailored for high in- and
out-plane modulus properties (Ref 137). Auxetic material also
finds applications for reducing noise inside the aircraft (Ref
145).
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5.4 Electrical and Electronics

With the growing interest in electric vehicles, there is an
urgent need to ensure the safety of the battery using a battery
protector that must have high energy absorption capability and
high strength. The re-entrant structured sandwich panels were
best suitable for battery storage systems (Ref 146).

Flexible stretchable strain sensors (as shown in Fig. 12c¢)
have many applications in robotics, healthcare monitoring,
electric skin and wearable devices due to their larger strain
monitoring capacity (Ref 144). The sensor converts mechanical
movement into electrical signals. It has two parts first flexible
substrates and second sensing materials. To increase the
stretchability and improvement in sensitivity of the flexible
stretchable strain sensor, flexible substrates were designed by
using the re-entrant auxetic structure (Ref 144, 147). This
improves stretchability by 98% and sensitivity by 24 times
more than the conventional sensors. These sensors have high
sensitivity at even low strain and can be used for lower strain
conditions like vocal cord dysfunctions, wrist pulses and
vibrations of earth, etc. Piezoelectric sensors are also using 2D
re-entrant auxetic structures. Sensor frames are made from re-
entrant lattices and filled with ceramic (PZT) or soft filler
material (silicon rubber) (Ref 148, 149). These sensors have an
orthotropic strain response and NPR.

5.5 Other Applications

In addition to automobile, aerospace, medical and electron-
ics sectors, FDM printed auxetic structures are found to have
very few applications in textile, acoustic [Ref. 150-152] and
civil engineering structures. New fabrics were developed based
on auxeticity effect by using flat knitting technology with
auxetic re-entrant structures (Ref 153). Such new fabric had
more flexibility and comfort and was used as sports wearables.
Auxetic structures are also used in oil separation where liquid-
repellent surfaces and membranes are made from auxetic
lattices (Ref 154). With the use of 4D printing, many
components were made, which were capable of doing shape
recovery (shape programming), self-deployment process,
switching stiffness, etc. (Ref 63). These structures are mainly
used in mechanical damping devices for automobile applica-
tions, morphing wings for aerospace and defense applications,
soft robots for robotic-related operations.

6. What Remains to be Done?

There are large number of FDM printed two-dimensional re-
entrant structures that can provide a range of different auxetic
behaviors. Several of these structures have been investigated
thoroughly in the literature, providing indications on mechan-
ical properties such as energy absorption. However, no clear
comparisons have been made that provide a more direct
indication on which structures would be more suitable for a
specific application. Although some authors have proposed
application specific new re-entrant designs, there are still a
number of challenges that need to be overcome for the final
utilization of 3D printed lattice structures. This includes defects
in parts such as pores, lack of adhesion, poor surface finish and
anisotropic properties. The surface roughness characteristics of
FDM 3D printed are not acceptable in many applications, and
thus, it requires improvement. Anisotropic structure—property
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relationship is also non-negligible in FDM printing, which is
caused due to layer-wise manufacturing and interfacial issues.
Since new studies are focusing on the printing of multi-material
auxetic structures, it is worth considering the interfacial
adhesion issues between the multi-materials. Special attention
needs to be paid for optimization of the process parameters and
part post-processing by considering more factors such as
environmental factors of the real-life applications.

It has been shown that numerical modeling method is
gaining growing attention in recent years. The detailed
deformation of re-entrant structures could be better scrutinized
through the finite element models. Nevertheless, there is lack of
new studies integrating the finite element method with machine
learning and artificial intelligence techniques. These data-
driven techniques have the capability to capture the stochastic
nature of the 3D printing process, which is highly important for
producing robust and repeatable part properties. On a similar
note, new finite element models should be developed to count
the anisotropic nature of the 3D printed part for the accurate
prediction of part properties. It is expected that machine
learning-guided finite element studies can result in the discov-
ery of new unit cells with improved energy absorption
performance. New research directions are also needed for
designing bio-inspired energy absorption structures as they
offer distinctive deformation behavior than manmade struc-
tures. Most researches on re-entrant structures focus on usage
of single material, and composite structures with auxetic effect
are still in infancy. Ultimately, development of new materials
for 3D and 4D printing will provide substantial motivation for
developing new light weight structures for multi-functional
applications.

7. Conclusions

The paper gives an overview of the energy absorption
performance of different auxetic re-entrant structures made by
FDM 3D/4D printing technique. The numerical models that can
capture the unique deformation of the structures under quasi-
static loading conditions are discussed. Excellent progress has
been made in 3D printing of re-entrant structures by using the
ABS polymer due to the low cost and available of wide range
of ABS composites. Through simulation and experimental
methods, the deformation mechanisms, including the effects of
geometrical parameters, have been gradually clarified, promot-
ing a deeper understanding of the material architecture under
different loading conditions. Their application has been
expanded to various fields such as sandwich plates, smart
bandages, sensors, implants and bone screws. Finally, the
challenges and opportunities on the FDM printed auxetic
structures are discussed to inspire future research work. It is
anticipated that this review will help to get insights into the
existing auxetic re-entrant configurations, their energy absorp-
tion properties for broad engineering applications.
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