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Abstract

High-precision 3D printing technology opens to almost endless opportunities to design complex shapes present in tailored
architected materials. The scope of this work is to review the latest studies regarding 3D printed lattice structures that involve
the use of photopolymers fabricated by Material Jetting (MJ), with a focus on the widely used Polyjet and MultiJet techniques.
The main aspects governing this printing process are introduced to determine their influence during the fabrication of 3D printed
lattices. Performed experimental studies, considered assumptions, and constitutive models for the respective numerical simulations
are analyzed. Furthermore, an overview of the latest extensively studied 3D printed architected lattice materials is exposed
by emphasizing their achieved mechanical performances through the use of Ashby plots. Then, we highlight the advantages,
limitations, and challenges of the material jetting technology to manufacture tunable architected materials for innovative devices,
oriented to several engineering applications. Finally, possible approaches for future works and gaps to be covered by further
research are indicated, including cost and environmental-related issues.
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1. Introduction

Additive Manufacturing (AM) technologies produce
three-dimensional free-form shapes and structures with
complex geometries. The target design is sliced and then
constructed layer by layer through 3D printers starting from

Preprint submitted to Materials Today November 18, 2022



Figure 1: (A) Most used 3D printing techniques in the AM market for product and/or service applications [1]. (B) MJ general components and operating scheme.
(C) Principal sources that a� ect the mechanical properties of �nal MJ printed parts. (D) Examples of 3D printed MJ parts with a variety of materials and colours (e.g.
anatomical models. Reproduced with permission of [2]. Copyright 2022 by Stratasys. All rights reserved. Micro�uidic device [3]. Rubber-like spring. Reproduced
with permission of [4]. Copyright 2022 by 2022 Stratasys. All rights reserved).

a CAD �le. Di � erent materials and machines can be used
depending on the selected technique existing in the current
AM market. In the last years, the most demanded 3D
printing technologies are Fused Deposition Modeling (FDM),
Stereolithography (SLA), Selective Laser Sintering (SLS),
Selective Laser Melting (SLM) and Material Jetting [1], as
it is shown in Fig. 1(A). The latter has been in a growing
development since two decades ago, because it allows the
use photopolymers able to produce high quality and versatile
components, with rigid, �exible, or temperature resistant
characteristics [2–4]. In general, the most recent products
fabricated by 3D printing are mainly oriented to the aerospace,
automotive, biomedical, and robotics industries [5]. There are
still sectors in the early stages, such as building construction,
because fabrication at a large scale is still limited. Nevertheless,
cutting-edge examples like 3D printed bridges [6] are leading
to a growing expansion of AM. Materials development is one of
the most remarkable applications potentiated by AM emerging
technologies. Nature's concepts related to placing energy
and materials only where is necessary for speci�c structural
functions (e.g. bones, teeth) have been a paradigm for the
traditional rigid materials design. Consequently, breakthrough
topologies, such as cellular and architected lattice materials,
have been envisioned to prevent breakage but not losing

strength and sti� ness at the lowest weight possible [7].
The latter also represents signi�cant economic, energy
savings for industrial purposes and thus drastically reducing
the environmental impact. Nowadays, challenging lattice
structures, meta and multi-materials with new capabilities have
been easily fabricated by 3D printing. Thus, the limitations of
common manufacturing technologies (e.g. cast molding, CNC)
in time, materials selection, and geometrical complexity can be
overcome. Moreover, stimuli-responsive and smart materials
have started to be also conceived to add the transformation
over time, the 4th dimension, to the 3D printing technique [9].
Then, AM also opens a promising and broad research objective
towards the fabrication of innovative and active parts.
The scope of the present review is to discuss the main
outcomes and challenges of the latest research works related
to architected lattice materials fabricated viaMaterial Jetting
(MJ), with the main focus on commercial techniques that work
with photopolymers, such as Polyjet® [4] and MultiJet® [10]
(Fig. 1). High resolution, the use of rigid and soft curable
resins in a single print, inherent morphing capabilities, and
simpli�ed post-processing activities have motivated the use
of MJ for manufacturing novel lattice structures during the
last years. Various examples have also been extended towards
practical applications (e.g. energy absorption and impact
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3D printing
process

Main principle Materials
Popular

techniques
Printing

resolution

Vat Polimerization Polimerization
Rubber resin,

Polymers
SLA, DLP, CLIP

10 � m
� DLP:35-100

Binder jetting Inkjet, Binder Ceramics, Metals Binder Jetting 5–200� m

Material jetting Inkjet, UV curing
Rubber resin,

Polymers
Polyjet, Multijet 13–16 � m

Powder bed fusion
Melting, Freezing

powder
Metals, Ceramics,

Polymers
SLS, DMLS, SLM,

EBM
80-250� m

Direct energy
deposition

Melting, Freezing Metals, Ceramics
Direct energy

deposition
250� m

Material Extrusion
Melting, Freezing

�laments
Polymer, Ceramics FDM 50-200� m

Sheet Lamination Joining
Metals, Polymer,
Ceramics, Paper

LOM, UAM,
SLCOM

variable

Table 1: Overview of the main 3D printing processes, materials and resolution. Adapted from [8]. The listed acronyms mean: SLA (Stereolithography),
DLP (Direct Light Deposition), CLIP (Continuous Liquid Interphase Printing), SLS (Selective Laser Sintering), DMLS (Direct Metal Laser Sintering), SLM
(Selective Laser Melting), EBM (Electron Beam Melting), FDM (Fused Deposition Modelling), LOM (Laminated Object Manufacturing), UAM (Ultrasonic
Additive Manufacturing), SLCOM (Selective Lamination Object Manufacturing). Printing resolution refers to the expected layer thickness.

devices, sca� olds, soft robotics). Therefore, it is important to
analyze what are their achieved mechanical performances and
to explore fabrication aspects that can limit the design targets.
This review is organized in di� erent chapters as follows. In
Section 2, the main aspects that govern the MJ process are
brie�y introduced, as well as the advantages and existing
drawbacks with their potential solutions (e.g. curing rate,
sustainability). Section 3 starts with a general overview of
architected materials. Then, the use of MJ in the fabrication of
lattice structures, applied constitutive models, and the printing
process e� ects on their resulting mechanical performances are
discussed. Next, the following subsections present examples
of 3D printed structures divided into two main categories,
based on the constituent materials with their respective
characteristics and functions, namely Single-material printed
lattices (Rigid based, Soft and instability control, Auxetic
and shape programmable, Wave propagation control) and
Multi-materials printed lattices (Reinforced composites with
rigid lattices, Di� erent sti� ness components, Functionally
graded and active). In Section 4, we analyze the challenges and
limitations concerning the MJ printing process under the lattice
manufacturing perspective and further experimental work
required (e.g. anisotropy assessment, dynamic and fatigue
tests). In addition, geometrical limitations in regard to MJ
manufacturing and a cost estimation related to actual prices are
presented. Furthermore, we quantitatively evaluate the actual
outcomes of the exposed MJ architected lattices by comparing
their achieved mechanical performances with respect to already
existing materials in the Ashby plots (e.g. Young's modulus vs.
density). Finally, in Section 5, we present concluding remarks
by pointing out research gaps and future directions that lead to
new architected materials with functional, high-performance,
and innovative applications by exploiting MJ capabilities.

2. Material Jetting (MJ) technology overview

The existing AM techniques, classi�ed according to
ASTM-ISO standards, work with di� erent processes, types of
raw materials, and printing resolution [8], as it is summarized
in Table 1. Material extrusion techniques, such as Fused
deposition modeling (FDM), are more widely used in the
AM market than Vat photopolymerization or Direct Deposition
due to the cost convenience, scalability, variety of materials
ranging from polymers and gels to bio-based [1, 5, 11], as
it is shown in Fig. 1(A). When higher quality is required,
MJ printing allows obtaining polymeric objects owning high
dimensional accuracy (layers height 13-16 microns, accuracy
of � 0.06-0.1% for part length under� 100 mm) with less
surface roughness, reduced staircase defects, and less waste
with respect to material extrusion process [4, 12, 13]. Thus,
MJ is a promising technique for the AM �eld. However, the
maximum size of the printed object is limited by the actual tray
size (to date< 1 m), and the minimum wall thickness should
be >= 0.6 mm since tiny parts tend to be fragile and warped,
especially during post-processing operations (see details in
Section 4.2).

MJ printers use multiple nozzles that deposit base and
support material droplets concurrently. A roller and a wiper
unit level the printed layers to avoid excess material, as it is
schematized in Fig. 1(B). Further details on the MJ technique
are referred in Appendix A.1. Simultaneously, a curing
process with Ultraviolet (UV) light is carried on for hardening
the deposed layers, and thereby, the �nal part is formed.
Radical, cationic, or hybrid photocuring mechanisms can be
involved [14]. Higher levels of UV energy in�uence the glass
transition temperature (Tg) of the resin, due to an increasing
degree of polymerization of the material and its cross-linking
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density [15]. Therefore, photopolymers can reach a viscoelastic
or rubbery behavior at low temperatures. Typical MJ resins
exhibit a Tg of about 50� C. Thus, viscoelastic properties
might be observed on printed parts at ambient temperature [16].
The orientation of the part on the build-tray a� ects the
relaxation modulus E(t), which also varies in time [17]. The
photopolymerization of the resins requires to be done at a fast
rate to guarantee its optimal solidi�cation. Photopolymers with
low viscosity (0.1-10 Pa.s) are ideal because they facilitate
their �ow through the heated nozzles and their spreading
onto the build tray. However, the balanced weight of the
constituent oligomers and monomers in�uences the degree of
crosslinking and viscosity of the resin [18]. High-performance
polyamide resins are an attractive candidate for fast curing
rates at low viscosity, and at the same time o� er high thermal
stability, mechanical properties, and adhesion strength between
layers [19]. See further details in Appendix A.1.

Although the most used MJ techniques (Polyjet® [4] and
MultiJet® [10]) work similarly, the main di� erence relies on
the type of support material and post-processing activities. In
the case of Polyjet, soluble gel materials are utilized and they
can be removed mechanically (by water pressure) or chemically
(by a 2% sodium hydroxide (Na(OH)) - based solutions
enriched with the 1% of sodium meta-silicate (Na2S iO3)).
The latter method is preferable in the case of models with
complicated geometries that are di� cult to be cleaned and/or
made up of very thin and fragile elements (e.g. lattice
structures). During the removal operation, it is suggested a
regular check of the printed parts. The solution temperature
should not exceed 30°C, and the printer guidelines suggest that
soaking time should not last longer than one hour to avoid
unwanted deformation, especially for models with thin walls
(less than 1 mm). The complex geometry typical of 3D printed
architected lattices might require a longer soaking time for
complete support removal. Nevertheless, we have observed that
the support material is melted almost completely in less than 4
hours, even for very detailed architectures with hard-to-reach
spots (in the case of lite support grids and using a clean
station). See also Appendix A.1. In this case, a constant visual
inspection of the parts is necessary to control the integrity of the
thin elements. Once the cleaning process is �nished, the parts
should be rinsed in water to remove any residual supporting
material. Finally, it is suggested dipping the cleaned parts into
a glycerol-based solution for 30-60 seconds to strengthen the
surfaces and limit aging e� ects [20, 21]. MultiJet employs
bulk wax-based supports. They can be removed �rst by heat
sources above 65°C for 30 minutes and longer. The removal
of �ne remainders on the 3D-printed parts requires solvent
baths (EZ Rinse-C or light mineral oil) in shorter periods
(from 2 to 5 minutes). Water at a temperature between
30-35°C with soap is recommended to rinse the parts [22]. MJ
uses simultaneously various polymers with di� erent sti� ness,
physical properties, or color addition in a single print, as it is
illustrated in Fig. 1(D). The most commercialized photocurable
resins, summarized in Table 3, reach several values of
elongation at break, close to 200% for rubber-like and 10%
for plastics resins [24, 25]. See also Appendix A.2. Thus,

they can be applied in a variety of functional applications.
Speci�c combinations among polymers and �exible rubbers
can form a strengthened material within a wide shore hardness
range (A30-A95), even though some resins may exhibit poor
mechanical performances and degradation over time [26].
Despite a still limited number of available material jetting
resins, there are upcoming studies focused on creating new
printing materials from non-photopolymers and low melting
point metals, like aluminium [27]. The drawback of using
current photocurable materials is that they are noteco-friendly
and not recyclable in general [28]. For this reason, there
is a growing interest to �nd less toxic and sustainable
alternatives such as bio-based monomers [29], bio-resins made
of photocurable oligomers [30], and cell-laden cross-linkable
photopolymers like hydrogels [31].

3. 3D printed architected lattice materials

3.1. Architected lattice materials overview

Monolithic and traditional materials have been used for
speci�c requirements of strength, sti� ness, and toughness.
The achievement of improved mechanical properties by saving
weight and costs without compromising the structural integrity
has motivated the continuous development of architected
lattice materials for several engineering �elds. According
to the classi�cation of the cellular structures [32–34], shown
in Fig. 2(A), lattice structures can be either stochastic or
non-stochastic. The former consist of random material
distribution nowadays designed by a generative algorithm,
while the latter are generated via tessellation of a unit cell
formed by interconnected faces, edges, or struts/ties as trusses,
usually linked by pinned or �xed nodes [32]. These complex
geometries with optimized topologies are able to withstand high
loading values and large deformations at low density values.
As metamaterials, architected lattice structures can exhibit
negative Poisson's ratio(NPR) [35–37], negative coe� cient
of thermal expansion(NCTE) [38–40], or negative refraction
index [41–44]. By modifying the material con�guration
and microarchitecture other novel properties can be obtained
such as waves attenuation, acoustic insulation, and energy
harvesting [39, 45, 46]. New targets can also be envisioned, for
example, simultaneous load-bearing and thermal capabilities,
sti� ness and impact resistance [47–49], orNPR and NCTE
[50, 51]. Lattice material properties are controlled by relative
density, nodal connectivity, e� ective Young's Modulus (EEM),
yield, and fracture strength [33]. Relative density is the
ratio between the densities of the lattice material and its solid
counterpart [49]. For 2D lattices witht=l << the relative
density can be calculated by the formula� rel = At=l, wheret
is the ligament thickness,l is the ligament length, andA is a
coe� cient of proportionality depending on the topology of the
considered lattice [32, 52]1. For 3D open-cell foams the relative
density� rel scales with (t=l)2, while for 3D closed-cell foams it

1For 2D hexagonal and triangular latticesA = 2
p

3, while for Kagome
latticeA =

p
3.
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Figure 2: (A) Cellular and lattice structures general classi�cation. (B) Example of characteristic e� ective stress-strain curves (� � � ) of stretch and bending
dominated lattices, inspired by [23].

scales witht=l. For lattice truss materials with a radius size r,
the relative density is de�ned as� rel = (6

p
2 + 2)� (r=l)2 [53].

The level of nodal connectivity determines the predominant
behavior of a lattice structure and the collapse mechanism [54,
55]. Stretch-dominatedlattices present high connectivity
level and present high initial strength and sti� ness [54].
Their collapse mechanism can be plastic stretch-dominated,
buckling-dominated, stretch–fracture-dominated [23]. On the
other hand, theBending-dominatedlattices are characterized
by low nodal connectivity. The fact of presenting less
initial strength but attained high strain values, makes them
suitable for energy absorption applications. Moreover, they
exhibit a regular and extended stress plateau after yielding,
with large deformations at low stress values. Their failure
mechanisms can be bending-dominated, buckling-dominated,
and fracture-dominated [23]. Both lattice behaviors, stretch and
bending dominated, can be distinguished in the di� erent stress
versus strain curves from Fig. 2(B).

3.2. Material jetting process e� ects on mechanical properties
of 3D printed lattices

The latest developments in 3D printing techniques have
allowed the possibility to produce more complex and enhanced
architected materials, inspired by mathematical (e.g. triply
periodic minimal surfaces, fractals) and biological mimicry
models (e.g. honeycombs, glass-sponge inspired) with
outstanding mechanical performances [56]. MJ appears as
a promising technique to fabricate lattices from mm-scale to
cm-scale due to the high resolution it o� ers, the use of single
and/or multi-materials, and less manual post-processing.

In every 3D printing process, there is a permanent target
to assess the in�uence of manufacturing parameters on the
geometry accuracy and performance of the �nal printed parts.
In the case of MJ, the build part orientation, UV curing,
supports removal operations besides other additional factors,

summarized in Fig. 1(C), have e� ects on the tensile strength and
modulus of 3D printed specimens [57, 58] (see further details
in Appendixes A.2 and B.2).

A common source of anisotropy relies on the layers' print
direction and adhesion, or surface roughness. MJ fabricates
parts with a level of anisotropy of approximately 2%, which
is lower than other usual commercial AM techniques that
reach even 50% (e.g. FDM) [59]. (Details in Appendix B.2
and B.2). During the photopolymers deposition, the previous
layers are compacted by the upper resin layer. Moreover, they
are subjected to subsequent rounds of UV curing at gradually
less energy, since the UV light has to penetrate through
an increasing number of stacked layers. This evolutionary
process leads to obtaining overall cured and well-bonded layers.
Therefore, the resulting objects present very homogeneous
mechanical and thermal properties. However, it must be
acknowledged that parts built parallel to the print tray (XY
direction), as shown in Fig. 3 (A), presented the highest
tensile strength, tensile modulus, and elongation at break
values. While those in perpendicular orientation had the lowest
mechanical resistance [57, 60–64]. This fact is illustrated in
Fig. 3 (B) and (C) from tensile tests carried on specimens
printed either with �exible or rigid materials [63]. An exception
is observed on samples printed with �exible Tango+ and
RGD8625 (combination of rigid VeroClear and soft Tango+).
In these cases, the highest values of tensile modulus are
obtained on parts built perpendicular to the print tray (ZX
direction), as shown in Fig. 3 (B) and (C). Moreover, less
spacing among the printed parts on the build platform (see
Fig. 3 (A)) leads to statistically signi�cant improvements on
the mechanical properties because of a longer UV light curing
exposure [57]. Although the UV curing time may be longer
in Z-oriented specimens, they contain a higher number of
printed layers with a minimum level of cohesion between
the previous and the upcoming ones. Then, a consequent
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weakening e� ect is expected [65, 66]. This fact can also
be seen in lattices, whose Young's modulus becomes variable
and tends to decrease if the printed layers were oriented
”perpendicularly” to the compression load (in-plane case) [67–
69], as displayed in Fig. 3 (D) and (E). Furthermore, the
rigid photopolymers used in MJ present levels of fracture
strength that signi�cantly depend on the print orientation [70].
The numerical modeling of Polyjet and Multijet architected
lattices requires di� erent constitutive models depending on
the printing photopolymer. Material characterization studies
of their constituent photopolymers provide some indications
on the best appropriate constitutive model to be considered,
as summarized in Appendix D, Table 4. Traditionally, MJ
printed materials have been represented by bilinear [71] or
viscoelastic orthotropic [16, 70] constitutive models. Thus,
their time-dependent behavior and high nonlinear stress-strain
relationships can be described. In the case of �exible materials,
hyperelastic properties have been evidenced. Several strain
energy density models have been developed for accurately
�tting experimental data. For example, Ogden 4th-order for
rubber-like [72], whereas Arruda-Boyce [73], Yeoh [74] and
Mooney-Rivlin [71], for soft digital materials. Moreover,
a transversely isotropic hyperelastic-viscoplastic model for
glassy photopolymeric lattices enables the integration of the
anisotropy caused by the printing direction e� ects, with
the expected inelastic deformation and strain rate. An
additional modi�ed Tsai-Wu failure criterion, that considers
strain-softening for anisotropic materials, also complemented
this approach [75]. In addition to the e� ects attributed
to the printing process, there are post-processing stages
that tend to a� ect the expected performance of 3D printed
lattices fabricated via MJ (e.g. support removal, thermal
treatments, storage conditions). For example, alternatives
to simplify support removal operations have started to be
investigated. In particular, a snap-�t fabrication method
can reduce the amount of required support material and the
printing time of body-centered cubic (BCC), face-centered
cubic (FCC), and octet lattices. Groups of struts were
printed separately and later connected by the nodes with a
polymer adhesive. Mechanical strength and energy absorption
values also presented a signi�cant increment in the order
of 100% with respect to integrated lattices printed in one
round [76]. As a complement of a geometrical optimization
approach, a thermal treatment after the printing stage produced
improvements in the mechanical performances of lattices.
Then, higher energy dissipation values, up to 60%, under
large compressive strains were obtained [77]. Furthermore,
the external exposure conditions over time also in�uence the
e� ective elastic modulus, as seen in Fig. 3(F). Cleaned lattice
samples stored at room temperature reached higher values with
respect to samples placed in water, support material, and saline
solution [67].

3.3. Single material 3D printed lattices
MJ has allowed the manufacturing of a variety of 3D

printed architected lattice materials, from simple to challenging
geometries, and achieving tailored mechanical properties

(e.g. strength, toughness, auxeticity, instability, and wave
control). The following subsections present notable examples
of lattices fabricated from a single material, either rigid, �exible
or hybrid. Hybrid materials are composites obtained by
combining fractions of rigid and soft MJ photopolymers, to
obtain materials with di� erent shore levels or functional-graded
materials. Such hybrid materials adopt di� erent commercial
names,Digital material, or Multi-material compositesin the
case of Polyjet and MultiJet techniques, respectively (see also
Appendix A.2).

3.3.1. Rigid-based material architected lattices
Glassy photopolymers have been mostly considered and

characterized to manufacture lattices due to their a� ordability
with respect to other MJ photo-curable resins. The
design of 3D printed lattices fabricated with a single,
sti� material has usually included quasi-static experimental
tests besides numerical simulations. Their principal target
was to �nd improved mechanical performances by tuning
geometrical features from diverse architected topologies.
For example, tailored 3D printed honeycombs presented
a variable cell thickness gradient in hexagonal, re-entrant,
and chiral con�gurations. At lower gradation parameters,
energy absorption e� ciency grasped peak values around 90%
(approximately 65% in experiments) versus 50% observed
in traditional materials [83]. High compressive strength
was obtained by spherical lattices with optimized mass
ratio [84] and triply periodic minimal surfaces (TPMS based
on Schoen's FRD and OCTO lattices) [85]. Alternatives
like semi-plate lattices, as presented in Fig. 4(A), presented
enhanced load-bearing capabilities compared to truss-based
lattice materials. Likewise, they obtained similar fracture
toughness and higher energy absorption values than metal
foams, but at lower relative densities. The inclusion of holes on
the plates' surfaces allowed the control of crack propagation,
and uniform stress distribution, besides an easier support
material removal from inside [78]. Moreover, pentamodes
lattices illustrated in Fig. 4(B) were fabricated to assess the
e� ect of varying their midpoint lattice connection. As it
approximates the centroid of the respective unit cells, the
elastic and shear modulus decreases, whereas the Poisson's
ratio remains almost unchanged [79]. Furthermore, MJ
has started to be widely used to fabricate prototypes for
biomedical devices with su� cient strength and porosity,
especially for bone or tissue growth. Di� erent sca� old
topologies have been designed and tested, such as rectangular
beam-based [67], triply periodic minimal surfaces (TPMS of
the type P, D, I-WP, with uniform and graded porosity, as
shown in Fig. 4(C)) [80, 86], vintile [87], cubic [88]. The
lattice architecture a� ects the deformation behavior, where
the ligaments with heterogeneous mass distributions lead to
the increment of stress concentrations. Sca� olds with higher
porosity and lower ligament sections, exhibited decrements in
elasticity and yielding strength For example, when shifting
from relative density values of 60% to 30% in TPMS (types P
and D), Young's modulus tended to decrease approximately in
a 30% and yield stress was reduced in between 10-20% [86].
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Figure 3: (A) Reference sample orientation and spacing (Tight or Far) on the build tray. Tensile modulus, tensile strength and elongation at break exhibited
by specimens with di� erent print orientation, made of (B) Flexible materials (Tango+ and FLX9970), and (C) Rigid materials (RGD8625 and VeroPureWhite).
Adapted from [63]. (D) Lattice samples tested “In-plane” and “out-of-plane” orientations with respect to the compressive load application. Variation of E� ective
elastic modulus of lattices under compression by considering: (E) Diverse porosity and build orientation and (F) Environmental storage conditions. Reproduced
with permission of [67]. Copyright 2019 ASME.

Moreover, translucent sca� olds obtained improved sti� ness
at higher porosity values than their colored counterparts. A
more ductile failure was also observed due to the presence of
opened-up crazes on the surfaces, instead of brittle surfaces
with voids and craters that induce a faster crack propagation
[88]. Moreover, fractal architected materials from one to
three orders of cuts, as shown in Fig. 4(D), grasped around
88% of shape recoverability. Although an increased fractal
order has produced a decrement in bending sti� ness, their
structural integrity was not a� ected [81]. These cutting-edge
con�gurations also guaranteed energy dissipation properties.
Heterogeneous architected con�gurations, made of the same
rigid-base material, showed enhanced capabilities with respect
to those with a uniform unit cell layout. The strength from
a certain type of lattice can act together with the constant
post-yielding stress plateau given by another one. For example,
the combination of face-centered cubic (FCC) lattices with

body-centered cubic (BCC) cells [92], or with dual-rhombic
(RD) topologies [82]. This latter pair (FCC+RD) formed the
so-called interpenetrating lattices (IPL), with energy absorbed
six times higher than the achievable values by isolated FCC
or RD structures. IPL enabled a load redistribution before
a sudden collapse because each former lattice con�guration
experienced failure at di� erent strains [82], as shown in
Fig. 4(E) and (F).

3.3.2. Soft lattices and instability control
Flexible photopolymers have led to the fabrication of

material structures able to withstand larger deformations,
due to expected elongation at break values around 200%
(see Table 3). Soft lattices with variations in geometrical
parameters (e.g. smaller ligaments diameters and larger
spacing) can obtain speci�c elasticity pro�les, for instance,
the sti� ness and Young's modulus of human tissues [95].
Besides the expected bending or stretching responses,
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di� erent types of �exible architected structures have shown
hyperelastic behavior, dominated by buckling and postbuckling
regimes [96]. This fact enabled more buckling resistant
structures without increasing the material volume along the
former ligaments (e.g. sea-sponge inspired grids in the range
of strains around 6%) [89], as presented in Fig. 5(A). In
addition to the geometrical features in�uence, the incorporation
of instabilities allows novel capabilities, such as reversible
transformations and geometric nonlinearities under speci�c
loading conditions [47], even elastic waves control or tunable

energy absorption structures [97]. For example, soft cellular
materials, shown in Fig. 5(B), can control buckling mechanisms
by activating high levels of instability di� erent from the
initial ones and, at the same time, adjusting ranges of
force actuation and amplitude without imposing extra �xtures
or boundary conditions [90]. Furthermore, new nonlinear
approaches have been proposed to assess performances under
large deformations, for practical applications (e.g. digital
material lattices for shoe soles, as displayed in Fig. 5(C)) [91].

Figure 4: (A) Face-centered cubic semi-plate lattices. Reproduced with permission of [78]. Copyright 2021 Elsevier. (B) Hybrid pentamode. Reproduced with
permission of [79]. Copyright 2020 AIP Publishing. (C) TPMS sca� olds with radially graded porosity with types P, D, I-WP. Reproduced with permission of [80].
Copyright 2018 Elsevier. (D) Lattice metamaterials with one, two, and three orders of fractal cuts. Reproduced with permission of [81], Copyright 2021 Elsevier. (E)
Failure, shear bands, and strain development during compression test of single RD, FCC, and IPL lattices and (F) their respective stress-strain curves comparison.
Reproduced with permission of [82] under Creative Commons Attribution 4.0.
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