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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 (M]),
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 a CAD file. Different
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 Deposi-
tion Modeling (FDM), Stereolithography (SLA), Selective Laser
Sintering (SLS), Selective Laser Melting (SLM) and Material Jet-
ting [1], as it is shown in Fig. 1(a). The latter has been in a grow-
ing development since two decades ago, because it allows the use
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photopolymers able to produce high quality and versatile com-
ponents, with rigid, flexible, or temperature resistant characteris-
tics [2—4]. 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 applica-
tions potentiated by AM emerging technologies. Nature’s con-
cepts related to placing energy and materials only where is
necessary for specific structural functions (e.g. bones, teeth) have
been a paradigm for the traditional rigid materials design. Conse-
quently, breakthrough topologies, such as cellular and archi-
tected lattice materials, have been envisioned to prevent
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breakage but not losing strength and stiffness at the lowest
weight possible [7]. The latter also represents significant eco-
nomic, energy savings for industrial purposes and thus drasti-
cally 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 geo-
metrical complexity can be overcome. Moreover, stimuli-
responsive and smart materials have started to be also conceived
to add the transformation over time, the 4" dimension, to the
3D printing technique [9]. Then, AM also opens a promising
and broad research objective towards the fabrication of innova-
tive and active parts.

The scope of the present review is to discuss the main out-
comes and challenges of the latest research works related to
architected lattice materials fabricated via Material Jetting (M]),
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 simplified post-
processing activities have motivated the use of MJ for manufac-
turing novel lattice structures during the last years. Various
examples have also been extended towards practical applications
(e.g. energy absorption and impact devices, scaffolds, 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 different chapters as follows. In Section 2, the main aspects
that govern the M]J process are briefly 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 fab-
rication of lattice structures, applied constitutive models, and the
printing process effects on their resulting mechanical perfor-
mances are discussed. Next, the following subsections present
examples of 3D printed structures divided into two main cate-
gories, based on the constituent materials with their respective
characteristics and functions, namely Single-material printed lat-
tices (Rigid based, Soft and instability control, Auxetic and shape
programmable, Wave propagation control) and Multi-materials
printed lattices (Reinforced composites with rigid lattices, Differ-
ent stiffness components, Functionally graded and active). In
Section 4, we analyze the challenges and limitations concerning
the MJ printing process under the lattice manufacturing perspec-
tive 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 quantita-
tively evaluate the actual outcomes of the exposed M] archi-
tected 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 Sec-
tion 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 M]J capabilities.

2. Material Jetting (MJ) technology overview

The existing AM techniques, classified according to ASTM-ISO
standards, work with different processes, types of raw materials,
and printing resolution [8], as it is summarized in Table 1. Mate-
rial extrusion techniques, such as Fused deposition modeling
(FDM), are more widely used in the AM market than Vat pho-
topolymerization or Direct Deposition due to the cost conve-
nience, scalability, variety of materials ranging from polymers
and gels to bio-based [1,3,5,11], as it is shown in Fig. 1(a). When
higher quality is required, MJ printing allows obtaining poly-
meric 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, M] is a promising technique for the AM field.
However, the maximum size of the printed object is limited by
the actual tray size (to date < 1 m), and the minimum wall thick-
ness 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).

M] 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 M]J 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 final part is formed. Radical, cationic, or hybrid pho-
tocuring mechanisms can be involved [14]. Higher levels of UV
energy influence the glass transition temperature (T,) of the
resin, due to an increasing degree of polymerization of the mate-
rial and its cross-linking density [15]. Therefore, photopolymers
can reach a viscoelastic or rubbery behavior at low temperatures.
Typical M] resins exhibit a T, of about 50 °C. Thus, viscoelastic
properties might be observed on printed parts at ambient tem-
perature [16]. The orientation of the part on the build-tray affects
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 solidification. Photopolymers with
low viscosity (0.1-10 Pa.s) are ideal because they facilitate their
flow through the heated nozzles and their spreading onto the
build tray. However, the balanced weight of the constituent oli-
gomers and monomers influences 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 offer high thermal stability, mechanical
properties, and adhesion strength between layers [19]. See fur-
ther details in Appendix A.1.

Although the most used MJ techniques (Polyjet®[4] and Mul-
tiJet®[10]) work similarly, the main difference 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 (Na,SiOs3)). The latter method is
preferable in the case of models with complicated geometries
that are difficult to be cleaned and/or made up of very thin
and fragile elements (e.g. lattice structures). During the removal
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(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 affect the mechanical properties of final MJ printed parts. (d) Examples of 3D printed MJ parts with a variety of materials and colours
(e.g. anatomical models [2], rubber-like parts [4]. Copyright 2022 Stratasys. All rights reserved).

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 Modeling), LOM (Laminated Object Manufacturing), UAM (Ultrasonic
Additive Manufacturing), SLCOM (Selective Lamination Object Manufacturing). Printing resolution refers to the expected layer thickness.

3D printing process Main principle Materials

Popular techniques Printing resolution

Polimerization

Inkjet, Binder

Inkjet, UV curing

Melting, Freezing powder
Melting, Freezing

Melting, Freezing filaments
Joining

Vat Polimerization
Binder jetting

Material jetting
Powder bed fusion
Direct energy deposition
Material Extrusion

Sheet Lamination

Rubber resin, Polymers
Ceramics, Metals

Rubber resin, Polymers

Metals, Ceramics, Polymers
Metals, Ceramics

Polymer, Ceramics

Metals, Polymer, Ceramics, Paper

SLA, DLP, CLIP 10 um *DLP:35-100

Binder Jetting 5-200 um
Polyjet, Multijet 13-16 um
SLS, DMLS, SLM, EBM 80-250 um
Direct energy deposition 250 um
FDM 50-200 pm
LOM, UAM, SLCOM variable

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 h, 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 finished, the

parts should be rinsed in water to remove any residual support-
ing material. Finally, it is suggested dipping the cleaned parts
into a glycerol-based solution for 30-60 s to strengthen the sur-
faces and limit aging effects [20,21]. MultiJet employs bulk
wax-based supports. They can be removed first by heat sources
above 65 °C for 30 min and longer. The removal of fine remain-
ders on the 3D-printed parts requires solvent baths (EZ Rinse-C
or light mineral oil) in shorter periods (from 2 to 5 min). Water
at a temperature between 30-35 °C with soap is recommended
to rinse the parts [22]. M] uses simultaneously various polymers
with different stiffness, physical properties, or color addition in a

" For 2D hexagonal and triangular lattices A = 21/3, while for Kagome lattice A = V3.
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single print, as it is illustrated in Fig. 1(d). The most commercial-
ized 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. Specific
combinations among polymers and flexible rubbers can form a
strengthened material within a wide shore hardness range
(A30-A95), even though some resins may exhibit poor mechani-
cal 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 alu-
minium [27]. The drawback of using current photocurable mate-
rials is that they are not eco-friendly and not recyclable in general
[28]. For this reason, there is a growing interest to find 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 specific
requirements of strength, stiffness, and toughness. The achieve-
ment of improved mechanical properties by saving weight and
costs without compromising the structural integrity has moti-
vated the continuous development of architected lattice materi-
als for several engineering fields. According to the classification
of the cellular structures [32-34], shown in Fig. 2(a), lattice struc-
tures can be either stochastic or non-stochastic. The former con-
sist of random material distribution nowadays designed by a
generative algorithm, while the latter are generated via tessella-
tion of a unit cell formed by interconnected faces, edges, or
struts/ties as trusses, usually linked by pinned or fixed 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 struc-
tures can exhibit negative Poisson’s ratio (NPR) [35-37], negative
coefficient of thermal expansion (NCTE) [38-40], or negative
refraction index [41-44]. By modifying the material configura-
tion and microarchitecture other novel properties can be
obtained such as waves attenuation, acoustic insulation, and
energy harvesting [45,46,39]. New targets can also be envisioned,
for example, simultaneous load-bearing and thermal capabilities,
stiffness and impact resistance [47-49], or NPR and NCTE [50,51].
Lattice material properties are controlled by relative density,
nodal connectivity, effective 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 with t < I the relative density can be calcu-
lated by the formula p,,; = At/l, where t is the ligament thickness,
1 is the ligament length, and A is a coefficient of proportionality
depending on the topology of the considered lattice [32,52]'. For
3D open-cell foams the relative density p,, scales with (t/1)?, while
for 3D closed-cell foams it scales with t/I. For lattice truss materials

with a radius size 1, the relative density is defined as

' For 2D hexagonal and triangular lattices A = 21/3, while for Kagome lattice A = V3.

Pt = (67/2 + 2)n(r/1)* [53]. The level of nodal connectivity deter-
mines the predominant behavior of a lattice structure and the col-
lapse mechanism [54,55]. Stretch-dominated lattices present high
connectivity level and present high initial strength and stiffness
[54]. Their collapse mechanism can be plastic stretch-dominated,
buckling-dominated, stretch-fracture-dominated [23]. On the
other hand, the Bending-dominated lattices 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 dis-
tinguished in the different stress versus strain curves from Fig. 2(b).

3.2. Material jetting process effects on mechanical properties of
3D printed lattices

The latest developments in 3D printing techniques have allowed
the possibility to produce more complex and enhanced archi-
tected materials, inspired by mathematical (e.g. triply periodic
minimal surfaces, fractals) and biological mimicry models (e.g.
honeycombs, glass-sponge inspired) with outstanding mechani-
cal performances [56]. MJ appears as a promising technique to
fabricate lattices from mm-scale to cm-scale due to the high res-
olution it offers, 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 influence of manufacturing parameters on the geome-
try accuracy and performance of the final printed parts. In the
case of M], the build part orientation, UV curing, supports
removal operations besides other additional factors, summarized
in Fig. 1(c), have effects 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. M]J 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 com-
pacted 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 over-
all 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 flexible or rigid materials [63]. An exception
is observed on samples printed with flexible 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
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shown in Fig. 3 (b) and (c). Moreover, less spacing among the
printed parts on the build platform (see Fig. 3 (a)) leads to statis-
tically significant 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 weakening effect 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 “perpen-
dicularly” to the compression load (in-plane case) [67-69], as dis-
played in Fig. 3 (d) and (e). Furthermore, the rigid photopolymers
used in MJ present levels of fracture strength that significantly
depend on the print orientation [70]. The numerical modeling
of Polyjet and Multijet architected lattices requires different con-
stitutive models depending on the printing photopolymer. Mate-
rial 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, M] printed materials have been represented by
bilinear [71] or viscoelastic orthotropic [16,70] constitutive mod-
els. Thus, their time-dependent behavior and high nonlinear
stress—strain relationships can be described. In the case of flexible
materials, hyperelastic properties have been evidenced. Several
strain energy density models have been developed for accurately
fitting 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 trans-
versely isotropic hyperelastic-viscoplastic model for glassy pho-
topolymeric lattices enables the integration of the anisotropy
caused by the printing direction effects, with the expected inelas-
tic deformation and strain rate. An additional modified Tsai-Wu
failure criterion, that considers strain-softening for anisotropic
materials, also complemented this approach [75]. In addition
to the effects attributed to the printing process, there are post-
processing stages that tend to affect the expected performance

of 3D printed lattices fabricated via MJ (e.g. support removal,
thermal treatments, storage conditions). For example, alterna-
tives to simplify support removal operations have started to be
investigated. In particular, a snap-fit 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. Mechan-
ical strength and energy absorption values also presented a sig-
nificant 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 mechan-
ical performances of lattices. Then, higher energy dissipation val-
ues, up to 60%, under large compressive strains were obtained
[77]. Furthermore, the external exposure conditions over time
also influence the effective 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

M] has allowed the manufacturing of a variety of 3D printed
architected lattice materials, from simple to challenging geome-
tries, and achieving tailored mechanical properties (e.g. strength,
toughness, auxeticity, instability, and wave control). The follow-
ing subsections present notable examples of lattices fabricated
from a single material, either rigid, flexible or hybrid. Hybrid
materials are composites obtained by combining fractions of
rigid and soft MJ photopolymers, to obtain materials with differ-
ent shore levels or functional-graded materials. Such hybrid
materials adopt different commercial names, Digital material, or
Multi-material composites in the case of Polyjet and MultiJet tech-
niques, respectively (see also Appendix A.2).
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3.3.1. Rigid-based material architected lattices

Glassy photopolymers have been mostly considered and charac-
terized to manufacture lattices due to their affordability with
respect to other MJ photo-curable resins. The design of 3D
printed lattices fabricated with a single, stiff material has usually
included quasi-static experimental tests besides numerical simu-
lations. Their principal target was to find improved mechanical
performances by tuning geometrical features from diverse archi-
tected topologies. For example, tailored 3D printed honeycombs
presented a variable cell thickness gradient in hexagonal, re-
entrant, and chiral configurations. At lower gradation parame-
ters, energy absorption efficiency 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 capa-
bilities compared to truss-based lattice materials. Likewise, they

obtained similar fracture toughness and higher energy absorp-
tion 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, pen-
tamodes lattices illustrated in Fig. 4(b) were fabricated to assess
the effect 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 sufficient strength and porosity, especially for bone or tissue
growth. Different scaffold topologies have been designed and
tested, such as rectangular beam-based [67], triply periodic min-
imal 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 affects the deformation behavior,
where the ligaments with heterogeneous mass distributions lead
to the increment of stress concentrations. Scaffolds with higher
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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]. Moreover,
translucent scaffolds obtained improved stiffness 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 stiffness, their structural integrity was not affected
[81]. These cutting-edge configurations also guaranteed energy
dissipation properties. Heterogeneous architected configura-
tions, 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.
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For example, the combination of face-centered cubic (FCC) lat-
tices 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 configuration experienced
failure at different 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 lat-
tices with variations in geometrical parameters (e.g. smaller liga-
ments diameters and larger spacing) can obtain specific elasticity
profiles, for instance, the stiffness and Young’'s modulus of
human tissues [95]. Besides the expected bending or stretching
responses, different types of flexible architected structures have
shown hyperelastic behavior, dominated by buckling and post-
buckling regimes [96]. This fact enabled more buckling resistant
structures without increasing the material volume along the for-
mer 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 influence, the incorporation of instabil-
ities allows novel capabilities, such as reversible transformations
and geometric nonlinearities under specific 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 different from the initial ones and, at the
same time, adjusting ranges of force actuation and amplitude
without imposing extra fixtures or boundary conditions [90].
Furthermore, new nonlinear approaches have been proposed to
assess performances under large deformations, for practical appli-
cations (e.g. digital material lattices for shoe soles, as displayed in
Fig. 5(c)) [91].

3.3.3. Auxetic and shape programmable lattices

During the last years, auxeticity has inspired the design of
responsive lattice configurations with particular and counter-
intuitive stretching or compressive deformation patterns under
loading action. Such artificially-made systems are characterized
by a negative Poisson’s ratio (NPR) [98,99]. Diverse manufactured
auxetic lattice structures, such as convex-concave foams [100],
hierarchical honeycombs [93], or unit cells with sinusoidal liga-
ments [101-103], have exhibited tailorable NPR over large strains
(approx.—0.1 < NPR < —0.7). Sinusoidal-shaped ligaments (char-
acterized by a wave amplitude A, span L, span ratio A/L, wave-
length number k, and bending beam stiffness B) provided
tunable mechanical properties to lattice structures. Modifications
in these geometrical parameters allowed tunable values of NPR
and the transition between stretch and bending-dominated
behavior [100-103]. Similarly, higher levels of hierarchy con-
tributed to the Poisson’s ratio reduction and the consequent aux-
eticity [93], as displayed in Fig. 6(a). Complex active lattice
structures have been envisioned based on the thermo-
viscoelastic responsive nature of photopolymers. Rectangular
and triangular horseshoes patterns [104], anti-tetrachiral, re-

entrant, and curled honeycombs [105,106], have developed
shape recoverability. It has been observed that once NPR and cer-
tain large deformations are achieved, these structures can return
to their original configuration after being subjected to an exter-
nal stimulus (e.g. heat). Phase evolution models were considered
to describe the shape changes produced by geometrical and ther-
momechanical non-linearities. Moreover, the morphing process
can also be controlled by data-driven approaches, with initial
input parameters, such as a final target configuration, expected
deformation rates (from experimental data), and specific actua-
tion time. Thereby, once previously stretched shells were in con-
tact with a heat source, a transformation from a flat into a closed-
curved shape was observed for approximately 80 seconds [94], as
described in Fig. 6(b).

3.3.4. Wave propagation control lattices

M] has been applied for prototyping acoustics, optics, or vibra-
tion control architected devices for later experimental validation.
For example, ultrasound lenses for 40 kHz airborne ultrasound
formed by 3D cross-shaped lattices [107] (as shown in Fig. 7
(a)), chiral channels in acoustic metamaterials [111], thin-
walled cellular structures with high sound absorption (300-
600 Hz range) [112], two types of all-dielectric lenses to modify
wave propagation in a wide frequency range (8 to 12 GHz), beam
steering and conformal arrays [108], as seen in Fig. 7(b). Alterna-
tives to phononic crystals with omnidirectional band gaps have
been explored, such as tunable sinusoidal lattices with multiple
band gaps [109,103] or vibration control metastructures with
an improved bandwidth up to 160% [110], as illustrated in
Fig. 7(c) and (d), respectively.

3.4. Multi-material 3D printed lattices

An outstanding capability of M] is the manufacturing of multi-
material parts during one single printing stage [4]. Nowadays,
this procedure has been extended to lattice fabrication. It is
important to remark that the strong interface between different
photopolymers is produced by the introduction of particles from
the secondary material into the base one. Therefore, the resultant
mechanical properties are produced in smooth transitions [113].
Thus, there is a growing number of multi-functional architected
material structures with enhanced performances, as it is men-
tioned in the following subsections.

3.4.1. Reinforced composites with rigid lattices

The concept of reinforced soft phases with different stiff material
fractions has been developed, inspired by a variety of novel com-
posite designs fabricated with MJ [114-118]. Rubbery-compliant
matrices have been reinforced by several rigid polymeric lattices.
In particular, TPMS with IWP-P surface type (as interpenetrating
phases) [69,119], chiral and re-entrant auxetic honeycombs [120]
(shown in Fig. 8(a)), Hexaround and Warmuth [121]. The combi-
nation of soft infills into glassy lattices leads to more delayed
densification with respect to the unreinforced counterparts. As
a consequence, higher energy absorption efficiency can be
expected and, at the same time, improved mechanical properties,
such as increased Young’s modulus or peak stresses. A very resis-
tant bonding between the multi-material elements was observed
[69].
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3D printed specimens via Polyjet. Reproduced with permission of [90] under Creative Commons Attribution 3.0. (c) 3D printed lattice shoe sole application.
Reproduced with permission of [91]. Copyright 2018 Elsevier.

3.4.2. Lattices with different stiffness components

The combination of stiff and flexible elements opens alternatives
to obtain lattices with improved and tunable mechanical proper-
ties. Besides the variations in geometrical parameters, the distri-
bution of rigid and rubbery phases along lattices members
allowed the tunability of elastic modulus and Poisson’s ratio
[123-125], or the control of instabilities and buckling modes
[122], as seen in Fig. 8(b). Indeed, the increment of hard phases
with respect to soft phases tended to increase the loading capac-
ity. The combination of stiff material members and compliant
hinges allowed constant zero-energy modes attainable without
the use of external actuators. In particular, two selective actua-
tion modes were obtained by controlling the viscoelastic proper-
ties of the joints, where their stiffness increased with the strain
rate. This fact is beneficial to controlling Poisson’s ratio in a
certain strain range (0.3 < ¢ < 0.45). Hence, either negative or

positive values were observed at slow and fast compression rates,
respectively [125]. Furthermore, Hoberman sphere®[126],
inspired structures achieved multiple and tunable broadband
gaps. The inclusion of rigid or soft intermediate rods allowed
variable stiffness that can adjust the size of the band gaps
[127]. In addition, similar multi-material unit cells may exhibit
a variable coefficient of thermal expansion (CTE), which depends
on the differences in geometry, Young’s modulus, and CTE
among the former lattice elements [128].

3.4.3. Functionally graded and active lattices

Non-affine deformations in mechanical metamaterials are pro-
duced by increments of harder material fractions with respect
to soft ones. Thereby, higher values of elastic modulus and stress
concentrations were produced. On the other hand, properties
like auxeticity are enabled [132]. For this reason, functionally
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graded materials or corner-free structures represent an option to
control the effects of high localized stress distributions to pre-
serve structural integrity while flexibility is not limited [132].
For instance, Schoen’s gyroid TPMS graded unit cells with a vari-
able hard shell and a soft core, as shown in Fig. 9 (a), followed
this criterion [129]. Moreover, cylindrical optimized struts com-
posed of a flexible outer cover and rigid-inner cores were
extended to Voronoi lattices. In this case, the energy absorption
capability was improved up to 38 times with respect to single
material strut lattices, but prevented the reduction of stiffness
and strength [133]. The concept of dual and/or graded material
auxetic lattices has also been exploited [134,135,131]. The equiv-
alent Young’s modulus and NPR can be modified by varying the
stiff material gradient content along the lattice members accord-
ing to the loading condition (e.g. cells with flexible joints and
rigid ligaments). Furthermore, 3D-printed active architectures
can be fabricated by the combination of materials with diverse
responses under external stimuli. Variations in stiffness due to
high temperatures allowed the design of morphing graded struc-
tures programmed to reach a target state [130], as displayed in
Fig. 9(b). Similarly, anti-chiral lattices with a tailorable coefficient
of thermal expansion (CTE) were achieved by tuning the lattice
geometry together with the use of photopolymers with different
CTE [136]. Thermal expansion, as well as auxetic properties, are
not scale-dependent. Thus, they can be extended from macro
to nanoscales [136]. The development of practical applications
inspired by graded lattices has been applied in garments. For
example, the concept of a protective hinged arm was developed
by radial graded auxetic patterns (RNP), that combine negative
and positive Poisson’s ratio [131]. They prevented wrinkles and

lateral displacements when the elbow is bent (Fig. 9(c)-left), con-
trary to what is observed in other patterns (e.g. hexagonal as seen
in Fig. 9(c)-right).

4, Challenges, advantages, and limitations

M] allows the use of photopolymers with different mechanical
properties, and it has paved the way for the fabrication of archi-
tected lattice materials with a variety of performances, from
high-strength to morphing shape structures as summarized in
Appendix E, Table 5. An integrated overview of the main chal-
lenges, future works, and limitations that MJ lattices manufactur-
ing faces are exposed in the subsequent sections. Firstly, in terms
of the printing, modeling, and experimental processes, then,
outlining the actual results and potential for future applications.

4.1. MJ architected lattices: Printing process and experimental
work challenges

Defects, imperfections, and anisotropy on 3D printed lattices are
induced by the AM process. Then, the numerical model predic-
tions tend to differ from the mechanical performances exhibited
by the final object. In particular, the assessment of Young’s mod-
ulus or tensile strength. There are few lattices analyzed with
models that include M]J fabrication constraints, like printing ori-
entation effects in a transversely isotropic hyperelastic model
[75]. However, it is suggested the extension of this approach
towards shear and/or biaxial experiments besides uniaxial tests
outcomes. The influence of the UV exposure time and intensity,
or post-curing stages, are crucial aspects to be also considered and
deeply analyzed. Thereby, a holistic design approach can be ori-
ented towards a more realistic description of the lattice’s
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mechanical properties. The printing quality and dimensional
accuracy of the lattice elements are very sensitive to the cleaning
state of the printer components. Maintenance tasks are manda-
tory to obtain precise printed parts. Before and after operating
the respective printers, the print heads must be cleaned to avoid
blocked nozzles. Thus, a free resin flow, less surface roughness,
and depressions on the object can be expected to cause uneven
printed surfaces. Similarly, resin residues on the lamp glasses
must be removed because they hinder the passing of UV light.
Then, the curing process is affected, it tends to be not uniform
along the deposed layers and it provokes defects in the desired
lattice geometry. The majority of existing MJ lattices have been
fabricated mostly with glassy photopolymers (e.g. VeroWhite),
which have been characterized by tensile, compressive, and flex-
ural strength tests. Although the viscoelastic behavior of resins
represents a level of complexity for experiments [70], the same
procedure can be extended to explore the mechanical perfor-
mances of other available photopolymers (e.g. soft and rigid
composites/digital materials) and emerging eco-friendly pho-
tocurable resins [29-31]. The latter represent a potential alterna-

tive that will require material characterization studies to
guarantee high performance and sustainable 3D printed parts
at the same time. Moreover, it is also necessary to study more
in-depth the fatigue life and aging effects of lattice members, as
well as large strain deformations, failure, and non-linearities.
These aspects are still challenging, especially for rubber-based
components. Thus, detailed constitutive models can be found
to describe more precisely the properties of 3D printed soft
meta-structures and to assess accurately their service life. A signif-
icant number of architected lattices presented in this review have
been evaluated under quasi-static loads during the experimental
and numerical simulation phases. Dynamic tests like impact or
wave propagation tests still remain in an area that could be fur-
ther explored. In spite of a growing number of preliminary stud-
ies and cutting-edge works related to graded and multi-materials,
the already achieved experimental results require complemen-
tary validation, either numerical or analytical. More extended
assessments of interfaces of multi-material parts are indeed nec-
essary to be integrated for design and failure considerations.
Thereby, it is possible to produce new types of composites and
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multi-material configuration, and examples of instability modes with soft ligaments in circular and fourfold tessellations, plus their obtained stress—strain
curves. Reproduced with permission of [122]. Copyright 2018 American Physical Society.

multi-material lattices for several engineering areas with out-
standing properties and more controlled damage.

4.2. MJ architected lattices: manufacturing limitations

There are fabrication constraints that need to be considered dur-
ing the design stage of high-quality architected lattice structures.
An evaluation related to the limitations in terms of geometry and
cost estimation is presented as follows.

4.2.1. Geometrical limits

Printers manufacturers’ guidelines suggest not considering load-
bearing elements with a wall thickness below 0.5 mm [137] or
0.6 mm [138] due to potential fragility and risk of damage during
post-processing. We printed different samples with glassy pho-
topolymers via the Polyjet technique (Stratasys J750 printer) to
determine limiting thickness values for load-bearing and floating
ligaments which are part of the M]J architected lattices structures.
Cubic lattices (10 x 10 x 10 mm) were fabricated with ligament
diameters of 0.5 mm, 0.75 mm, and 1 mm. The selected base
materials and support material were respectively VeroBlack (rigid
photopolymers) and SUP706B, and different levels of grid den-
sity support were considered (lite, standard, and heavy). The
printed structures with a heavy density grid support are shown

in Fig. 10 for ligaments diameters of 0.5 mm, 0.75 mm, and
1 mm, respectively. In spite of using the strongest support grid
(heavy level), very thin-walled floating (horizontal) ligaments
with a thickness of less than 1 mm tended to bend during the jet-
ting process since the amount of material is not enough to form a
strong base substrate for the upcoming layer, and the created
bond is weak. Then, the resultant geometry appears deformed
during the hardening stage with the UV light curing. Thus, the
resulting printed ligaments present defects. It was also observed
that ligaments with a thickness of 0.5 mm became fragile and
broke easily during the support removal operations. Further-
more, we have tested axially the printed grids. In the case of liga-
ments with diameters of 0.5 mm and 0.75 mm, the imperfections
attributed to the mentioned fabrication defects contributed to a
faster ligaments’ failure. Therefore, diameters of 1 mm provide
a safe margin to preserve the MJ lattice geometry and prevent
defects, especially for horizontally arranged ligaments, as shown
in Fig. 10 ().

4.2.2. Cost analysis

The high fabrication cost is an aspect that has limited the use of
M]J in the AM market with respect to other techniques. This fact
has also been extended to lattice manufacturing. There are addi-
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tional factors that contribute to the increment of the final cost of
a M]J printed part, besides the raw materials and energy consump-
tion price. Therefore, the Total Cost (TC) estimation of 3D
printed lattices via M]J, also includes direct and indirect costs
based on the printing time involved in their fabrication, and it
can be calculated by the formula TC = I + Lest + @-
(M - Most) + (Etotar - Ecost) [139]. Where I, refers to indirect costs
(e.g. machine depreciation), L. is the approximated labor cost,
M is the amount of used material with the respective cost M.y, »
is a factor that considers the wasted material accumulated on the

roller after each pass to uniform the deposited layers [139], Ey is
the amount of energy consumed during the process with its price
E.s:. The target geometries for this case study were (i) an octet
truss unit cell and (ii) the corresponding three-dimensional
4x4x4 tessellation of octet unit cells. With reference to the geo-
metrical parameters depicted in Fig. 10 (d) and (e), the dimen-
sions of octet unit cell are W = 30 mm, L = 30 mm and
H = 30 mm, ligaments diameter d; = 4.0 mm, node diameter
d, = 8.0 mm, and node-ligament junction radius r; = 3.1 mm.
The cost estimation and printing time are presented in Table 2.

119



RESEARCH Materials Today ® Volume 59 e October 2022

TABLE 2

Total printing time, material, energy and cost estimation of an octet truss unit cell (30x30x30 mm, ligaments diameter of 4.0 mm), and corresponding
three-dimensional 4x4x4 tessellation fabricated both via MJ and FDM. All costs were calculated in USD($) without VAT. A proposed L.,; = 15 $ value
can be added to Total cost (TC) for labor cost inclusion. See Appendix C for calculation details.

Printing mode Printing Model Support Material Energy Energy Indirect Total Total
time Material (g) Material cost ($) (MJ) cost ($) cost ($) Cost ($) Cost ($/cm3)
(hours) (9)
Octet cell M) High-Mix Glossy 2.02 54 33 20.93 3.97 0.27 13.33 50.44 9.46
High-Mix Matte 2.02 57 48 23.60 3.97 0.27 13.33 55.13 10.34
High-Quality Glossy 3.62 95 45 3533 7.04 0.48 23.90 86.57 16.23
E High-Quality Matte  3.62 98 59 37.88 7.04 0.48 23.90 91.06 17.08
g FDM 0.05 mm UD layers 5.88 6.70 5.53 1.22 2.12 0.15 0.15 1.51 0.28
A 0.15 mm layers 230 6.70 5.17 1.16 0.83 0.06 0.06 1.28 0.24
x Octet lattice MJ High-Mix Glossy 25.92 1372 1542 612.21 49.84 343 171.28 1252.19  3.67
= High-Mix Matte 27.77 1518 2005 711.51 53.39 3.67 183.51 143944 4.22
E- High-Quality Glossy 45.32 1795 1642 758.06 87.07 5.99 299.50 1639.66 4.80
= High-Quality Matte  48.65 1961 2097 862.80 93.47 6.43 321.53 184649 541
FDM 0.05 mm UD layers 290.93 42487 299.88 69.30 104.74 7.20 7.28 83.78 0.25
0.15 mm layers 123.12 421.31 285.21 66.79 4432 3.05 3.08 72.92 0.21

See further details of the cost estimation in Appendix C. The
employed materials for the MJ printing were VeroYellow RGD-
836 and SUP-706B for model and supports, respectively. The
material and energy costs assessment were done by following
Italy market quotations for late 2021 and energy prices for March
2022, respectively. The printing modes considered were High-
Mix (layers height = 27 microns) and High-Quality (layers
height = 14 microns) in order to assess the lattice fabrication with
the highest resolution possible. In addition, the two available
surface finishing options, Glossy and Matte, were applied. More-
over, we provide an estimated cost and printing time of the same
samples if they were fabricated by more widely used and afford-
able techniques in the AM market, such as FDM. Thereby, it was
possible to establish a comparison among the printing costs
obtained by using a Stratasys J750 Polyjet printer, with those
expected by printing the same structures with a cheaper FDM
3D printer Prusa i3 MK3S. For this reason, the imposed dimen-
sions of the case study geometries were selected based on the fea-
sibility of manufacturing in both techniques. For FDM processes
is not possible to achieve a satisfactory resolution in detailed
structures with small dimensions, like octet cells. In the case of
FDM cost assessment, the employed materials were Prusament
PC Blend Jet Black (filament with diameter = 1.75 mm) and sol-
uble supports Verbatim BVOH, without considering a waste fac-
tor w. The printing modes were Ultra-detail (UD) and Quality
with 0.05S mm and 0.15 mm layers height, respectively. Addi-
tional post-processing costs (e.g. cleaning devices, alkaline solu-
tions) were not considered in both printing processes. The
purpose was to obtain specifically raw costs attributed to the
model and support materials plus the machine, in terms of
energy consumed and depreciation in time. Similarly, the labor
cost, Lqst, was not included in the Total Cost (TC) estimation,
shown in Table 2. It is a subjective parameter that remains con-
stant, either for the fabrication of one unit cell or the correspond-
ing tessellation, or the printing technique. Thus, if a further
estimation is required, a L. value can be added to TC, based
on the salary per hour of a technician (e.g. considering Sy, =
15 $/hour and an approximated time fraction for printing oper-
ations t,, = 1 hour, as indicated in Appendix C). Furthermore,

the difference in total costs between MJ and FDM processes is
very significant. For example, considering the 4x4x4 octet lattice
case, where the costs are MJ = 3.67 $/cm?® (High-Mix Glossy) ver-
sus FDM = 0.25 $/cm® (UD layers). This fact correlates to the
expected printing resolution in terms of layer thickness
(M]J = 14-27 microns versus FDM = 0.05-0.15 mm), and shorter
fabrication time, which almost reached differences from six to
ten times (MJ = 25.92-48.65 h versus FDM = 123.12-290.93 h).
M] results more cost effective by printing objects in series as
the lattice case, than single isolated parts with a difference of
almost three times. For instance, considering High-Mix Glossy
printing mode, the estimated cost is about 3.67 $/cm® for the
4x4x4 octet lattice versus 9.46 $/cm? for the octet unit cell, as
can be seen in Table 2. Similarly, a further cost reduction in M]J
is observed when there is printing at full capacity. For instance,
a 16x12x4 octet lattice can occupy almost the 100% of the
build-tray of a Stratasys J750 M]J printer (490x390 mm). In this
case, the estimated Total Cost (TC), considering High-Mix and
High-Quality modes, is between 2.60-2.87 $/cm®, which is
almost 30-40% less than the observed cost of the smaller
4x4x4 octet lattice, about 3.67-4.80 $/cm>. As more objects are
placed along the longitudinal direction of the tray, the fastest
they are fabricated during a single horizontal pass of the print
head. Thus, the total cost can be optimized.

4.3. MJ architected lattices: outcomes and potential

There is an increasing number of research works related to archi-
tected lattice materials, starting from the improvements of tradi-
tional cellular materials towards the exploration of optimization
approaches. However, there is a permanent target to obtain high
ductility by decreasing the length scale of the lattice, thereby fill-
ing existing gaps delimited in the Ashby charts [140,141], as
shown in Fig. 11(a) and (b). The upper theoretical limits reported
in Fig. 11(a) and (b) are defined, respectively, by the lines with a
slope of E/p and oy /p [142], being tangent to diamond which is
traditionally considered the stiffest and strongest material. Cur-
rent AM technologies aim to fulfill this objective by fabricating
structures at meso, micro, and even nanoscale or hierarchical
designs with higher orders. Due to the high printing resolution
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(a) Materials development and unattainable space regions are plotted in Young's modulus vs. density graph. (Plot created by using CES EduPack 2019, ANSYS
Granta ©2020 Granta Design). (b) Recent strongest/lightest materials strength versus density space curves, from research near to nano/ micro lattices.
Adapted from [140,141]. The upper theoretical limits reported in sub-figures are defined, respectively, by the lines with a slope of E/p and 6./p [142], being
tangent to diamond which is traditionally considered the stiffest and strongest material.

of rigid and/or soft photopolymer objects, the MJ technique has
contributed to an increasing number of tunable, high-resistant,
and lightweight structures, as mentioned in this review. It also
includes innovative hierarchical materials [93,77] and applica-
tions to real-life products, such as shoe soles [91] or exo-suits
[131]. For the assessment of the lattice mechanical properties,
data obtained from experimental works are inserted in Ashby
plots and compared to existing materials available in CES Edu-
Pack 2019, Granta Design [143] database.

Young’s Modulus or yield strength versus density plots on a
log scale are inserted, as illustrated in Fig. 12. In this case, the the-
oretical upper limits reported in Fig. 12(a) and (b) are defined,
respectively, by the lines with a slope of E/p and a5 /p [142],
being tangent to carbon nanotubes, the existing stiffest and
strongest materials. In the case of single material lattices, diverse
configurations such as semi-plate [78], TPMS [80,86], and cubic
reticulated [88], reached levels of stiffness close to those exhib-
ited by metal foams and biomaterials (e.g. cancellous bone).
Thus, they represent a suitable solution to fabricate scaffolds
for tissue growth. While multi-material TPMS [119,69], or auxetic
reinforced composites [120], approached high-performing elas-
tomers. Graded TPMS lattices [129] achieved Young’s modulus
close to foams at less density values, as shown in Fig. 12 (a). It
can also be evidenced that M]J lattices obtained more elastic prop-
erties at a lower density than their solid constituent counterparts
(e.g. VeroWhite, Visijet) and non-technical ceramics groups in
some cases. Moreover, improved yield strength values were also
observed in structures such as semi-plate [78], TPMS with radially
graded porosity [80] and cubic reticulated [88], with respect to
available metal and ceramic foams at the same density, as dis-
played in Fig. 12 (b). It opens the possibility to continue the
development of lattices with this 3D printing technology to
enhance the mechanical performances of traditional foams, even
with lighter materials. Hence, some gaps inside the observed
Ashby plots could be covered. However, filling a higher number

of them is still a challenge that envisions future works. Energy
absorption has been one of the most advantageous mechanical
properties achieved by several M]J lattices discussed in previous
sections. For example, tailored honeycombs [83] or TPMS with
radially graded porosity [80] achieved Specific Energy Absorption
values per unit mass (SEA) up to SEA = 30 J/g, close to the exhib-
ited ranges by steel tubes between SEA = 30]/g - 60 J/g [146]. The
adapted plot from [144] study in Fig. 12 (c) allows the compar-
ison among the SEA of the reviewed structures and the values
achieved by some architected materials. The SEA values of M] lat-
tices became higher than polymeric or metal foams and steel
tubes. Furthermore, it is possible to highlight the energy
absorbed by multimaterial lattices in an Ashby plot based on
[145] research work, as shown in Fig. 12 (d). TPMS [119,69],
graded structures [129,133], and the snap-fitted lattices [76]
exhibited values of toughness (Energy per volume) comparable
to the highest grasped by foams and some groups of ceramics.
Similarly, the reported compressive strength data reached the
top values of cellular foams. The capability of using stiff pho-
topolymers together with flexible materials or as the reinforce-
ment of a soft matrix reduces the possibility of generating
brittle failures. Rubbery materials withstand compressive loads
under large strains, and they improve the fragile behavior
attained to the hard counterparts. Promising results like multiple
and wide bandgaps at ultralow frequency [110] represent an
exciting alternative for filtering or damping devices. Thus, vibra-
tion control and high-impact 3D printed lattices might start to
be designed and tested. However, the wave propagation in a vis-
coelastic media, like MJ photopolymers, demands further analy-
sis. As an additional remark, shape programmable lattices open
the possibility to create 4D printed materials. The presented 2D
works described how to exploit the ability to morph glassy poly-
mers under external stimuli like heat. These experimental and
numerical studies can be extended to 3D topologies besides the
widely analyzed 2D auxetic configurations. Tunable Poisson’s
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ratio was another outstanding property exhibited by some
reviewed works with single and graded materials. In particular,
the Poisson’s ratio ranges between O (in tension) to —0.4 (in com-
pression) for 3D lattices made of flexible digital material [102],
between 1 and —0.5 for hierarchical honeycombs [93]. In the
case of tubular structures a Poisson’s ratio of —0.7 was observed
[101]. Furthermore, negative Poisson’s ratios up to —0.8 at strains
of 0.4 were achieved by the multimaterial chiral lattice (Soft-
Digital Material and rigid photopolymeric elements) [124]. These
improved mechanical properties lead to more alternatives to
study in-depth the potential use of multi and digital materials,
besides the commonly used glassy resins.

5. Concluding remarks

The present review was divided into two main parts. First, the
most relevant features concerning M] technology were intro-
duced. Moreover, the influence of the printing process parame-
ters on the mechanical properties of the 3D printed lattices has
been intensely discussed based on available experimental works.
In particular, the differences in tensile strength due to the aniso-
tropy caused by the print direction. Second, an overview of the
latest and more extensively studied 3D printed architected lattice
structures with MJ is exposed. Two main categories were distin-
guished based on the use of Single- and Multi-materials. Their

achieved mechanical properties were assessed by the comparison
among M]J lattices and existing materials in Ashby plots.
Thereby, the potential of MJ structures was described in terms
of Young’s modulus, yield strength and density values, which
approached those regarding biomaterials and high-performing
elastomers. Similarly, ranges of toughness close to the exhibited
by foams were reported. These facts confirmed that biomedical
and energy absorption applications were the most achieved
design targets by MJ lattices (summary in Appendix E, Table 5).
Future works can start with the obtained outcomes from the
exposed experimental and numerical results, and then try to
cover existing gaps in the Ashby plots, mainly in areas nearby
foams and biological materials. Shape programmable materials
or vibration control devices are other promising targets that
demand further research. The challenges and limitations of the
M] technique for lattice manufacturing have also been analyzed.
The influence of UV intensity during the curing stage on the
final mechanical performances and aging effects for the fabrica-
tion of long-term photo-polymeric lattice materials are areas that
require more experimental work. Furthermore, high-cost estima-
tions have mostly restricted the use of MJ in the AM market.
Consequently, there is a lower number of research involved with
respect to other technologies (e.g. FDM, EBM, SLS, SLA). Despite
the high printing cost, the MJ technique offers high resolution,
reduced level of anisotropy in the printed components, and
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the capability of combining different materials to attain variable
voxel-based mechanical properties. Moreover, MJ is cost effective
when it is printing parts in series or at full tray capacity. The use
of materials with a controlled thermal response and different
mechanical properties, that can be printed in a single round, is
another remarkable M] feature. These attributes pave the way
for new research works to harness the potentiality of printing lat-
tices with versatile photopolymers via MJ. At the same time, it
can motivate a wider use of curable resins but not leaving aside
the development of more sustainable alternatives, such as novel
bio-resins.
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Appendix A. MJ additional remarks

A.1. MJ technology

Material jetting (MJ) involves the following main groups: Drop
On Demand (DOD), Nano Particle Jetting (NP]), Polyjet (P]) [147],
MultiJet Printing (MJP). In this review, we focus on these two last
techniques that involve photopolymers, and both are the most
widely utilized to manufacture automotive, aerospace, and med-
ical components. Poly]'et®[4] and MultiJet®[10] present advan-
tages versus other 3D printing technologies in terms of
precision, uniformity, and very well detailed surfaces. Current
M]J 3D printers fabricate parts in a high resolution depending
on their available printing modes. For example, minimum layers
height of 13 and 14 microns can be obtained by selecting
Extreme High definition (XHD) [13] and High Quality (HQ)
modes [148], respectively. In addition, it is possible to choose
printing modes that work almost two times faster than the latter
ones, such as High-Mix (layers height of 27 microns) [148] or
High Definition (layers height of 32 microns) [13]. The schematic
of the working principle behind the MJ process is depicted in
Fig. 1(b). During the MJ process, the photopolymer droplets are
spread and deposited as small voxels by multiple nozzles onto
a horizontal build tray, similar to inkjet printers. The deposed
substrates are cured instantaneously by UV light. Depending
on the model’s size amount, finishing and accuracy, a support
material grid is also printed to fill overhangs, gaps, and spaces
during the layers’ build-up process, as it is schematized in
Fig. 1(b). In the case of Polyjet, the soluble gel support material
is printed surrounding and withstanding the floating parts by
forming a grid structure. The strength of the supports is con-
trolled by the grid’s density and the inclusion of rigid base mate-
rial particles in the support matrix. It can vary between lite,
standard, and heavy levels, depending on the geometry and
material to be held. Parts with angled faces almost perpendicular

or inclined approximately above 72° with respect to the build
tray, may be self-supported without the use of support material
grid [149]. The removal operations are usually done by water
pressure or alkaline solutions for difficult-to-reach areas and frag-
ile models. In general, the supports become completed melted by
2% Na(OH) solutions after an extended time (usually less than
4 h by using a cleaning station and in the case of lite support).
Alkaline solutions demand special attention because they can
have adverse effects on the mechanical properties of the final
3D printed part [21]. However, it is suggested a brief submersion
of the parts (30-60 s) in 15% glycerol-based solutions to wash
away the solution remainders. MultiJet printing follows the same
photopolymerization process [18]. Nevertheless, the support
material consists of wax and it can be removed by heat. For this
reason, there is available equipment such as convection ovens
(set to 65 °C) or steamer systems that are able to melt the wax.
Further removal of fine wax particles can be done also by ultra-
sonic bath devices [22].

The use of support material influences the reduction of preci-
sion along printed parts dimensions. MJ techniques and SLA
share common curing principles. The difference is that the latter
forms the targeted shape inside a resin pool. As the build tray
moves up (on the vertical axis), the desired patterns are con-
structed by hardening the photopolymer via UV laser coming
from dynamic mirrors. As the layers are formed, the objects get
suspended, and then an additional support structure made of
the same material is also needed. The final parts are not fully
hardened because of the excess resin, and they require further
curing in a UV source (e.g. oven) to eliminate it. Then, the sup-
ports can be removed by manual operations, including sanding
[150]. The effect of UV curing and post-processing affect MJ
materials’ mechanical properties significantly, similarly to SLA
[58]. The main parameters that govern photopolymerization
are the critical energy that initiates the process (E.) and the pen-
etration depth of curing light (D,) [151]. Considering the energy
of light at the surface (E;), the thickness (h.) at which the pho-
topolymer is cured is equal to h.= (D, In(E; +E;)) [152].
Whether the parameters E, and D, are known, it is possible to
determine the required number of increments to build-up the
layer in the vertical axis to obtain the minimal thickness h. for
layers deposition and curing, and the optimal UV light features
(e.g. scan speed and intensity). Thus, high printing resolution
can be guaranteed [151]. Moreover, the wavelength of the light
source (e.g. lamp) in MJ printers is not constrained. For this rea-
son, it is also possible to select a curing approach based on hybrid
photopolymerization (radical and cationic) [14]. Both MJ and
SLA share similar photopolymerization challenges, such as assur-
ing a fast and efficient curing rate that avoids differences in
bonding and hardening, along and between the layers. Photoini-
tiators are an important component of the resins, they absorb
the UV light energy and it is transformed into chemical energy.
Free cations or radicals are formed and they break into more par-
ticles that will interact and create bonds with the constituent
monomers and oligomers [153]. Their properties are formulated
based on the wavelength and the intensity of the UV light
source. They can be optimized in order to obtain high printing
resolution [154]. Besides the use of low viscosity resins,
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photocurable materials, that can be cured under longer wave-
lengths of irradiated UV light, have been proposed. This fact
can also contribute to less dangerous working environments for
health. Thereby, a higher penetration depth between neighbor-
ing layers can also be obtained and thus, achieving stronger
bonds during the build-up process [155].

A.2. Manufacturing process effects on mechanical properties of
MJ printed parts

One of the most outstanding features of MJ, is the use of multiple
materials with different physical and mechanical characteristics
that can be printed at the same time, as shown in Table 3. For
this reason, they present feasible options to obtain versatile
printed parts with rigid or flexible, multi-color or translucent
components, as well as heat resistant (e.g. with heat deflection
temperature of 67 °C [156], and 250 °C [157] at about
0.45 MPa), bio-compatible, casting wax and compliant mecha-
nisms (e.g. polypropylene alike-photopolymers) [24,10]. It is also
possible to create a sort of composites with hybrid characteristics
which are the result of the addition of rigid photopolymers to
soft rubbery resins, such as the so-called “Digital Materials”
(DM), “Multi-Material Composites” (MMC), or “Functionally Graded
Materials” (FGM).

Therefore, they offer a broad spectrum of properties to be
explored, such as intermediate levels of stiffness or flexibility
with respect to the glassy or soft former photopolymers, as well
as different level of shore hardness scale (from A30 to A95 for
flexible and D70 to D85S for glassy materials), and viscoelastic
properties that vary according to the distribution of rigid versus
soft particles [24,25,158,159]. In the case of rigid lattices made
of materials like VeroWhite, the selection of compressive domi-
nated lattices over bending dominated ones is recommended
for improved strength or energy absorption values [75].

Material characterization experiments on Polyjet printed
specimens have been conducted mostly under common stan-
dards such as ASTM D-638 for tensile tests, ASTM D790 for flex-
ural tests, or ASTM D2240 for shore hardness. The layers’
orientation of the specimens with respect to the build tray, con-
tributes to the anisotropy of the mechanical properties. Besides
build-orientation, parameters such as struts buckling and scaling
effects of printed lattices affect their final mechanical perfor-
mances [68]. Distortion would be present along the longest
dimension of the part, but increments in their thickness might
prevent higher deformations [160]. Moreover, the effect of the
printing direction in 3D printed composites may be negligible
until 5% of volume fractions of reinforced materials [161].

The allocation of rigid particles affects the mechanical behav-
ior of the specimens. Those perpendicular to the force allow a
higher compressive resistance. While in the case of tensile
strength, the higher values were obtained by the parts aligned
parallel to the print head. Soft particles can produce the cracks
initiation in the formed composite [161,73,162,70,163]. In addi-
tion, aging effects have been initially observed in glassy pho-
topolymers samples, where the ultimate tensile strength
incremented in time but elongation at break values diminished
[163].

It’s still challenging to identify which process parameters
mainly affect the fatigue behavior of MJ parts [164,165]. Surface

flaws, voids and shear forces action tend to decrease the fatigue
life of elastomeric and multi-material interfaces [166]. However,
the type of surface finishing might improve the fatigue life as
well as the mechanical strength of the printed part. In particular,
glossy finishing surfaces have presented fewer irregularities that
induce crack propagation than their matte counterparts
[167,66,168]. Moreover, layers’ orientation can affect the crack
propagation within the printed components. Cracks formed
orthogonal to the layers’ orientation propagate slower than those
formed parallel [169].

Blocked nozzles tend to increase the surface roughness. There-
fore, an increment in stress concentrations is expected [65].

Higher layer thickness represents a time-saving and enhanced
bond between the build-up substrates.

Despite a resolution reduction, high-speed printing and thick-
ness of 30 microns allowed an enhanced bond between layers
and less time consumption (saving 60.86%) with respect to high
quality-matte models (thickness of 16 microns) [167].

Appendix B. 3D printed architected lattices: common

manufacturing processes highlights
B.1. 3D printing techniques
The latest developments in 3D printing techniques have allowed
the possibility to produce complex and enhanced topologies in a
wide-scale range from nano and microstructures, besides the
fabrication at the macro-scale (e.g. long parts). The existing AM
techniques, classified according to ASTM-ISO standards, work
with different processes, types of raw materials, and printing
resolution [8], as it is summarized in Table 3. Micro-
stereolithography has been one of the pioneer technologies
whose resolution reaches micrometers. For example, structures
can be printed with a resolution close to 5 microns [170].
Furthermore, the main techniques used to print metamateri-
als at the microscale, among photopolymerization categories,
are: Self Propagating Photopolymer Waveguide (SPPW), Two-
Photon Lithography (TPL), Continuous Liquid Interface Produc-
tion (CLIP) [171]. In the case of metals, SLS, SLM, EBM, and DED
have been widely used [171,172].

B.2. Manufacturing effects on lattices

Each AM technique presents diverse sources of defects that have
an impact on the final printed part, either in the geometry or in
the mechanical properties. In general, the most common manu-
facturing parameters to be considered during the majority of the
printing process are build orientation, layer thickness, infill pat-
terns, raster angle, density, temperature, printing speed, nozzle
diameter, and supports. In the case of vat photopolymerization
and M]J, the UV curing parameter is additionally taken into
account. The post-processing stage varies among the different
technologies, and it involves support removal, which can be
done by hand, water jetting, or chemical methods. Geometrical
defects on the final printed part are attained in the AM process.
Imperfections, high levels of roughness, or residual porosity tend
to reduce the mechanical performances of the fabricated parts
due to increments of stress and strain concentrations [173]. Off-
set nodes, strut waviness or even incomplete structures (e.g. not
printed struts) are typical imperfections found on micro-lattice
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TABLE 3
Mechanical properties of common Polyjet [24] and MultiJet printing base materials [25,158]. (x Rubber like materials)
Material Tensile Strength Elongation at Young’s Flexural Shore Hardness Density (g/
(MPa) break (%) Modulus (MPa) Strength (MPa) (Scale) cm3)
Polyjet  xAgilus30-Black 24-3.1 220-270 - - 30-35A 1.14
Digital ABSplus 55-60 25-40 2600-3000 65-75 85-87D 117
Draft Gray 50-65 10-25 2000-3000 75-110 83-86D 117
Durus 20-30 40-50 1000-1200 30-40 74-78D 1.15
Rigur 40-65 20-35 1700-2100 52-59 80-84D 1.20
+«TangoBlackPlus 0.8-1.5 170-220 - - 26-28A 1.12
Vero WhitePlus/Black/ 50-65 10-25 2000-3000 75-110 83-86D 1.17
Magenta
VeroBlue 50-60 15-25 2000-3000 60-70 83-86D 1.18
VeroClear 50-65 10-25 2000-3000 75-110 83-86D 118
VeroUltraClear 39-43 20-35 1400-2100 58-72 80-85D 1.18
MultiJet VisiJet CR-WT/ CR-CL  37-47 7-16 - 61-72 76-80D 118
VisiJet CR-BK 45-52 7-11 - 63-76 78-83D 1.18
*VisiJet CE-NT/BK 0.2-04 160-230 - - 27-33A 1.12
VisiJet M3-X White 49 8.3 2168 65 - 1.04
VisiJet M3 Crystal 424 6.83 1463 49 - 1.02
VisiJet M3 Black 35.2 19.7 1594 445 - 1.02
VisiJet M3 Proplast 26.2 8.97 1108 26.6 - 1.02
VisiJet M3 Navy 20.5 8 735 28.1 - 1.02
VisiJet M3 Techplast 221 6.1 866 28.1 - 1.02
VisiJet M3 Procast 32 123 1724 45 - 1.02
structures induced by the AM process [174]. The printing orien- Mg = 114.30 $/kg. In addition, a waste material factor

tation leads to significant nodal volumes and the presence of
slenderness on the struts of SLA micro-lattices [55]. The existence
of anisotropic properties is another consequence of the additive
process, it is caused by the layers’ build-up operations and it var-
ies depending on the technique. In particular, FDM or SLS pro-
duce parts with a high level of anisotropy (= 50% and 10%.
respectively), while it is lower for SLA (= 1%) and M] (= 2%)
[59]. Despite existing studies that analyze the printing defects
on massively used technologies like material extrusion, SLM,
EBM, SLA, further research is still required to find accurate mod-
els. These outcomes and applied methodologies in photopoly-
merization techniques might be extended to other similar
processes, like MJ. Thereby, more accurate mechanical perfor-
mances of printed parts can be estimated.

Appendix C. Cost estimation of architected lattices via
MJ

This case study aims to evaluate an approximated cost related to
the MJ fabrication of an octet truss unit cell (30x30x30 mm with
ligaments diameter of 4.0 mm and real volume of 5.33 cm®) and
the corresponding three-dimensional 4x4x4 lattice arrangement
(with real volume of 341.30 cm?). The currency used for the cal-
culations was USD ($) and prices without VAT. A Polyjet printer,
Stratasys J750, was employed to estimate the printing time (i)
based on the volume of the geometry to be fabricated, printing
modes, and type of surface finishing by means of the comple-
mentary GrabCAD Print software. Similarly, the approximated
model and support material weights were obtained, as seen in
Table 2. The referential material prices were taken from Italian
market quotations for late 2021. For example, in the case of
VeroYellow RGD836, M. = 317.80 $/kg and for SUP706B,

o =1.76 [139] was also introduced to include the possible resin
that tends to be accumulated on the level roller after each print
heads passage. In general, it is difficult to predict the amount
of energy employed during the printing operations, and it does
not represent a predominant value in the final market cost
[28]. For the scope of our estimation by using a printer Stratasys
J750, the total energy consumption E:y, invested during the
printing stage (preliminary and build-up process time), was cal-
culated with the expression Eiwr = Estart + (Eprocess = tprint)- Where,
the considered values related to power-on, warm-up, and pre-
printing stages (Esq: = 0.10 MJ) and the printing process itself
(Eprocess = 533.1 ]/s), were based on referential quantities from
analogous predecessor printer models of the same Polyjet family
(e.g. Objet Connex260 [139], Eden 260v [59]). The energy price
was referred to March 2022 suggested values (E,;. = 0.0687 §/
M]J). Suggested indirect cost I, includes machine depreciation
related to a Stratasys J750 printer, and it is equal to the expres-
sion I = (MC <+ taep - Uannuat) - tprine [175]. Where, the estimated
Machine Cost (MC) was MC = 264 k$, referred to Italian market
quotations for late 2021. The considered depreciation time and
annual utilization rate values were t4, = 8 years and Uauua =
57% respectively [175]. Labor cost (L.s) can be calculated by
Leost = (Shour - top)- For example, based on the salary per hour of
a technician from the University of Trento (Spr = 15 $/hour
for the year 2022) and an approximated time fraction for print-
ing operations of t,, = 1 hour. Thus, a value of Le,s; = 15 $ can
be added to the Total Cost (TC) from Table 2, which is provided
by raw prices of materials and machine for all the cases, either
single octet unit cell, lattice and both printing processes, Material
Jetting or FDM. Moreover, an FDM cost estimation was also pro-
vided, by considering the same case study samples and assess-
ment criteria. The following parameters were used: 3D printer
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Prusa i3 MK3S with the printing settings in normal mode of
Ultra-detail (UD) with 0.05 mm for layers’ thickness and Quality
with 0.15 mm for layers’ thickness, average energy process con-
sumption (Epess = 100 J/s) and machine cost MC = 999 § [176].

The approximated printing time for the specimens fabrica-
tion, as well as the materials weight consumption, were calcu-
lated by the software Prusa Slicer. The selected filament was

Prusament PC Blend Jet Black (diameter = 1.75 mm) with

TABLE 4

M = 51.11 $/kg [177], and the soluble supports Verbatim
BVOH with M, = 158.68 $/kg [178].

Appendix D. Constitutive models for material jetting

architected lattices
See Table 4.

Constitutive models adopted in the FE analysis to simulate the mechanical response of MJ architected lattices depending on the printing material.

Research work

Base Materials

Description Constitutive model

Mohammadi, MR et al. (2020)  VisiJet M3 Crystal Rigid
[79]
Kumar, S. et al. (2019) [83] VeroWhite Rigid
Li, T. et al. (2021) [78] VisiJet M3 Black Rigid
Zhang, Z. et al. (2021) [81] VeroWhitePlus Rigid
Cui, S. et al. (2018) [100] VeroWhitePlus Rigid
Wagner, M. et al. (2017) [105] VeroWhitePlus RGD835 Rigid
Li, T. et al. (2018) [120] VeroWhite Rigid
Albertini, F. et al. (2021) [121] VeroWhite Rigid
Zhang, P. et al. (2016) [75] VeroWhitePlus Rigid
Chen, Y. et al. (2018) [77] VeroWhite Rigid
Bossart, A. et al. (2021) [125] VeroWhitePlus Rigid
Fernandes, M.C. et al. (2021) FLX9795-DM Flexible
[89]
Jamshidian, M. et al. (2020) [96] Tango+ Flexible
Weeger, O. et al. (2019) [91] TangoBlack+, Tango+ Flexible
Jiang, H. et al. (2020) [101] FLX95595-DM Flexible
Chen, Y. et al. (2017) [103] FLX9795-DM Flexible
Janbaz, S. et al. (2018) [122] DM: Vero and Tango+ (A Flexible
= 60),
Agilus, Tango+
Li, T. et al. (2018) [120] Tango+ Flexible
Bossart, A. et al. (2021) [125] Agilus30 Flexible
Albertini, F. et al. (2021) [121] TangoBlack Flexible
Mirzali, M.J. et al. (2020) [132] Agilus30 Black (FLX985) Flexible

Bilinear perfectly plastic

Combined Drucker-Praguer and Rankine surface
Linear-perfectly plastic

Maxwell-viscoelastic

Desayi and Krishnan Plastic-Damage

Viscoelastic- Prony series + Williams-Landel-Ferry shift factors
Elastic-viscoplastic

Piobert-Luders elasto-plastic with isotropic non-linear hardening
Transversely-Isotropic Hyperelastic-viscoplastic with Tsai-Wu failure
criterion

Elasto-plastic

Linear elastic

Neo-Hookean

Hyperfoam

Weeger et al. model - Non linear hyperelastic
Arruda-Boyce

Arruda-Boyce

Arruda-Boyce

Arruda Boyce
Arruda-Boyce *Viscoelasticity: Three-term Prony series
Arruda Boyce
Neo-Hookean
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Appendix E. Relevant aspects of the reviewed material
jetting architected lattices

See Table 5.

TABLE 5

Summary of the relevant aspects characterizing the material jetting architected lattices discussed in this review, such as (i) used 3D printer, (ii) chosen
printing materials, (iii) considered unit cell type, and (iv) potential applications of the research results indicated by the respective authors.
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Research work 3D printer Materials Unit cell type Outcomes Applications
Lancea, C. et al. Connex VeroClear (RGD810)  Sphere-based with/without High compressive strength to mass Aerospace, Automotive,
(2020) [84] 500 cylindrical stiffening elements  ratio Machinery
Sathishkumar, Objet Eden VeroWhitePlus, SUP ~ TPMS Schoen’s: FRD, Octo TPMS compressive strength 3D printing, infills,
N. et al. 260 V 705 assessment Dampeners, Medical
(2019) [85] implants/scaffolds
Mohammadi, Projet 3500 VisiJet M3 Crystal, Pentamodes Different mechanical properties Metafluids: High
MR et al. HD Max VisiJet S300 due to pentamodes’ midpoint stiffness in one direction
(2020) [79] variations and high compliance in
others
Abate, KM. Projet 3510 VisiJet M3 Crystal Vintiles Optimization of mechanical Medical implants/
et al. (2020) HDMax properties for high porosity lattices. scaffolds
[87]
Kumar, S. et al.  Objet260 VeroWhite, SUP705  Honeycomb: Irregular High energy absorption efficiency  Energy storage,
(2019) [83] hexagonal, Re-entrant, Chiral by tuning the gradient of wall Reconfigurable devices,
thickness Insulators, Dampeners
Li, T. et al. Projet MJP  VisiJet M3 Black, Semi-plate lattices:Simple Higher strength and energy Alternative to Metal
(2021) [78] 3600 VisiJet S300 cubic (SC), Face-centered storage levels than truss foams
cubic (FCQ) topologies, beyond Hashin-
Shtrikman bounds.
Afshar, M. et al. Objet VeroGray Fullcure TPMS with graded porosity: P,  Porosity effects of TMPS scaffolds  Scaffolds for cells
(2018) [80] EDEN 850, SUP 705 D, IW-P on plastic deformations and energy growth
absorption.
Kadkhodapour, Objet VeroBlue FullCure TPMS: P and D Assessment of the large Scaffolds for cells
J.etal Eden260 840 deformation response of TPMS for  growth
(2014) [86] scaffolds
Alaboodi, A.S ProJet VisiJet M3 Crystal, Cubic reticulated Evaluation of mechanical and Scaffolds for bones cells
et al. (2018) 3500 3D VisiJet M3 White fracture behaviour of coloured and growth
[88] translucent porous lattices
Alberdi, R. et al. Objet 30 VeroWhite Combined: Face-centered Tunable lattices with improved Impact and crash
(2020) [78] cubic (FCC) and Body-centered energy absorption devices (with energy
cubic (BCQ) absorption through
plastic dissipation)
White, B.C. etal. Objet J286 VeroWhite IPL combined: Face-centered = Energy absorption six times higher Energy dissipation,
(2021) [82] cubic (FCC) and Dual-Rhombic than single separated lattices Damage sensing,
Dodecahedron (RD) Vibration isolation
Zhang, Z. et al.  Objet260 VeroWhitePlus Square fractal patterns with Low bending stiffness but high Energy dissipation
(2021) [81] Connex3 three orders structural integrity and improved
shape recovery
Johnson, LK. Objet500 Tango+ (FLX930), Cubic lattice with cylindrical Stiffness values close to soft Soft tissues
et al. (2019)  Connex3 SUP706 struts biological materials by varying
[95] geometrical features
Fernandes, M.C. Objet500 FLX9795-DM Square grid with diagonal Nonlinear response and large Energy absorption,
et al. (2021)  Connex3 bracings (deep-sea sponge deformations lattices Mitigation of acoustic
[89] inspired) and thermal waves
Janbaz, S. et al. Object 350 DM: Agilus Four-Fold, Circular Flexible Lattices driven by a Biomedical prosthetics,
(2019) [90] Connex3 + VeroMagenta, buckling-mode controlled Soft robotics actuators
SUP706 mechanism. High instability modes (exoskeletons)
activated
Jamshidian, M. Stratasys Tango+ Body-centered cubic (BCQ) Initial Model towards further Soft lattices modelling
et al. (2020) J750 nonlinear constitutive models (for
[96] lattices under large deformation)
Weeger, O. Stratasys TangoBlack+, Tango Vintiles, Cross, Octet New non-linear approach for soft Soft robotics, Energy
et al. (2019) J750 +, SUP 706. Shoe lattices under large strains with absorption, Fashion and

[91]

sole: DM 2160
lattices + VeroPlus
surface

practical applications

personal protection

(continued on next page)
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TABLE 5 (CONTINUED)

Research work 3D printer

Materials

Unit cell type

Outcomes

Applications

Cui, S. et al. -
(2018) [100]

Jiang, H. et al. Objet260
(2020) [101]

Mousanezhad,  Objet
D. et al. Eden260V
(2015) [93]

Li, T. et al. Objet
(2017) [102] Connex260

Wagner, M. Objet500
et al. (2017)  Connex3
[105]

Wang, D. et al.  Objet J750
(2020) [104]

Dong, L. et al. Objet J750
(2021) [106]

Guseinov, R. Stratasys
et al. (2020) J750
[94]

Xie, Y. et al. Stratasys
(2018) [107] J750

Peri, V. et al. Connex
(2019) [111] Objet500

Vdovin, R. et al. Objet Eden

(2017) [112] 350

Yi, J. et al. Objet
(2016) [108] Eden260VS

Chen, Y. et al. Objet260
(2017) [109] Connex3

Chen, Y. et al. Objet
(2017) [103] Connex260

Lim, CW. et al.  Objet30
(2021) [110]

Multi-material

Mirzali, M.J. Objet500
et al. (2018) Connex3
[123]

Janbaz, S. et al. Objet 350
(2018) [122] Connex3

VeroWhitePlus

FLX95595-DM

TangoGray

FLX9795-DM

VeroWhitePlus
RGD835

VeroWhite

VeroWhite

Vero Pure White

VeroWhitePlus.

VeroWhite 830

VeroWhite

FLX9795-DM

VeroWhite

VeroCyan (RGD841)
and Agilus30 Black

(FLX985)

DM Vero and Tango
+ (A = 60), Agilus,

Cubic with Sine-shaped struts

Sinusoidal beams

2D hierarchical honeycomb

Sinusoidal beams

Honeycombs: Re-entrant, Anti-
tetrachiral

Horseshoe 3D lattice

Honeycombs with curled
struts

Cell tessellation with stretched
edge membranes

3D-cross shaped

Chiral

Thin-walled cells coupled by
tubes

Non-linear array of Steer
beams

Sinusoidal ligaments on
Hexagonal, Square, Kagome,
Triangular topologies

Sinusoidal struts on several
lattices. For NPR: Hexagonal,
Square, Kagome, Triangular.
For phononic band gaps:
Square

External frame connected with
central spherical/cubic masses

Honeycombs: Bow tie (60°),
Rectangular (90°), Hexagonal
(120°)

Squared-shaped elements
linked with ligaments. *

Variable NPR. Improved stiffness
and fracture toughness than open
cell foams. High Indentation
resistance

Evaluation of mechanical
properties of hyperelastic 3D
tubular lattices

Evaluation of mechanical
properties of Hierarchical
honeycombs

Tunable NPR over large strains in all
directions

Active programmable auxetic
honeycombs with area changes
close to 200%

Tunable Poisson’s ratio,
programmable shape changes/
deformations

Controllable shapes by geometry
and temperature. Variable
Poisson’s ratio

Morphing programmable shells
considering shape evolution in
time

2.5D Luneburg lenses for 40 kHz
airborne ultrasound.

Phononic metamaterial with an
induced axial field and non-local
Weyl orbits presence. Chiral Landau
levels observed

High sound absorption efficiency
(between 300 to 600 Hz range)
Wave propagation control on a
wide frequency range (from 8 to
12 GHz)

Multiple and omnidirectional
bandgaps tailored by the struts
curvature

Tunable Poisson’s ratio and wave
propagation control

Scale independent meta-structures
with elastic waves control in
ultrawide frequency regions
(improved band gaps width up to
160%)

Elastic stiffness and Poisson Ratio
(tunable in different directions),
considering hard and soft phases
Instabilities and post buckling
behavior controlled by voids

Aerospace, Polymer seat
cushions

Biomedical Tissues,
Stretchable electronics

Energy absorption,
Tunable membrane
filters, Acoustic
dampeners

Energy absorption,
Tunable acoustics,
Vibration control,
Stretchable electronics,
Soft robotics
Biomedical devices,
Aerospace, Deployable
structures, Self-assembly
devices

Soft robotics, Energy
absorption, Biomedical
devices

Morphing structures,
Biomedical devices, Soft
robotics, Shock
absorbing materials
Self-actuating shells,
Shape-programmed
robotic materials
Control of airborne
acoustic waves.
Ultrasound sensors
Acoustic and
electromagnetic
metamaterials

Sound absorbers

Antennas, Microwave
lenses, Airborne and
trainborne devices for
communication systems
Wave filtering, Vibration
isolation, Stretchable
electronics,
Programmable acoustic
materials

Energy absorption, Soft
robotics, Vibration
control, Tunable
acoustic materials

Vibration absorption
and attenuation at wide
frequencies in all
directions. Underwater
acoustic devices

Long term biomedical
applications (implants).
Soft Robotics
Stretchable electronics,
Biomedical implants,
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Research work 3D printer Materials Unit cell type Outcomes Applications
Tango+ squared shapes inner core: distribution Soft robotics
circular, fourfold
Jiang, Y. et al. Objet DM9760 and Open cells with re-entrant Tunable stiffness, and Poisson’s Smart composites,
(2018) [124]  Connex VeroWhite angle chiral cores ratio by geometrical features. Energy absorption
260 Auxetic lattice made of rigid ribs foams, Sensors,
and rubbery cell core Actuators, Biomedical
devices
Li, Y. et al. - Tango + and Hoberman sphere with/ Multiple and tunable wide band Sound insulation, Wave-
(2019) [127] VeroWhite without soft or hard rods gaps at low frequency ranges guiding, Noise and
under Floquet Bloch boundary vibration control
conditions
Bossart, A. et al. Objet 500  VeroWhitePlus and  Tilings with soft squared Controlled and constant zero- Soft robotics. Energy
(2021) [125]  Connex3 Agilus30 hinges energy deformation modes. absorption
Tunable Poisson’s ratio, negative
under low compression and
positive at high loading
Al Ketan, O. Stratasys VeroWhite and TPMS: Diamond, I-WP (P and  Mechanical properties assessment  Vibration damping.
etal. (2017)  J750 Tango+ S), Gyroid, Fischer-Koch C(Y) of TPMS based in interpenetrating Damage reduction
[119] composites (IPC) and their volume
fractions
Dalag, AS. et al. Objet260 Tango+ (FLX930), TPMS: Schwarz (P, D, CLP), Mechanical properties Damage tolerant
(2017) [69] Connex and Vero-Plus Schoen (I-WP), Neovious, improvements of IPC with a devices. Vibration
(RGD875) Gyroid, Fischer-Koch S, Truss-  rubbery matrix reinforced by rigid  control
IPC TMPS lattices
Li, T. et al. Objet VeroWhite and Reinforcing lattices: Auxetic Reinforced rubbery matrix with Energy absorption,
(2018) [120]  Connex260 Tango+ (Re-entrant honeycomb, Chiral rigid auxetic lattices. Enhanced Impact resistant devices
truss). No auxetic: strength and energy absorption
(Honeycomb, Truss) due to NPR effects
Albertini, F. Objet VeroWhite and Hexaround and Warmuth Enhanced mechanical properties Energy absorption
et al. (2021)  Connex350 TangoBlack + and energy absorption of
[121] composite stiff lattices with
hyperelastic material infill
Mirzali, M.J. Objet500 VeroCyan (RGD841) Honeycombs: Bow tie (60°), Evaluation of non affinity auxetic Remarks for structural
et al. (2020) Connex3 and Agilus30 Black Rectangular (90°), Hexagonal lattices with two phases integrity in multi-
[132] (FLX985) (120°) materials design
Al Ketan, O. Objet VeroWhite and TMPS: Gyroid Improved energy absorption of Energy absorption
et al. (2018)  Connex TangoGray cellular composites made of
[129] 260 graded TPMS with variable volume
fraction
Mueller, J. et al. Objet500 RGD525 and Voronoi core Improvements on Energy Impact protection
(2018) [133] Connex3 FLX9695-DM absorption of graded bending- devices, from helmets to
dominated lattices up to 38 times  vehicles
with respect to single material
counterparts
Wang, K. et al. Connex350 VeroWhitePlus and 3D Re-entrant honeycomb Evaluation of mechanical Shock-resistant devices,
(2015) [134] TangoBlack+ properties of auxetic lattices with Biomedical components,
flexible joints and rigid beams Smart materials
Saxena, K. et al. Connex VeroWhite and 2D Re-entrant honeycomb Assessment of Young’s modulus Impact-protection
(2017) [135] 260 Tango+ and Poisson’s ratio of multi- devices.
material auxetic lattices.
Indentation resistance
Hedayati, R. Object500  Agilus 30 (60%) and Hexagonal, Re-entrant Analytical formulations to Smart materials, Soft-
et al. (2021)  Connex3 VeroBlack+ (40%) (incorporated in several determine Poisson’s ratio and robotics, Exo-suits,
[131] patterns along a cylindrical stiffness assessment Heavy-duty clothing,
shape) Energy damping, Soft
actuators
Lumpe, T.S. Objet500 VeroWhitePlus and  Squared and sine structure (2D  Optimization of multimaterial Morphing components
et al. (2021) Connex3 ‘High Temperature’  and 3D) morphing shape lattices under (e.g. active airfoils, or car
[130] (HT) heat stimuli panels)
Wu, L. et al. Objet350 VeroWhitePlus 3D Anti-chiral Tunable Negative thermal Resistant components
(2016) [136]  Connex2 (RGD835) and expansion coefficients, extendable  to thermal fatigue and
Tango+ (FLX930) to any lattice scale cracking, (in fields like
aerospace, architecture)
Egan, PF. et al. Objet500 MED610 bio- BCC cage Integrated design approach with Scaffolds. Biomedical

(continued on next page)
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TABLE 5 (CONTINUED)

Research work 3D printer Materials Unit cell type

Outcomes Applications

(2019) [67] compatible

polymer, SUP706

Connex3

Liu, W. et al.
(2020) [76]

Objet30pro  VeroWhitePlus
(RGD835), SUP706

Mueller, J. et al. Objet500 VeroWhitePlus FCC, Kelvin cell
(2018) [68] Connex3 (RGD835), SUP705

Zhang, P. et al.  Objet260 VeroWhitePlus Square-grid, Diamond
(2016) [75] Connex

Chen, Y. et al. Objet VeroWhite

(2018) [77] Connex260 honeycombs

BCC, BCC-Z, FCC Octets

Hierarchical hexagonal

manufacturing considerations applications
(building orientation, post-
processing and environmental
exposure). Evaluation of
mechanical properties

Snap fitted assembly method to
reduce support material during
lattice fabrication. Evaluation of
compressive strength, elastic and
inelastic buckling

Assessment of Buckling, orientation  Considerations for safety
and scaling significant effects on and high efficiency of
mechanical properties of lattices 3D printed parts
Printing effects like anisotropy Accurate deformation
considered for mechanical and failure prediction
properties assessment for polymeric 3D printed
parts

Energy absorption,
Damage tolerant
devices, Damping

Manufacturing
procedures

High energy dissipation and
preservation of shape integrity
under large deformation, by
hierarchy levels and heat treatment
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