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A systematic review: Enhancing cementitious composites through additively
manufactured lattice structures

Hamza El Etri®, Tohid Ghanbari-Ghazijahani®, Rouzbeh Abbassi?, and Erik Schlangen®

®Faculty of Science and Engineering, School of Engineering (Civil), Macquarie University, Sydney, Australia; bFaculty of Civil Engineering
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ABSTRACT ARTICLE HISTORY
Additive manufacturing (AM) has revolutionized the fabrication of complex geometries, enabling Received 9 April 2025
efficient material use and innovative applications across sectors such as biomedical, automotive, Accepted 28 October 2025

and aerospace. A significant development is the emergence of 3D-printed lattice structures (LSs),
which combine lightweight design with tailored mechanical properties, making them highly suit-
able for civil engineering applications, including bridge elements, facade systems, and reinforce- latti .

. . : . . attice structures; 3D
ment of concrete structures. Recent research has increasingly explored the integration of LSs into printing; mechanical
cementitious composites, though findings remain diverse and primarily experimental. This paper properties; composites
provides a comprehensive review of lattice structures in cement-based materials, examining both
their classifications — by dimensionality (2D vs. 3D) and configuration (cellular vs random) — and
their role in enhancing ductility, reducing weight, and improving overall performance. It also sur-
veys materials commonly used in 3D printing, such as polymers (PLA, PEEK, ABS), ceramics, and
composites, along with relevant printing techniques. Evidence demonstrates that LSs significantly
improve the mechanical behavior of cementitious composites, transforming failure modes from
brittle to ductile and increasing energy absorption. These findings highlight the potential of 3D-
printed lattices as effective reinforcements, offering promising pathways for advancing structural
performance in construction.

KEYWORDS
Cementitious composites;

Abbreviations BDL Bending-dominated lattice
NBCC Novel body-centered cubic
AM Additive manufacturing FPMA Flat plate modified auxetic
CAD Computer-aided design FPV Flat plate ventile
SLA Stereolithography FPT Flat plate tesseract
STL Standard tessellation language TPE Thermoplastic elastomers
PLA Polylactic acid UHPFRC Ultra-high-performance fiber-reinforced concrete
PC Polycarbonate PA6 Polyamide 6
PA Polyamide CBC Reinforced cement-based composites
ECC Edge-centered cubic DIC Digital image correlation
sC Simple cubic OR Ordinary resin
TPMS Triply periodic minimal surface ACCs Auxetic cementitious composites
PP Polypropylene RE Reentrant
TPE Thermoplastic elastomers CR Chiral
EBAM Electron beam additive manufacturing SA Sand-sprinkled epoxy
SLM Selective laser melting SF Short steel fibers in epoxy
FDM Fused Deposition Modeling NPR Negative Poisson’s ratio
GFRP Glass fiber reinforced plastic NRC Non-reinforced cementitious beam
HDPE High-density polyethylene LRCCs Lattice-reinforced cementitious composites
PTFE Polytetrafluoroethylene AE Acoustic emission
SU Large surface-based sea urchin LS Lattice structure
FPMA Flat plate modified auxetic ABS Acrylonitrile butadiene styrene
FPT Fixed-parameter tractable PEEK Polyether-ether-ketone
FPV Shortest vector problem 3D Three dimensions
MJF Multi-jet fusion IWP Isotropic woodpile
PDED Powder-directed energy deposition FRD Forstner random dots
PBBJ Powder-bed binder jetting BCC Body-centered cubic
CFRCLSs Continuous fiber-reinforced composite lattice structures FCC Face-centered cubic
LUCIE  Unit-cell Characterization Interface for Engineers ULTEM  Polyetherimide
NLS Nested lattice structures CFRCLSs Continuous fiber-reinforced composite lattice structures
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CF/PA6  Carbon fiber-reinforced polyamide 6
CNC Computer numerical control
3DCP 3D concrete printing

PPSF Polyphenyl sulfone

ASA Acrylonitrile styrene acrylate
CFRP Carbon fiber-reinforced polymer
LOM Laminated object manufacturing
UAM Ultrasonic additive manufacturing
NLS Nested lattice structures

PAEK Polyaryletherketone

LSs Lattice structures

LMD Laser metal deposition

DLP Digital light processing

DIW Direct ink writing

EBF 3 Electron beam freeform fabrication
TPU Thermoplastic polyurethane

PC Polycarbonate

BDPL Bending-dominated periodic lattice
SDL Stretching-dominated

PALS Programmable active lattice structure
RVE Representative volume element
UBCC Uniform cell BCC

UBCCz  Uniform with z-axis reinforced cell
GBCC Graded cell

L-PBF Laser powder bed fusion Lattice-reinforced composites
3D-PPL  3D-printed polymer lattice

CT Computed tomography

TR Transparent resin

NY Nylon

RS Rotating-square

MR Missing rib

w/b Water-to-binder ratios

EP Epoxy resin

CTB Composite tailings backfill

FS Fractal-square

FE Finite element

OTEC Octet-truss engineered concrete
mPCM  Micro-encapsulated phase change material

1. Introduction

Commonly known as 3D printing, additive manufacturing
(AM) stems from the 1980s rapid prototyping technologies.
It directly creates complex structures from 3D Computer-
Aided Design (CAD) models, reducing costs and production
times while optimizing products for lightweight design,
energy absorption, and heat transfer [1]. AM produces parts
layer by layer, bypassing the demand for molds or tradi-
tional machining. Techniques involved in AM include select-
ive laser sintering (SLS), 3D inkjet printing, powder bed
fusion (PBF), lap assembly, laser cutting, stereolithography
(SLA), investment casting, stamping, selective laser melting
(SLM), stretched mesh folding, and fused deposition model-
ing (FDM), among others [2-4]. AM utilizes a wide variety
of polymers, including thermoplastics (PLA [5], ABS [6],
Nylon [7], etc.), thermosets like epoxy resins [8], elastomers
(TPU [9], TPE [10], etc.), functional polymers [11], polymer
blends [12, 13], etc. [14].

Recent advancements in AM now allow for the fabrica-
tion of intricate, small-scale parts with optimized, light-
weight forms, such as cellular and lattice structures. These
lattice configurations bring substantial advantages, including
enhanced mechanical strength and efficient energy absorp-
tion, due to their lightweight, high durability, and flexible

geometry. They have gained popularity as an innovative
structural design, providing both high load-bearing capacity
and customizable mechanical responses through their
unique porosity and structural adjustments [1, 15-18].
The mechanical behavior of LSs is primarily affected by vari-
ous parameters, including relative density, volume fraction,
design parameters, materials used, and the structure
category (stretched/bending-dominated LSs). LSs have found
applications in a diverse array of fields in aerospace,
automotive, biomedical, heat exchangers, protective equip-
ment, and structural sectors due to their unique characteris-
tics [16, 19, 20].

In civil engineering applications, such as concrete rein-
forcements [21-23] cementitious composites reinforced with
lattice structures are utilized due to their ability to enhance
the structural integrity, ductility, and load-bearing capacity
of concrete structures. Studies on the mechanical character-
istics of 3D-printed lattice-reinforced concrete and the
impact of various lattice designs have been gaining signifi-
cant interest recently [22, 24, 25]. However, 3D LSs face
challenges in terms of high costs, scalability, bonding, dur-
ability, and environmental impact compared to traditional
reinforcements.

1.1. Motivation and organisation of paper

The rising interest in 3D-printed LSs is significantly altering
the landscape of the construction industry by introducing
groundbreaking solutions that improve both the strength
and environmental viability of concrete implementations.
These structures are engineered to be lightweight yet possess
exceptional strength, enabling the fabrication of complex
geometries that traditional construction methods often can-
not achieve. The integration of LSs into concrete permits a
significant reduction in material usage, which not only low-
ers costs but also diminishes environmental impact. These
lattices enhance the mechanical characteristics of concrete,
particularly in terms of ductility and its capacity to support
loads, thereby increasing the safety and resilience of build-
ings. This innovative technology is paving the way for more
efficient, sustainable, and cost-effective construction practi-
ces, addressing critical global challenges like housing short-
ages and the pursuit of sustainable development [15, 26, 27].

Studies indicate that the implementation of 3D-printed
polymer lattices can reduce concrete usage while preserving
structural integrity [28]. Consequently, there is growing
attention on the application of 3D-printed LSs for both rein-
forced concrete and serving as molds in construction appli-
cations. This paper presents an overview of 3D-printed LSs
incorporated into cementitious composites, as well as the
application of novel concrete structures, including concrete
poured into lattice-shaped molds and 3D-printed concrete
lattice models. Section 1 includes a general introduction to
the concept and the motivation behind the investigation of
3D-printed lattice structures incorporated into cementitious
composites. Section 2 introduces AM lattice structures.
Moreover, it provides a comprehensive overview of the role
of 3D-printed LSs as reinforcement in cementitious



composites. It highlights how these structures enhance the
mechanical properties of cement-based materials, improving
ductility and reducing weight, ultimately boosting their per-
formance. The use of 3D-printed lattice molds is emphasized
for enabling complex geometric designs that are difficult to
achieve through traditional methods. Additionally, it under-
scores the potential of 3D printing technology to optimize
material usage and maintain structural integrity, offering
innovative solutions for lightweight concrete components.
Key conclusions are drawn from the literature, reinforcing
the effectiveness of lattice structures in cement-based com-
posites. Section 3 presents the future scopes and research
gaps of the manuscript, and Section 4 presents an overall
summary of the research findings. Figure 1 illustrates the
VOSviewer network of all papers used in this paper, demon-
strating the shown keywords as the main clusters.

1.2. Significance of paper

This review bridges the gap between AM techniques and
their practical applications in enhancing cementitious com-
posites. By presenting a comprehensive analysis of 3D-
printed LSs and their mechanical behavior, this article aims
to inform and inspire researchers and practitioners in the
fields of materials science and civil engineering. Unlike other
review papers that focused on presenting the application of
auxetic materials in cementitious composites, our paper
highlights the use of various types of LSs (TPMS lattices,
Strut-based, auxetic, shell-based, hybrid lattices, etc.) as con-
crete reinforcements, molds, in addition to printing concrete
in the form of cellular/lattice shapes. Table 1 shows a com-
parison between our manuscript and recent review papers.

&, vosviewer

Figure 1. 3D cluster of the crucial keywords from the papers used in this review.
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2. Additively manufactured lattice structures

The AM technique is the procedure of assembling materials
to produce customized and unique products for end cus-
tomers. The technology has been widely popular among
manufacturers and scholars in the last 20 years because of its
immense capacity to design and manufacture complex
designs, which may not be achievable using conventional
methods [19, 37, 38]. For instance, AM allows for the rapid
production of personalized biomedical implants with various
intricacies, surpassing the speed of already established con-
ventional methods [39]. One clear benefit of additive manu-
facturing compared to traditional production is its capacity
to create complicated LSs with specifically engineered poros-
ities [37]. An ideal AM process is establishing a CAD model
of a part by transmitting the model to a printer and con-
structing the component incrementally [40-43]. The first
SLA technologies were launched by Charles Hull in 1987
[41, 43]. Subsequently, other approaches have been devised
with the continued advancement of novel additive manufac-
turing processes. To date, the total count of AM methods
has surpassed 20. These techniques may be categorized in
several ways, such as based on the kind of fabrication (indir-
ect or direct) and the material condition (liquid, solid, or
powder) (Table 2) [43, 68, 72-75]. AM facilitates the con-
struction of personalized components incorporating metals,
polymers, composites, cement, and ceramics, eliminating the
need for molds or the usual machining processes used in
traditional formative and subtractive manufacturing [14].

2.1. 3-D printing

3D printing is a mechanical method that assembles materials
to generate items according to three-dimensional model
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Table 2. AM methods based on base materials.
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Liquid Solid

Powder
AM base material  Selective layer melting (SLM) [35, 44] Material jetting (MJ) [45, 46]
Selective layer sintering (SLS) [49, 50] Stereolithography (SLA) [51, 52]
Laser metal deposition (LMD) [55, 56] Digital light processing (DLP) [57, 58]
Electron beam melting (EBM) [61] Direct ink writing (DIW) [62, 63]

Multi jet fusion (MJF) [66, 67]

Powder directed energy deposition
(PDED) [68, 69]

Powder-bed binder jetting (PBBJ) [70, 71]

Wire and arc additive manufacturing (WAAM) [47, 48]
Laminated object manufacturing (LOM) [53, 54]
Electron beam freeform fabrication (EBF3) [59, 60]
Fused deposition modeling (FDM) [64, 65]

8.%

3D CAD Sllcmg

STL File CAM File >>3D Printing >_F|nal Model >

Figure 2. 3D printing procedure.

specifications [76]. The AM process of 3D printing begins
with the core design of the component being modeled [77].
Using compatible software with 3D printers, a design is cre-
ated and converted into a specialized file. This file is then
transferred to the printer, which reads the instructions and
constructs the object by layering material [78]. Layers are
used in almost all 3D printing processes to create parts. 3D
printers interpret components as a single 2D layer, not the
whole part. 3D printers, as shown in Figure 2, operate by
reading Standard Tessellation Language (STL) files [79].

In 3D printing applications, both thermoplastic polymer
materials like polylactic acid (PLA) [80] and thermosetting
polymer materials, such as epoxy resins, are used [81-83]
while polycarbonate (PC) [84], polyamide (PA) [85], and
acrylonitrile butadiene styrene (ABS) [81, 82, 86] are proc-
essed. Other materials include carbon fiber-reinforced poly-
mer composites [87], Polyether-ether-ketone (PEEK) [88],
carbon fiber-reinforced PEEK composite [89], and particle-
reinforced composites [88], which are often made from
reinforced composites. These may include platelets (like gra-
phene), hollow spheres, short fibers (like fiberglass), or spe-
cialized materials (like fullerene and carbon nanotubes) [90].
Moreover, 3D printing can make ceramic and concrete
objects without holes or fractures by adjusting parameters
and mechanical properties. Strength and fire resistance char-
acterize ceramics. Industrial and component designers now
have more options than ever before thanks to 3D printing.
3D printing of complex parts that are both lightweight and
energy and material-efficient could have applications in the
aerospace industry [91]. Alloys based on nickel are often 3D
printed and used in aviation because of their high tensile
strength and resistance to damage [92]. There have been
notable developments in the medical field as a result of 3D
printing, also known as bio-fabrication, especially the devel-
opment of customized medication tablets and patient-
specific medical models, including brain tissues, vascular
tissues, joints, and bones, which are just a few of the many
kinds of tissues that have found new uses in 3D

printing[93-100]. The construction sector stands to gain a
great deal from this technology, which has the potential to
boost personalization, decrease building time, and lower
overall construction costs [101], and the shortage of skilled
labor for tasks like complex formwork has driven countries
to invest in 3D concrete printing (3DCP). An expanding
selection of technologies has emerged that allows for the 3D
printing of concrete fragments, and their use in building
projects is on the rise. Benefits of 3DP in concrete buildings
include geometric flexibility, speed, formwork-less printing,
reduced waste creation, eco-friendliness, cost-saving, and
safety. Dwellings in space are attracting interest as a poten-
tial use of 3D printing technology beyond Earth [102].
Examples of the usage of 3D printing technology in the con-
struction industry include Canal House in Amsterdam, In-
situ Contour crafting, and Win Sun Company buildings
[103]. Figure 3 shows the main materials and applications of
3D printing technology.

2.2. Lattice structures (LSs)

LSs are prised in biomedical, structural, and mechanical
engineering for their high strength and stiffness, efficient
heat dissipation, and lightweight design [19, 104, 105].
Cellular structures are also beneficial for energy absorption
purposes owing to their deformation properties
[35, 106, 107]. A variety of fabrication methods allow for
the creation of a wide variety of cellular structures. LSs are
distinguished from other cellular materials by the consistent
regularity in the arrangement of their unit cells [108].
According to Ashby [109], LSs are distinguished from large-
scale designs like trusses or frames by the millimeter or
micrometre scale of their unit cells [109]. The term “an
interconnected network of struts or plates” is used by Gibson
to describe cellular materials [110]. LSs can be made using a
range of techniques, such as investment casting [111], an
extrusion and electro-discharge machining combination
[112], or a variety of composite fabrication techniques like
textile weaving [113], interlacing, interlocking hot-press
[114], or filament winding [115]. LSs can be 2.5D or 3D
[35, 116]. In recent years, growing interest has been seen in
the fabrication, modeling, and design of lattices that AM
constructs. Additionally, many methodologies have been
presented to forecast the mechanical behavior of LSs
[117, 118]. The mechanical properties of LSs are influenced
by factors such as cell type, orientation, size, thickness,
material used, and cross-section. Numerous studies have
been carried out to explore these characteristics using
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Figure 3. Applications and materials of 3D printing technology.

experimental, numerical, machine learning, and analytical
approaches [119-134].

2.2.1. Classification of LSs
LSs may be systematically categorized as either 2D or
3Dbased on their structural configuration characteristics.

2.2.1.1. 2D Structures. Honeycomb structures [31, 135-143],
hierarchical two-dimensional [144-152], and auxetic
[153-161] LSs are the prominent forms of two-dimensional
LSs [17]. The 2D auxetic structures include various shapes
such as tri-chiral, star-shaped, anti-tri-chiral, hexa-chiral,
reentrant hexagon, tetra-chiral, rotating triangle/quadrangle,
bio-inspired reentrant, etc. [157, 158, 160, 162-166].
Hierarchical 2D structures include hexagonal shapes, hier-
archical, triangular hierarchical 1 and 2, reentrant hexagonal,
vertex-based, spiderweb-based, square-based, etc. [167-172].
General 2D LSs include square, triangle, hexagon, octagon,
rhomb, petal-shaped, six/Quadri-arc, honeycomb structures,
etc. [17, 173-177]. Figure 4 shows an example of 2D aux-
etic LSs.

2.2.1.2. 3D structures. 3D LSs primarily consist of plate-
structured, shell-structured, truss-structured, and
hierarchical-structured elements [178-188]. Plate-based 3D
lattices, made from panels, mostly uses planform

configurations such simple cubic (SC), hexagonal prism, SC-
BCC, FCC, BCC, octet, tetrakaidecahedron, and SC-FCC for
cell shapes [182, 183]. Shell-based 3D LSs (Figure 5),
often curved, exhibit triply periodic minimum surfaces, such
as Schwarz, Split-P, Primitive, Neovius, Gyroid [189],
Isotropic Woodpile (IWP), and Forstner Random Dots
(FRD) [186, 190-192]. Truss-based 3D LSs (Figure 6), such
as solid and hollow trusses, have various cell shapes, com-
prising face-centered cubic (FCC), reentrant honeycomb
auxetic, body-centered cubic (BCC), edge-centered cubic
(ECC), cross-chiral, octagonal truss, SC, octahedron, dia-
mond, double pyramid dodecahedron, tetrakaidecahedron,
rhombic dodecahedron, etc. [178, 193-200]. The 3D hier-
archical lattice structure begins with the nesting of one or
two types of 3D spatial unit combinations, such as FDC,
FCC, BCC, SC, octet, octahedron, etc. [17, 180, 188].
Honeycomb and foam-based LSs are shown in Figure 7. A
3D auxetic reentrant lattice is shown in Figure 8.

2.2.1.3. Random structures. Random, also known as sto-
chastic (triangle-shaped and Voronoi-shaped) LSs, involve
non-periodic, non-recurring cells, creating a distinctive
framework of interconnected plates, surfaces, and struts,
enhancing performance under compressive and shear
loads [201, 202]. The mechanical characteristics of the
stochastic lattice microstructure are approximately iso-
tropic when the number of struts in the microstructure is
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sufficient [203]. Figure 9 shows an illustration of a sto-
chastic structure.

2.2.1.4. Cellular structures. A common feature of most cel-
lular structures is a 3D assembly of unit cells that repeats
throughout. The unit cells are linked at positions called
nodes and may have several shapes, such as struts, walls, or
plates. Applications in structural engineering, aerospace, and
materials science often make use of LSs due to their overall
strength and lightweight nature. Stiffness, strength, and
energy absorption are just a few of the mechanical charac-
teristics that may be enhanced by their shape. Subsequently,
periodic (Figure 10) and pseudo-periodic lattices differ from
cellular lattices by having variable unit cell sizes, while

| Lidinoid l

periodic lattices maintain a consistent size. In heterogeneous
lattices, the strut and wall thicknesses vary, whereas in
homogeneous lattices, they are uniform [118, 201]. All LS
illustrations shown in Figure 4-11 are designed using nTop
(© nTopology Inc. 2024)

2.2.2. Hybrid/novel LSs

Researchers have suggested several approaches to improve
the structural integrity and stability of additively generated
LSs, hence solving the issue of instability. One approach is
to use hybrid or novel (innovative) LSs [204]. Novel or
hybrid LSs use innovative designs that combine different
geometric patterns or materials to enhance mechanical
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characteristics like stiffness, energy absorption, and strength.
To achieve an optimal balance between weight and strength,
hybrid structures integrate several lattice types or materials,
whereas innovative LSs include unconventional geometries
tailored for specific performance requirements. Key elements
of the designs include optimization for 3D printing, energy
absorption, and control of density to enhance stress distribu-
tion. Bhat et al. [205] have constructed hybrid LSs that are
referred to as “nested LSs ”. Large surface-based sea urchin
(SU) unit cells with internal truss lattice nests make up these
nested LSs. To fit the vacuum area of the SU lattice struc-
ture, three distinct trusses, fluorite (bending-dominated),
octet (stretch-dominated), and BCC (bending-dominated),
have been adapted [205]. Alawwa et al. [206] developed and

=)
4
L)
4
L)
L)
4
4
4
)

Lidinoid + Iso-Truss FCC Foam +Schwarz

Figure 11. Hybrid/custom-based LSs.

Simple Cubic Foam + Schwarz
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investigated several innovative lattice topologies relevant to
additive manufacturing [206].

Zhang et al. [207] created an innovative topology opti-
mization approach for LSs that features highly anisotropic
lattice characteristics [207]. Chen et al. [208] presented an
innovative way to design LSs that yield predictable mechan-
ical characteristics by altering the three-dimensional posture
and mirror arrays of cells [208]. Armanfar and Gunpinar
[209] developed an innovative strut-based LS known as G-
Lattices, as well as a technique for generating them [209].
Han and Yu [210] proposed a novel technique for designing
nonuniform LSs using topology optimization [210]. Deng
et al. [211] suggested an innovative approach to mixed
structural design, especially concentrating on the develop-
ment of innovative mixed LSs. Both experimental evaluation
and numerical analysis have been performed to confirm the
consistency of the suggested design approach [211]. A novel
NBCC design, combining BCC structure with a bionic frac-
tal approach, was introduced by Ma et al. [212].

Based on the rotating stiff mechanism, Gao et al. [163]
have constructed a class of innovative 3D auxetic LSs [163].
Zhao et al. [213] developed a parametric method for a
graded BCC lattice structure with a closed shell of triangular
facets, directly producing STL files for AM [213]. Hassanieh
et al. [214] developed vintile (FPV), tesseract (FPT) hybrid-
plate, and flat-plate modified auxetic (FPMA) LSs (LSs)
from standard truss-based lattices. SLA AM was used to
create tensile, compressive, and LS samples with varying
relative densities [214]. A unique surface-based LS called the
O-surface structure was developed by Nazir et al. [215],
using inspiration from the existing Triply Periodic Minimal
Surface morphologies seen in a specific sea urchin structure
[215]. Figure 11 shows an example of hybrid LSs created
using Ntop.

Table 3 presents various LS types and their applications
in various sectors.

Table 3. Different sorts of LSs and their applications.

Ref Type of LS Application
[22]  Rhombicuboctahedron (RO) Reinforced concrete

Cubic

Circular

Octagonal

Strengthened octagonal
[216]  Auxetic Cementitious composite reinforcement
[217] Diamond TPM Damage tolerance and energy absorption
[218] Hexagonal Lightweight applications

Truncated Octahedron + Neovius
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Table 4. The 3D printing techniques for LSs with the corresponding materials, procedures, advantages, and drawbacks of each method.

Method type Materials Weakness Advantage Reference
Stereolithography e Photopolymer e High cost e (Can be used to print [15,41, 76,79, 224-226]
appearance (SLA) e Resin e Complicated curing polymer-ceramic
e ABS procedure composites
e Polycarbonate (PC) e Creates precise, high-
quality components.
e (an be used for printing
complex nanocomposites
Selective laser sintering e Polymers e Requires elevated o Excellent dimensional [227-234]
(SLS) e PEEK temperatures for accuracy
e Nylon PA 11 and PA 12 sintering. e Easy madification, -design
(polyaryletherketone (PAEK), e Parts come out covered adaptability
polycarbonates, polyamides, in powder and need o Versatility in material
thermoplastic elastomer (TPE), cleaning. selection
fused silica, borosilicate glass, etc.) e Machines and powders e Fast production
are expensive. e High-resolution parts
Inkjet printing e Ceramics/ photopolymers e Parts are often brittle. e Fast [41,224, 235,236]
e Thermoset (poly-iso-butylene) e Supports are required and e Effective
e Polyaniline post-processing is e Flexible designs
e Polyacrylate needed. e (Capable of printing
e Ensuring strong layer complex structures
adhesion.
Fused deposition e Polymer matrix composites e Inter-layer distortion e Cheap method [41,78,79,224, 226,237-243]
modeling (FDM) e Thermoplastic polymer filaments e Poor mechanical e High speed
e Green ceramic/Binder mixture characteristics e Simple procedure
e (Polycarbonates (PC), glass fiber e Weak surface —supports e Suitable for large parts.

reinforced plastic (GFRP), polylactic
acid (PLA), high-density
polyethylene (HDPE), nylon 12,
polytetrafluoroethylene (PTFE), etc.)

are often needed.

2.3. Manufacturing methods

Manufacturing of LSs depends on the material to be used
(metal or nonmetal). The fabrication of LSs may be achieved
by conventional techniques like waterjet cutting, weaving,
and braising, as well as by more sophisticated manufacturing
techniques like Electron Beam Additive Manufacturing
(EBAM), SLM, and SLS. The advantages of conventional
manufacturing methods lie in their widespread use and spe-
cialized knowledge, since each unit cell has to be produced
and built separately [30].

In this paper, only additively manufactured methods are
discussed for nonmetal LSs, such as 3D inkjet printing
[41, 219], fused deposition modeling (FDM) [220, 221], SLS
[222, 223], and SLA [219]). Table 4 shows the 3D printing
techniques for LSs with the corresponding materials to be
printed, procedures, advantages, and drawbacks of every
technique.

2.4. Mechanical properties of LSs

LSs exhibit exceptional mechanical properties and can be
optimized through modifications to their cellular architec-
ture. These structures are characterized by their lightweight
nature, high specific strength, stiffness, and thermal insula-
tion capabilities, which have garnered increasing attention
and highlighted their extensive potential for industrial appli-
cations [244-248]. Substantial research has been dedicated
to assessing the mechanical behavior of LSs over the past
thirty years, with mathematical models developed to link
relative density to mechanical characteristics like ultimate
strength and elastic modulus, particularly in foams
[249, 250]. Key factors influencing the performance of

cellular structures include material properties, array mode,
topology, unit cell size or count, volume fraction, structure
geometry, relative density, and strut dimensions
[127, 251-259].

LSs are often categorized by their mechanical behavior
into two types: bending and stretch-dominated. Bending-
dominated structures are characterized by bending
moments, resulting in increased flexibility and compliance.
Conversely, stretch-dominated structures endure axial
stresses, leading to enhanced stiffness and strength relative
to bending-dominated structures [127, 260]. This categoriza-
tion is crucial in structural engineering applications, since
the selection between these two categories may markedly
affect performance results, particularly in sophisticated
material systems such as composites. A strong correlation
exists between the graded density and the mechanical char-
acteristics of LSs [261]. Additionally, the alignment and
arrangement of unit cells relative to the direction of load
significantly affect mechanical performance, particularly
influencing the anisotropic behavior of the structures
[127, 262]. An additional key factor when analyzing LSs’
mechanical behavior is their isotropy. The mechanical
response, particularly in anisotropic lattices, is impacted by
the alignment of unit cells with the loading direction [262].
In the following subsections, the mechanical performance of
LSs based on several parameters will be discussed.

2.4.1. Bending and stretch-dominated structures

Wang et al. [263] analyzed the elastic stability and buckling
behavior of bending-dominated periodic lattice (BDPL)
structures with curved cell walls using finite element analysis
and experimental testing. Results revealed that raising strut



curvature reduces critical buckling loads for the out-of- or
in-plane modes, with strut spacing and panel thickness also
having a significant impact [263]. Parisien et al. [264] eval-
uated 24 lattice topologies in bone ingrowth simulations
across 10 relative densities (5-50%) and four pressure levels
(0.5-2MPa). Focusing on SDL and BDL lattices, including
AFCC, Auxetic, and BCC topologies, the study enhances
the understanding of mechanical responses in lattice designs
for tissue engineering. Compared to SDL, BDL topologies
showed increased deformation and flow, which helped
stimulate mature bone development more effectively,
according to the study. The most advantageous BDL config-
urations were Diamond, BCC, FBCC, Octahedron, and G7,
whereas the most desired SDL alternatives were Tetrahedron
and Tesseract [264].

Wagner et al. [265] presented a programmable active lattice
structure (PALS) designed to undergo a regulated topological
change in response to thermal stimulus. The transformation
was achieved by including active programmable joints that
facilitate the transition between a BDL and an SDL topology
by altering the nodal connection in the lattice structure.
Furthermore, the research establishes a foundational frame-
work for creating an advanced generation of programmable,
multifunctional LSs that can dynamically alter their mechanical
properties in response to external stimuli [265].

Eren et al. [266] investigated the influence of LS design
(bending/stretched dominated models) on the mechanical
behavior of AM structures. Truss-based LSs composed of
three different unit cell configurations: centered, octet, and
diagonal, were utilized. The researchers found that the
stretch-dominated diagonal model showed superior strength
characteristics (up to 250%), while the bending-dominated
centered model enhanced elongation (up to 120%) [266].

2.4.2. Relative density

Relative density significantly influences the mechanical char-
acteristics of LSs, characterized by the ratio of the parent
material inside a Representative Volume Element (RVE) of
the LS [267]. Changes in relative densities correlate with lat-
tice structural dominance, where lower densities favor
bending-dominated structures and higher densities result in
stretch-dominated structures [29, 268]. Stretch-dominated
structures have better initial stiffness and yield strength than
bending-dominated structures at comparable densities but
are prone to unexpected shear failures. Bending-dominated
structures are more compliant and can disperse deformation
and control loads, making them ideal for flexible and effi-
cient load distribution applications [29, 269]. Extensive
research was performed on the effect of relative density on
the quasi-static mechanical characteristics of different latti-
ces. Becerra et al. [120] investigated the mechanical perform-
ance of LS made of polylactic acid by highlighting the
influence of relative density. The authors examined the ten-
sile and compressive behaviors of honeycomb, triangular,
and square LSs at varying relative densities. It is generally
accepted that triangular lattices are stronger than square lat-
tices at the same relative density. However, in this study, the
authors noted the opposite trend. This discrepancy may be
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attributed to stress concentrations at the joints of the struts
and the alignment of the 3D printer extruder, which could
create favorable directions that minimize defects, thereby
enhancing the strength of the square lattice [120]. Ling et al.
[270] fabricated three octet-truss LSs with different densities
using two polymer resins via SLA printing and tested under
compressive loading. The results showed that higher densities
improved yield and compressive strengths, while the material
choice influenced the toughness, with one material being brit-
tle and the other tougher [270]. Kandasamy et al. [271] inves-
tigated how relative density and strain rate affect Young’s
modulus and energy absorption in Kelvin LSs made of PA12
via SLS. Higher densities (20 and 30%) improved both prop-
erties, while the 10% density structures showed reduced per-
formance at higher strain rates due to early strut deformation
from smaller cross-sectional areas [271]. Dar et al. [272]
explored the effects of relative density and unit cell configur-
ation on the energy absorption and compression behavior of
flexible polymeric BCC LSs, created using digital light proc-
essing 3D printing. The configurations (GBCC, UBCC, and
UBCCz (with z-axis reinforcement))were tested under com-
pression. Results showed that increasing relative density
improved modulus and collapse strength, with UBCCz out-
performing the others in energy absorption, modulus, and
strength [272]. In another study, the elastic modulus of 3D
lattices increased linearly with relative density [273]. Ye et al.
[274] tested 3D-printed pyramidal structures with varying
strut diameters to examine the effect of relative density on
compression performance and energy absorption. Results
showed that higher relative density increased strength and
elastic modulus, with optimal energy absorption at a specific
density [274]. Al Khalil et al. [275] introduced a variable-
density design and optimization framework for LSs [275].
Research on graded-density lattices indicates they can yield
endoprostheses with mechanics similar to the femur, and
their porosity promotes tissue ingrowth [276].

2.4.3. Process parameters

The mechanical properties of 3D-printed samples are heavily
influenced by key parameters, such as layer thickness, print-
ing speed, and temperature. Despite their importance, these
properties frequently fail to meet expected standards.
Therefore, it is crucial to examine how these factors impact
the mechanical characteristics of tensile samples and LSs
[119]. Table 5 presents the impact of process parameters on
the mechanical behavior of LSs (LSs).

2.4.4. Volume fraction

In LSs, the volume fraction is the ratio of solid material vol-
ume to the total structure volume. It plays a key role in
determining mechanical properties, such as stiffness,
strength, and weight. A smaller volume ratio produces a
lighter structure, although it may be less rigid or sturdy. In
applications such as impact resistance, LSs with varied vol-
ume fractions have variable energy absorption properties
[29, 252, 280]. Yang et al. [281] examined the impact of unit
cell size and volume fraction on the compressive properties
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Table 5. An overview of the influence of process parameters on the mechanical behavior of LSs.

Ref Process parameter (s) Outcome
[277] e Llayer thickness (0.1-0.2-0.3 mm) Optimal tensile strength and density are achieved with:
e Printing temperature (195-205-215°C) e Infill density of ~80%

Infill density (80-90-100%)

e Layer height of 0.1 mm
e Extrusion temperature of 215°C
[ ]

Key factors for tensile strength/density: (1) infill density, (2) layer thickness, and (3)
printing temperature

The optimal design factors for improved tensile strength include:
Layer height of 0.1 mm
Printing temperature of 190°C

e Printing speed of 100 mm/s
This combination results in a 25.4% increase in tensile strength.

[278] e Layer heights of 0.1, 0.2, and 0.3 mm.
e Printing temperatures of 190, 200, and 210°C. .
Printing speeds of 50, 75, and 100 mm/s. .
[279] e Printing speeds of 600, 1200, 1800, And

2400 Mm/Min. .
Layer heights of 0.1 and 0.2 mm. .
Nozzle temperatures of 225, 235, 245, and °
255°C. °

e Fan speeds of 0, 50, and 100%.

Optimal settings for horizontal struts:
Nozzle temperature: 245 °C

Print speed: 600 mm/min

Fan speed: 0%

Layer height: 0.2 mm

Optimal settings for inclined struts:

e Nozzle temperature: 255°C
e Print speed: 1200 mm/min
e Fan speed: 50%

e Layer height: 0.1 mm

of Ni-Ti Gyroid TPMS lattices made by L-PBF. A positive
correlation was found between compressive properties and
volume fraction, while larger unit cell sizes showed a nega-
tive correlation. Martensitic transformation and shape recov-
ery were largely unaffected by these factors. [281]. Chen
et al. [282] explored how volume fraction affects the mech-
anical and shape memory properties of gyroid LSs made by
laser powder bed fusion. Results revealed that higher volume
fractions improved compressive modulus and yield strength
[282]. Maskery et al. [283] focused on the design and mod-
eling of surface-based LSs using volume fraction and cell-
type grading. The authors identified moduli along three
loading directions, linked to volume fractions and showed
that modulus-volume fraction correlations accurately pre-
dicted the moduli of graded lattice systems [283].

2.4.5. Heat treatment

Heat treatment methods applied to LSs are additional factors
that influence the mechanical behavior of structures. Nie
et al. [284] studied the influence of heat treatment on the
energy absorption, failure modes, and mechanical perform-
ance of TPMS lattices. They concluded that heat treatment
was successful in controlling the failure degree of skeletal
structures [284]. Galati et al. [285] investigated the impact
of heat treatment and cell size on the cellular structure’s
compressive behavior. They stated that the heat-treated sam-
ple showed a ductile compressive performance rather than
brittle performance [285]. Li et al. [286] carried out a study
on the compression characteristics and microstructure evo-
lution of LSs subjected to heat treatment. They noted that
the sample with artificial aging and heat treatment showed a
stable deformation mode and the best compression charac-
teristics [286]. Ali et al. [287] studied the influence of
annealing heat treatment on the mechanical characteristics
of PA-12 lattices. The authors concluded that heat treatment
enhanced the strength performance of various lattices used
in the study [287]. Liu et al. [288] investigated the impact of
heat treatment on the gradient microstructure of a BCC LS.

They concluded that a gradient microstructure causes hard-
ness variation in as-manufactured and 300°C annealed
specimens, while a homogeneous microstructure at 530°C
results in uniform hardness [288].

2.4.6. Lattice geometry

Altering unit cell characteristics such as unit cell dimen-
sions, length, and strut thickness or their combinations may
result in varied densification patterns, thereby yielding dis-
tinct mechanical characteristics [29]. Wang et al. [289]
stated that by mapping the equivalent stress to the strut wall
thickness, the optimization of strut design is achieved. In
addition, more material is distributed to struts experiencing
higher stress, improving material utilization and enhancing
overall mechanical performance [289]. Park et al. [290]
noted that lattice shapes such as truncated octahedrons,
truncated cubes, octahedrons, and simple cubic have higher
axial compression yield forces than diamond and BCC struc-
tures at constant relative density. This shows the former
group performs better under axial compression. At stress
concentrations, LSs fractured first. Optimized nodes, struts,
and fillets redistributed stress and increased compressive
strength, improving structural integrity [290].

Abdulhadi et al. [291] noted that a body-centered cubic
lattice structure (BCC LS) with variable strut lengths at a
40° angle maximizes specific strain energy absorption and
stiffness while minimizing weight, whereas a fixed strut
length BCC LS at a 100° angle achieves the highest modulus
[291]. Britt et al. [292] explored how strut dimensions and
processing parameters affected LSs’ microstructure and
hardness. Thicker struts, with smaller sub-grain cell diame-
ters, showed higher hardness, while 0.5mm struts, with
larger cells and more elongated grains, exhibited lower hard-
ness [292]. Fan et al. [293] stated that strengthened edges
greatly influence equivalent specific stiffness, which is lower
in lattices with few unit cell layers compared to infinite latti-
ces. Increasing edge thickness further reduces stiffness, but
this effect diminishes with more than 10-20 cell layers.



Additionally, strong edges function like elastic foundation
beams, distributing loads effectively and reducing local strain
and stress concentrations, while maintaining the deform-
ation mechanism of stretching-dominated struts. In conclu-
sion, changes in strut diameter in AM LSs can significantly
influence both collapse stress and elastic modulus [293].

Syam et al. [294] stated that alterations to strut-based
LSs, driven by variations in orientation and strut length, sig-
nificantly influence the mechanical behavior of such struc-
tures [294]. Geometric design factors, such as unit cell type
and strut diameter, do not impact dimensional accuracy;
however, they have a strong effect on the elastic constant of
LSs [295]. Hanks et al. [130] noted that the Lattice Unit-cell
Characterization Interface for Engineers (LUCIE) enables
users to comprehend the topology of unit cells and LS
mechanical characteristics for better selection. Build orienta-
tion affects microstructure and mechanical characteristics,
with inclined struts having higher grain sizes and better
properties [130]. Shin and Chang [296] concluded that an
increase of 26% in compressive stiffness was noted when the
unit cell size was decreased from 150 to 100 um. In
topology-optimized LSs, the compressive strength and
dynamic elastic modulus relationship are affected by poros-
ity and variations in unit cell size. The mechanical perform-
ance tends to decrease as the size of the unit cell increases
[296]. The mechanical characteristics of a structure are sig-
nificantly influenced by the arrangement and orientation of
unit cells with regard to the applied load, particularly with
regard to anisotropic behavior [262].

2.5. Critical review of mechanical properties of LSs and
recommendations

Investigation into the mechanical behavior of LSs has
advanced significantly in recent years, particularly with the
advent of AM technology. The study has managed to cat-
egorize LSs into bending-dominated and stretch-dominated
LSs and comprehend their relative strength, stiffness, and
energy absorption capacities. However, future research could
explore hybrid LSs, which combine these two forms of
behavior  for  optimized mechanical  performance.
Additionally, while relative density remains a primary par-
ameter for controlling strength and stiffness, ongoing
research is needed on graded-density structures, where dens-
ity is spatially varied within the lattice to maximize localized
performance criteria. Process parameters, such as print
speed, layer thickness, and temperature, are well docu-
mented in affecting mechanical properties, but ongoing
research can focus on real-time monitoring and adaptive
control systems to minimize defects like porosity and delam-
ination. Numerical modeling, in the form of finite element
analysis (FEA) and machine learning-based predictive mod-
els, can be advanced to improve design optimization and
failure prediction. Furthermore, multi-material LSs, where
more than one material is combined in a single LS, provide
an exciting avenue in the creation of mechanical properties
for a specific application. Post-processing and heat treatment
techniques have shown promise for enhancing LS
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performance, although further work is required to establish
optimum processing parameters for various material sys-
tems. In addition, dynamic loading conditions, including
fatigue, impact resistance, and thermal cycling, must be
investigated more thoroughly to ensure LSs perform
adequately under real-world use. Future opportunities can
also aim at bio-inspired LSs, utilizing nature’s own designs,
to develop highly efficient and adaptive mechanical systems.
Integrating experimental, computational, and theoretical
approaches will be crucial in pushing the performance boun-
daries of LS and broadening its applications to a broad spec-
trum of engineering disciplines.

2.6. Mechanical testing of LS

Mechanical testing in AM LSs aims to evaluate their
response to different loads, such as compression and buck-
ling. These tests ensure the structure’s ability to handle
operational stresses and refine design and material choices
to improve performance and safety in practical applications.
When it comes to testing LSs, there are several key mechan-
ical tests that researchers use to understand their properties
under different conditions. Each test follows specific stand-
ards and has a lot of research backing it up. Compressive
properties [297] are usually the first thing to be tested.
Standards like ISO/ASTM DIS 52959 [298] and ISO 13314
[299] provide guidelines on how to prepare the specimens,
control the strain rate, and interpret the data. Researchers
have extensively studied how factors like strut thickness, cell
shape, and density affect the compressive strength and stiff-
ness of LSs [300]. Flexural testing [301] is another important
method, typically done according to ASTM D790. This test
helps us understand how LSs resist bending loads, which is
crucial for applications where the material needs to with-
stand out-of-plane deformations or bending stresses [302].
Fatigue testing [29] is essential for understanding how LSs
perform under repeated or cyclic loads. This is often based
on ISO 13314 [299], and researchers have looked into vari-
ous factors like load amplitude, frequency, and environmen-
tal conditions (such as corrosive environments or high
temperatures) to determine the fatigue life and identify fail-
ure mechanisms [260]. Tensile testing varies depending on
the material. For metallic LSs, ASTM E8-04 [303] is com-
monly used, while plastics [304] and other polymers follow
ASTM D638 [305]. Studies have shown how different lattice
designs, microstructural features, and material anisotropy
can affect tensile strength, yield behavior, and elongation at
break [306]. To complement these experimental
tests, numerical analyses using FEA in software like Abaqus
[307] or Ansys [308] are often performed. These simulations
allow researchers to conduct parametric studies, alter lattice
cell geometry, relative density, or material properties virtu-
ally, and predict stress distribution, potential failure sites,
and energy absorption before physical testing. Energy
absorption [309] is a critical factor for applications like
crashworthiness and protective structures. Various studies
have focused on how lattice architecture, material selection,
and manufacturing processes influence the ability of these
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Table 6. The characteristics of different 3D printing polymers.

Material Density [g/cm?] Tensile strength [MPa] Melting point °C Young modulus [MPa] Flexural strength [MPa]
PLA [329] 1.24 60 145-160 3100 108

PP [330-332] 0.90 28 146 1300 40

ABS [333] 1.04 51 250 2750 785

PEEK [334, 335] 1.3 100 343 3900 162

PC [336, 337] 1.2 65.5 Amorphous 2738.6 93

TPU [338, 339] 1.23 36 216 1800-3000 60-97

structures to dissipate impact energy [310]. Finally, buckling
behavior [311] is a predominant failure mode in slender or
thin-walled lattice components. This is characterized using
ASTM F2971-13 [312], and related research explores how
geometric imperfections, anisotropic material behavior, and
complex loading scenarios affect lattice stability. These stud-
ies offer strategies to enhance the buckling resistance and
overall reliability of these advanced cellular systems [313].

2.7. Materials and applications of LSs

Three-dimensional printed LSs may be fabricated utilizing a
diversity of materials such as polymers, ceramics, and con-
crete [314], metals, composites, liquid resins, and alloys.
Nevertheless, this study will specifically address LSs made of
polymers, composites, and concrete.

2.7.1. Polymers

Polymers that are produced using 3D printing [15, 315]
incorporate an extensive range of materials, such as polypro-
pylene (PP) [316], ABS [317, 318], PLA [319, 320], PEEK
[321], thermoplastic elastomers (TPE) [322], polyetherimide
(ULTEM) [323], thermoplastic polyurethane (TPU)
[324, 325], Nylon [326, 327] and PC [328]. Table 6 illus-
trates the characteristics of several polymers used in the 3D
printing process.

In recent years, lattice and auxetic structures [340, 341]
have been used with various shapes and types to improve
the ductility of concrete, which is a widely employed engin-
eering material with high compressive strength but low ten-
sile strength, requiring reinforcement to improve ductility
due to its fracture propagation resistance [342-344]. Steel
rebar cages are traditional reinforcement methods, but they
may not be sufficient for extreme loads like blast or seismic
loads due to the trend toward thinner beams and stronger
concrete columns. Additionally, construction with large
ratios of reinforcing bars requires significant effort and is
challenging to penetrate with concrete [28]. One method to
improve the concrete’s ductility involves the incorporation
of discrete polymer or steel fibers. Nevertheless, the arrange-
ment of these fibers within fiber-reinforced concrete compo-
sites is challenging to regulate, which may result in certain
areas being susceptible to crack propagation [345-350].

2.7.2. Polymer LSs in concrete

In recent years, civil engineering has seen a rising trend
toward digitalized construction. Within this shift, AM, or
3D printing, became a key area of focus, especially for its
potential to fabricate cementitious materials [351-354]. This

technology offers new possibilities for innovative designs
and construction techniques, improving efficiency and cus-
tomization in the field [21, 355-358]. Recently, the utiliza-
tion of cementitious composites [359] reinforced by lattices
has been recognized as a promising strategy to enhance the
fracture toughness and quasi-brittleness of cementitious
composites [360-363], and due to their ultra-lightweight
structures, enhanced energy absorption, high impact resist-
ance, toughness, programmable characteristics, various
designs, improved ductility, and diverse material composi-
tions [364-372]. Researchers aiming to resolve issues of
brittleness, cracking, and deficient tensile properties in
cement-based materials have concentrated their efforts on
three-dimensional (3D) printing, commonly referred to as
AM. This technique offers significant advantages, including
a wide variety of material selections, increased material effi-
ciency, and the ability to design and construct complex
components [373-375]. Currently, AM methods can create
nearly isotropic parts, which include metal, composite, con-
crete, and polymer components fabricated through direct
printing processes [376-378]. Furthermore, polymer rein-
forcements produced through 3D printing can be integrated
into cement-based materials, resulting in strain-hardening
composites. This integration enhances the toughness of the
material while simultaneously decreasing its brittleness
[28, 379-381].

Zhang et al. [342] designed and generated 4 lattice
TPMS-based structures (Fischer-Koch S, Diamond, IWP,
and Gyroid) and incorporated them as reinforcement ele-
ments for cement-based beams. Each of the four TPMS
structures featured a 20 mm unit cell size and three unique
relative density gradients: 60%-20%, 50%-30%, and 40%-
40%. The mesh density points of all structures were set to
60, and the dimensions to 40 x 40 x 160 mm. ABS-like resin
raw material was used for the 3D printing process by using
a photo-curing 3D printer. The ABS-like resin combines the
benefits of TPE with the mechanical strength and toughness
of ABS, making it more suitable for alkaline situations like
concrete [382]. A total of 36 test components were created,
with three specimens for each of the four TPMS structures
and three gradient variants. As control samples, three beams
made of non-reinforced cement (Specimen-C) were also
produced. The G50-30 notation is used for gyroid structures
having a 50%-30% gradient variation, and other structures
with similar notations are also used. The dimensions of each
cement beam specimen were 50 X 50 x 170 mm. After
28 days, samples were prepared for mechanical testing. Black
speckles were applied for DIC analysis. Three-point bending
tests were conducted with a 100 kN load capacity, applying a
constant displacement rate of 1 mm/s at the mid-span with
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a 120mm span to simulate a quasi-static load. Figure 12
shows the 3D printing process and lattice samples (A), the
casting and DIC processes (B), and the experimental
setup (C).

The G50-30 group showed the best flexural performance,
with an 88.6% increase in flexural toughness over standard
cement specimens. Compared to the G60-20 and G40-40
groups, toughness improved by 499.2 and 389.8%, respect-
ively. However, the reinforced specimens had lower max-
imum destructive force and flexural strength than the
cement Specimen-C group (Figure 13(A,B)). The authors
stated that the disruption of the UHPC matrix’s dense struc-
ture by the 3D-printed lattice might be the cause of this
strength reduction [342].

Salazar et al. [28] introduced a novel technique to
enhance concrete ductility using 3D-printed ABS or PLA
lattices to reinforce ultra-high-performance concrete. Two
octet lattice configurations were created with 19.2% and
33.7% reinforcement ratios. Cube and beam-shaped lattices
were 3D printed, filled with concrete, and tested for com-
pression and bending. PLA prisms and ABS cubes were
printed using LulzBot TAZ 6 and Stratasys Dimension
1200es machines. The mechanical behavior of these beams
was compared to that of UHPFRC and plain UHPC beams.
Samples were cured for 7days before testing with a
Universal Testing Machine. Eight compression tests followed
ASTM Cl109 standards [383]. Nine beam samples were
exposed to four-point bending experiments by ASTM C1609
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Figure 14. (A) The 3D printing process, placement, infiltration with UHPC, and flexural testing of polymeric lattice-reinforced beams, (B) presents flexural load-
deflection curves, and (C) compares fracture surfaces of beams with different lattice and fiber reinforcement ratios [28].

[384], with a span length of 22.9 cm. The authors concluded
that the lattices transformed brittle UHPC into a ductile
material with strain-hardening characteristics. In compres-
sion, all samples showed gradual softening. Raising the ABS
reinforcement ratio to 33.7% decreased the compressive
strength by 22%. In flexural tests, raising the PLA reinforce-
ment ratio from 19.2% to 33.7% increased the average peak
load by 38%. Flexural specimens consistently exhibited mul-
tiple cracks and strain-hardening behavior until peak load.
Figure 14(A) shows the 3D printing process, lattice place-
ment, UHPC infiltration, and flexural testing. Figure 14(B)
presents flexural load-deflection curves for different
reinforcement amounts. Figure 14(C) depicts fracture surfa-
ces in flexure specimens, comparing 19.7 and 33.7% lattice-
reinforced beams, and fiber-reinforced beams [28].

Hao et al. [351] created six types of PA6 lattices 3D-
printed by the Multi Jet Fusion (MJF) to use them as
cementitious reinforcements and studied their compressive
behavior. Samples without lattice reinforcements served as
the control group. Lattice-reinforced specimens, all with the
same volume fractions, showed higher compressive strength
than the control group. The six lattices significantly
improved cementitious composite compressive strength. The
enhanced octagonal lattice sample has a 71.36% higher com-
pressive capacity than the control sample. Although the RO
lattice-reinforced sample had the lowest compressive cap-
acity, it nevertheless increased 30.80% above the control.
Their findings highlight the potential of 3D-printed lattices
to strengthen compressive properties in cement-based mate-
rials, providing a substitute for steel bars in corrosive condi-
tions and promoting energy efficiency, emission reduction,

and sustainable building practices. Additionally, they noted
that their paper offers valuable insights in this area.
Figure 15 shows the (A) PA6 3D-printed samples and the
formed and cured cementitious composite samples (B).
Figure 16 illustrates the load-displacement curves of the
cementitious samples subjected to uniaxial compression
experiments [351].

Xu et al. [21] reinforced cementitious composites with
four different 3D-printed ABS octet LSs, each with varying
unit cell sizes, to improve ductility. Four-point bending tests
were performed on both the reinforced specimens and the
plain mortar, and the experiments were numerically simu-
lated using a finite element model. The authors found that
reinforcing cementitious composites with 3D-printed LSs
altered their failure behavior from brittle to ductile. This
reinforcement significantly improved the ductility and over-
all failure strength of the composites compared to the plain
cementitious material [21].

In their research, Xie et al. [385] adopted a “materials by
design” strategy to create architected lattice-reinforced com-
posites (LRC) featuring a range of geometric attributes. By
conducting experimental tests alongside simulations, they
studied the reinforcing mechanisms in LRC specimens
under axial compression and three-point bending. Their
research highlighted how geometric variations significantly
influence the energy absorption, ductility, and strength of
these specimens. Furthermore, they explored how the lattice
volume ratio and spatial configurations affect the flexural
behavior of LRC beams. Figure 17 shows the fabrication and
characterization of LRC samples and beams. Part A outlines
the creation steps of LRC samples. Part B describes the DIC
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Figure 15. The (A) PA6 3D-printed samples and the formed and cured cementitious composite samples (B) [351].

and experimental procedures for three-point flexural ana-
lysis. Part C details the finite element model for an LRC
beam. The authors found that the tesseract (T) lattice LRC
beam had the highest flexural strength, the octet (O) lattice
beam had greater energy absorption, and the reentrant (R)
lattice beam was the most ductile. It was shown that raising
the volume ratios of lattice reinforcement could improve the
energy absorption, flexural strength, and ductility of LRC
beams; however, further investigation is needed to establish
the upper limit of these ratios [385].

Li et al. [386] created nine 3D-printed polymer lattice
(3D-PPL) reinforced cement-based composites (CBC) using
three different materials (transparent resin (TR), ordinary
resin (OR), and nylon (NY)). They tested the flexural per-
formance through three-point bending, CT scans, and DIC.
Their goal was to enhance CBC’s bending characteristics
with 3D-PPL structures. Figure 18 shows the lattice designs
and test process. They found that 3D-PPL reinforcement
significantly improves ductility, with the OR-3D-PPL struc-
ture being the most effective, increasing ductility by 136-413

times compared to non-3D-PPL. The reinforcement also
shifted CBC behavior from single crack to multi-crack fail-
ure, with the cube structure promoting multi-crack forma-
tion. Tensile and shear cracks were mainly observed,
demonstrating 3D-PPL’s potential to enhance CBC’s bend-
ing performance and structural resilience [386].

Tang et al. [379] analyzed the flexural performance of
graded lattice-reinforced 3D-printed cementitious compo-
sites utilizing six varieties of lattice cells with differing vol-
ume fractions, principally subjected to bending and tensile
deformation. The lattices were fabricated using 3D printing
with PA6 polymer utilizing multi-jet fusion (MJF) technol-
ogy, while the cementitious composites were produced via
mixing, grouting, and a 28-day curing process. The authors
found that graded LSs improved the flexural capacity, ductil-
ity, and crack distribution of the cementitious matrix, shift-
ing its failure mode from brittle fracture to ductile failure.
Despite these enhancements, the 3D-printed lattices did not
significantly raise the cement matrix cracking load. The
functionally graded lattice design reduced material usage
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while still achieving multiple cracking behaviors. A key chal-
lenge found in the study is the weak interfacial adhesion
between the 3D-printed polymer and cement, which requires
further research for improvement [379].

Xu and Savija [24] indicated that using 3D-printed poly-
meric reinforcement significantly enhances both the tensile
strain capacity and deflection of cementitious composites
compared to the control material [24]. Moreover, Xu et al.
[25] aimed to improve the bonding and mechanical per-
formance of reinforced cementitious composites by modify-
ing the surface of 3D-printed reinforcement. Using epoxy
resin (EP), sand-sprinkled epoxy (SA), and short steel fibers
in epoxy (SF), they conducted pull-out experiments to test
bonding properties. Uniaxial tensile and four-point bending
tests followed. Results showed SA and SF reinforcements
had nearly double the bonding strength of uncoated and EP
reinforcements. Additionally, composites with SA and SF
reinforcements exhibited significantly enhanced ductility,
showing strain-hardening and deflection-hardening behavior
[25]. Qin et al. [387] used 3D-printed U-shaped polymer
(NY, OR, and TR) structures (hexagons, squares, and rhom-
buses) to enhance the flexural performance of cementitious

tailings backfills. Three-point bending tests were conducted
on composite tailings backfill (CTB) samples, with scanning
electron microscopy analyses to assess their flexural and
microstructural properties. Figure 19(A) shows the polymer
configurations used in the experiments. Figure 19(B) details
the preparation process for U-shaped 3DPPL reinforced
CTB specimens. Figure 19(C) illustrates the load application
mechanism for the three-point flexural experimental setup.
Using “Square-OR” as a case study, where “Square” refers
to the 3DPPL geometry and “OR” denotes ordinary resin,
observations showed primary cracks within the flexural span
of all CTB specimens. The main crack in the N-3DPPL rein-
forced CTB specimen aligned with the applied load direc-
tion. TR material weakened CTB’s flexural strength, while
the rhombus shape and OR material were ideal. U-shaped
3DPPL with OR and NY polymers significantly increased
flexural strength and shifted CTB’s failure mode from brittle
to ductile, showing a notable increase in flexural deflection
compared to N-3DPPL samples. [387]. Figure 20(A) depicts
the correlation between load and deflection, alongside the
deformation properties of N-3DPPL reinforced CTB speci-
mens. Conversely, Figure 20(B) showcases the load versus
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Figure 17. The processes of fabricating and characterizing LRC units and beams [385].

deflection and fracture curves for the U-shaped 3DPPL rein-
forced CTB specimen.

Liu et al. [22] developed and fabricated five unique LSs
using selective laser sintering technology, embedding them
within concrete. After a 28-day curing period, three-point
flexural tests were conducted using Polyamide 6 (PA6) latti-
ces. The study examined the mechanical characteristics of
these reinforced concrete structures. Acoustic Emission (AE)
and (DIC) techniques assessed internal damage and strain
distribution. Results showed that LSs significantly enhance
concrete’s mechanical properties, with the rhombicuboctahe-
dron (RO) lattice notably increasing the maximum load-
bearing capacity, as shown in Figure 21 [22].

The flexural properties of cement-treated base (CTB)
materials reinforced with various types of 3D-printed poly-
mers (3D-PP) were evaluated using three-point bending tests
conducted by Zou et al. [388]. A microscopic examination
was performed to analyze the failure modes and strain dis-
tribution patterns of the CTB samples, while further examin-
ing the filled specimens using SEM-EDS, it was found that
the bending strength of CTB structures with 3D-printed pol-
ymers reached 1.72MPa, a 409% increase over reference
samples (N-3D-PP). The maximum value of deflection was
17.6 mm, showing a significant performance improvement in
the CTB structures [388].

Nguyen-Van et al. [389] introduced a method to enhance
the bending stiffness of cementitious beams using 3D-
printed TPMS-Primitive scaffolds. Three beams (50 mm x

50mm x 250 mm) were created with FDM 3D-printed ABS
molds. The beams included a non-reinforced beam (NRC), a
two-layer TPMS-Primitive reinforced beam (PC2), and a
one-layer TPMS-Primitive reinforced beam (PCl). The
reinforcement used TPMS-Primitive structures with a 10%
volume ratio. PC1 had five-unit cells in one layer. The study
aimed to assess the effectiveness of these scaffolds in
improving beam performance. Results showed that the two-
layer reinforced beam’s peak load capacity was 35% higher
than the one-layer beam and 125% higher than the non-
reinforced beam. Additionally, the reinforced beams exhib-
ited improved ductility with a smooth softening response
during bending. Figure 22 shows the setup of a one-layer
TPMS-Primitive reinforced beam (PCl) and a two-layer
TPMS-Primitive reinforced beam (PC2). It also includes an
image of the PC2 beam undergoing a three-point bending
test [389].

Singh et al. [390] introduced a method that combines
3D-printed complex zeolite-based biodegradable polymer
porous structures and schwarzites to reinforce cement matri-
ces, addressing the brittleness of cement. The composites
showed significant improvements in resilience, with primi-
tive schwarzites and gyroids achieving 128.1 and 121.3%
increases, respectively. Zeolite-based structures exhibited a
125.63% increase in resilience compared to cement cubes
and an extraordinary 505.33% improvement over pristine
3D-printed structures. This method, according to the
authors, enhances the ductility and energy absorption
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capabilities of composite blocks compared to conventional
cement [390].

Wu et al. [391] focused on creating lightweight cementi-
tious cellular composites (LCCCs) by combining digitally
designed cellular structures with cementitious mortar,
including micro-encapsulated phase change material
(mPCM). Various Voronoi structures with different ran-
domness levels were developed. LCCCs were produced using
standard mortar and mPCM mortar through indirect 3D
printing. After 28days, compressive strength tests showed
that highly randomized Voronoi structures and mPCM had
a minimal negative impact on strength. LCCCs with mPCM
had significantly higher relative compressive strength than
traditional foam concrete, making them promising for ther-
mal insulation in construction [391].

Pelanconi and Ortona [392] carried out a study that was
published on a very lightweight construction inspired by
nature (made of gyroid geometry, reinforced with external
ribs) that is intended to maximize density and stiffness
under bending stresses. The 3D printed model is illustrated
in Figure 23(A), and the connection technique seen in
Figure 23(B) was used to join the tubes to the core structure
and the completed 3D model of the suggested construction,
where the CFRP casings are magnified. Quasi-static three-
point bending experimental tests were conducted to assess
the mechanical behavior of the constructions using a 5kN
cell load. The experimental three-point bending device is
seen in Figure 23(C). Figure 24 shows the force-bending

deformation curves (experimentally and numerically) of the
samples without and with CFRP reinforcements. The
authors determined that the structure incorporating CFRP
rods exhibited a stiffness more than double that of the non-
reinforced structure, measuring 46+4.32N/mm compared
to 20+ 3.10 N/mm, respectively. Additionally, the maximum
load capacity of the reinforced structure was approximately
280+10.05N, in contrast to 100£8.11N for the non-
reinforced variant. Both structures ultimately failed at a
displacement of 10 mm; however, the reinforced panel sus-
tained a load 3.6 times greater than that of the non-
reinforced structure (280 N versus 77 N) [392].

Chen et al. [393] implemented a composite design strat-
egy using cementitious units reinforced with 3D reentrant
(3DR) lattices, created through single and dual-material 3D
printing. By employing digital fabrication, experimental test-
ing, and numerical simulations, the researchers assessed how
different materials, printing parameters, combinations, and
spatial arrangements affected the compressive strength and
energy absorption of the 3DR lattices and the resulting
lattice-reinforced cementitious composites (LRCCs). They
found that even with weaker 3D-printed materials, LRCC
units achieved similar ultimate strengths and better energy
absorption. This trend was also observed in LRCC columns
with various geometric designs [393].

Aghdasi et al. [394] article focuses on ultra-high-per-
formance fiber-reinforced concrete (UHP-FRC) and sus-
tainable ‘"green" UHP-FRC (G-UHP-FRC) in the
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The preparation process for U-shaped 3DPPL reinforced CTB specimens. (C) The load application mechanism for the three-point flexural test [387].

development of Octet-Truss Engineered Concrete
(OTEC). These mixtures were poured into 3D-printed
ABS molds, which were later dissolved. Specimens were
stored in a high-humidity fog room for 28days before
testing. The study examined the effects of different curing

methods on the compressive strength of OTEC unit cells.
Results showed that OTEC unit cells had higher compres-
sive strength than control foam green (G-UHP-FRC) con-
crete samples. High humidity curing improved
compressive strength, flexural capacity, stiffness, and
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toughness. G-UHP-FRC OTEC flexural specimens, despite cells also outperformed foam G-UHPC cubes under com-

lower mass, exceeded solid UHP-FRC and standard con- pression, highlighting their potential for lightweight con-
crete in toughness and peak load. UHP-FRC OTEC unit struction [394].
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Tang et al. [23] investigated the compressive behavior of
cement mortar reinforced with 3D-printed spiral and skin
LSs produced via MJF technology. Six specimens, including
a control, and 4 sorts of lattices (spiral) were tested with
varying reinforcement ratios to assess bonding and skin
reinforcement effects. The findings indicate that 3D-printed
lattices improved the ductility and energy absorption of
cementitious materials. However, the compressive strength
and elastic modulus were reduced due to the reinforcing
polymers’ lower elasticity compared to cement [23]. Chen
et al. [393] analyzed cementitious composites with 3D reen-
trant (3DR) lattices, printed through dual and single mater-
ial printing methods. Their findings demonstrated how
manufacturing parameters influence the mechanical charac-
teristics of flexible and rigid lattices. They assessed the com-
pressive properties of LRCC featuring 3DR lattices in
various spatial configurations. The study concluded that
LRCC units achieved enhanced energy absorption and simi-
lar ultimate strength, despite incorporating weaker 3D-
printed materials [393]. Xie et al. [395] used PLA and TPU
polymers to print lattice reinforcements for asphalt concrete
and cementitious beams. They concluded that Pla reinforce-
ments improved both energy absorption and ultimate
strength [395]. Dong et al. [396] developed topology-
optimized LSs as flexible nylon reinforcements in cementi-
tious composites. Testing revealed that these lattices
significantly improved strength and ductility, outperforming
homogeneous lattices in ductility. Smaller cell sizes reduced
enhancement effects, while a larger optimization volume
fraction further boosted strength and ductility [396].

2.7.3. Polymer auxetic structures in concrete

Xu and Savija [397] presented the development of auxetic
cementitious composites (ACCs) designed to improve mech-
anical characteristics by embedding 3D-printed polymeric
reinforcement structures within cementitious mortar. Four
distinct types of ACCs were created, incorporating unique
auxetic mechanisms (rotating-square (RS), reentrant (RE),
missing-rib (MR) and chiral (CR)). The compressive behav-
ior of these samples was thoroughly investigated via a

and lattice reinforcement specimens

combination of both experiments and finite element model-
ing, highlighting the potential of ACCs for enhanced per-
formance in construction applications. The findings
demonstrate that all ACCs exhibit significant compressive
ductility. Notably, the RE variant displays the highest level
of ductility, achieving energy absorption rates that are 853%
and 708% greater than those of the reference mortar and
the auxetic structure, respectively. Additionally, both the RE
and RS variants show enhanced crack-arresting capabilities
under compression. The ductility of the resulting system
decreases by 32.2% when the volumetric ratio of the auxetic
structure is halved [397]. Figure 25 illustrates the four ACC
types.

In their study, Choudhry et al. [216] examined four spe-
cific auxetic LSs to enhance the energy absorption and duc-
tility properties of cementitious composites using AM
polymeric auxetic lattices [164, 381, 398], which possesses a
negative Poisson’s ratio (NPR) that varies from —0.431 to
—0.038. Maxwell’s stability factor (M) confirms that all lat-
tice designs exhibit bending-dominated deformation.
Fabricated with a commercial FDM printer, the chosen ABS
polymer offers superior durability, strength, toughness, min-
imal  shrinkage, cracking, and design flexibility
[28, 389, 399]. Specimens were compressed at 2 mm/min
using a 250 kN Universal Testing Machine under room tem-
perature [400]. LRCC composites were made by pouring
cement-based mortar into an acrylic mold with AM LSs.
Figure 26(A,B) show the fabrication process and shear fail-
ure patterns, respectively.

Figure 27(A) shows that LRCC specimens have a 35.65 to
64.16% lower Young’s modulus than plain concrete. Figure
27(B) highlights the compressive strength, with LRCC 4 at
35.82MPa, LRCC 2 at 32.38 MPa, LRCC 3 at 28.64 MPa,
and LRCC 1 at 27.63MPa. Figure 27(C) indicates higher
peak strain in LRCC specimens, with LRCC 3 showing an
85.71% increase, followed by LRCC 4 (80.95%), LRCC 1
(47.62%), and LRCC 2 (9.52%). Figure 27(D) displays
Young’s modulus and normalized peak response for various
LDs, with LRCC 2 having the highest Young’s modulus due
to LD2 auxetic reinforcement. The reductions in Young’s
modulus for LRCC 3, LRCC 1, LRCC 4, and LRCC 2 are
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Figure 22. (A) The setup of a one-layer TPMS-Primitive reinforced cementitious beam (PC1), (B) the setup of a two-layer TPMS-Primitive reinforced cementitious
beam (PC2), and (C) the PC2 beam during a three-point bending test [389].
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Figure 23. (A) The 3D printed model, (B) the connection technique used to join the tubes to the core structure and the completed 3D model, and (C) the experi-
mental setup [392].
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Figure 24. The force-bending deformation curves (experimentally and numerically) of the samples without and with CFRP reinforcements [392].

64.16, 60.98, 52.88, and 35.65%, respectively. The auxetic Xu et al. [401] presented findings on a novel auxetic
design enhances ductility by 100-200% for peak load reduc- cementitious composite (ACC) to reveal its spring-like com-
tions of 15-50%, and energy absorption at failure is nearly pressive behavior. Using a 3D-printed TPU auxetic structure
eight times that of conventional mortar [216]. with cementitious mortar as a filler, the ACC shows superior
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modulus alongside the normalized peak response of the lattice reinforcement integrated into the concrete structure [216].

energy absorption due to strain-hardening. It absorbed 6300%
more energy than the TPU frame and 4200% more than the ref-
erence mortar. The ACC’s spring-like behavior allows significant
recoverable deformability during cyclic loading, achieving a
strain amplitude 20 times better than standard mortar. Despite
fatigue damage, the ACC demonstrated greater stiffness and
energy absorption compared to the auxetic frame [401].

Xu et al. [341] performed a study on the compressive
behavior of auxetic cementitious cellular composites (CCCs)
through a blend of investigational methods and (FE) simula-
tions. The study implemented a conventional auxetic centro-
symmetric geometry for the unit cells that constituted the
cellular structure, utilizing fiber-reinforced cementitious mor-
tar as the material component. By varying the geometry of the
cells, three CCCs (PO, P25, and P50) were created and sub-
jected to both experimental and numerical testing under uni-
axial compression, considering different boundary conditions.
The authors concluded that auxetic cellular composite materi-
als (CCCs) exhibit remarkable characteristics regarding dens-
ity, energy dissipation capacity, and Poisson’s ratio, thereby
positioning them as highly advantageous for diverse applica-
tions within the field of civil engineering [341].

Xu et al. [355] developed a new type of cementitious aux-
etic material with a unique crack-bridging mechanism, dif-
fering from the usual local buckling. By using 3D printing,
they created cementitious cellular composites (CCCs) with
auxetic structures and varied fiber contents. Tests under uni-
axial compression and cyclic loading revealed that these
CCCs can show auxetic behavior, including strain hardening

and high energy absorption. Remarkably, they achieved 2.5%
reversible deformation after 25,000 cycles, despite initial
fatigue damage in the first 3,000 cycles. This innovative aux-
etic mechanism presents a promising design strategy for
enhancing brittle materials [355].

An article by Zahra and Dhanasekar [402] presented
findings on the fabrication and evaluation of cementitious
polymer mortar-auxetic foam composites, which are deemed
suitable for wall rendering purposes. The study experimen-
tally assessed the deformation behavior of composites featur-
ing auxetic foam with a high negative Poisson’s ratio (NPR),
embedded within a polymer cement mortar matrix. These
were compared to standard mortar composites reinforced
with fiberglass mesh layers, known for their positive
Poisson’s ratio. The findings showed that the auxetic foam-
enhanced composite outperformed the standard version by
preventing delamination and reducing brittleness [402].

Rosewitz et al. [381] conducted an integrated experimen-
tal and numerical investigation into bioinspired architected
composites. These composites were developed using a
cement mortar matrix combined with auxetic polymer com-
ponents and brick-and-mortar. The investigation provides
an in-depth assessment of how the unit-cell polymer phase
affects mechanical properties with a particular focus on the
role of architected geometry. The study analyzed five types
of architected composites with different polymer phase geo-
metries. A basic concrete beam without a polymer phase
was the reference. Three polymer phases were 3D printed
and arranged in unit cells. Results showed that architected
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composites outperformed control samples in strength due to
reduced localized deformation [381].

Chen et al. [403] conducted a comprehensive testing and
numerical investigation into the compressive and flexural
characteristics of engineered cementitious composites (ECC)
that are utilized in auxetic structures produced via 3D print-
ing. The results reveal that the auxetic specimens analyzed
show significant auxetic behavior when exposed to compres-
sive loading, whereas this behavior is not apparent during
flexural loading. The buckling-induced auxetic structure
exhibits a compressive strength of 5.1MPa, which is
approximately 264% and 750% greater than that of cross-
chiral and reentrant structures, respectively [403].

In their research, Zhao et al. [404] examined the mechan-
ical behavior of reinforced concrete samples with five cellular
structures (honeycomb, AH-V1, auxetic-struts, AH-V2, and
reentrant auxetic) under in-plane quasi-static uniaxial com-
pression [405]. The cellular structures were fabricated using
PAG6 (nylon 6, polyamide 6) as the molding material and then
filled with cementitious mortar. Compression tests were con-
ducted with an ultimate load of 100kN. Results showed that
honeycomb and reentrant auxetic structures reinforced with
concrete had substantial energy absorption under uniaxial
loading. In contrast, auxetic-strut structures exhibited per-
formance inconsistencies due to stress concentrations at the
corners of the vertical rods, leading to material failure and
structural damage. The experiments revealed performance
variations in reinforced concrete specimens, with notable
improvements in energy absorption capacity and ductility,
attributed to different deformation modes [404]. Figure 28
illustrates the cellular structures made from 3D-printed PA6
(A) and the concrete specimens at the stage when the mold is
prepared for removal (B). In Figure 29, part A shows the
force-displacement curves for various specimens, while part B
displays the corresponding energy-displacement curves.

Chen et al. [406] conducted an extensive study on the
compressive behavior of ultra-high-performance concrete
(UHPC) reinforced with a 3D-printed triangular (T-UHPC),
reentrant honeycomb (H-UHPC), and octet (O-UHPC) latti-
ces, along with steel fiber-reinforced UHPC (S-UHPC)
(Figure 30). Comparisons with plain UHPC and S-UHPC
revealed H-UHPC’s static compressive strength was 14.6-
19.4% higher than O-UHPC and T-UHPC. At higher strain
rates, H-UHPC showed peak compressive strength
(262.7MPa), improved flexibility, and superior energy
absorption, highlighting reentrant honeycomb lattices as
optimal for creating auxetic 3D-reinforced UHPC [406].

Meng et al. [407] investigated cementitious composites
with 3D-printed auxetic lattices, which display negative
Poisson ratios. Using X-ray CT, they found that auxetic lat-
tices effectively constrain crack growth and dissipate energy,
resulting in 1.7 times higher densification energy compared
to conventional materials. This research enhances the under-
standing of auxetic lattice-reinforced composites for
improved load-bearing and energy dissipation [407].
Edmund et al. [408] 3D printed reentrant chiral auxetic
(RCA) meshes with PLA and TPU filaments, embedding
them in low- and high-strength mortars to create ACC

samples. The highest tensile strength (11 MPa) and ductility
were achieved with TPU-RCA meshes. PLA-RCA meshes
exhibited the highest shear bond strength (0.44 MPa). The
study shows that ACC can enhance masonry and cementi-
tious structures [408].

2.7.4. Lattice concrete moulds

LSs are increasingly used as concrete molds and in construc-
tion to fulfill structural and functional requirements
[409-416]. To enable multiple healing cycles and optimize
healing efficiency in vascular self-healing concrete, Wan
et al. [417] designed an octet-structure lattice as a vascular
network, effectively delivering healing agents to cracks.
Redundancy ensures access through multiple pathways,
enhancing ductility by increasing crack tortuosity. To study
layer height and printing orientation effects, four vascular
network configurations were made using ABS filament. In
instances where specimens exhibited fractures during the 4-
point flexural experiments, epoxy resin was utilized as the
healing agent, attributed to its effective healing capabilities.
Figure 31 illustrates the vascular network schematic (A), the
manual healing procedure schematic (B), the 4-point bend-
ing experimental setup (C), and the comparison of the sam-
ple’s flexural strength (D).

The results show that self-healing concrete with vascular sys-
tems has lower initial flexural strengths than control samples.
This reduction is influenced by printing parameters: horizontally
oriented vascular networks have higher flexural strength com-
pared to vertically oriented ones. Smaller printing layer heights
result in less reduction in initial flexural strength compared to
larger layer heights. Regarding water-tightness recovery, all
vascular-based self-healing samples achieved full (100%) recov-
ery, indicating that printing direction and layer height do not
significantly affect water-tightness recovery [417].

Nguyen et al. [418] introduced an innovative variant of
lightweight cellular foamed concrete (FC) based on gyroid,
primitive, and baseline lattice models. PLA filaments were
used to produce the cellular molds. Foamed concrete was
poured into the molds. Three samples from each batch of
foamed concrete were tested using a 50kN testing machine
to evaluate their mechanical properties. The 3D-printed
mold design significantly impacted the microstructure and
compressive strength of foamed concrete, with TPMS struc-
tures showing much higher strength than standard strut-
based lattices. Figure 32 shows the lattice types (A), PLA
mold fabrication methods, and concrete structures (B).
Figure 33 presents the performance of bio-inspired foamed
concrete, highlighting (A) compression performance and (B)
load-displacement curves for both molds and foamed con-
crete (density 800 kg/m?).

Nguyen-Van et al. [419] combined primitive, gyroid, and
cubic blocks reaching a 50% volume fraction. Lightweight
cement mortar samples were made using 3D-printed PLA
molds and tested under uniaxial compression. Compression
tests on the cement cubes were paired with tensile behavior
analysis using a damage plasticity model. Finite element (FE)
analysis predicted mechanical performance, including stress-
strain curves, stress distributions, and damage behaviors, with
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Figure 28. (A) The cellular structures made from 3D-printed PA6 and (B) the concrete specimens at the stage when the mold is prepared for removal [404].

compressive test results validated by the FE model. Figure
34(A) illustrates the unit cell types, (B) the gyroid and lattice
cellular mold case designs for cement fillings, (C) the 3D
printed mold structures (primitive (a), lattice (b), and gyroid
(c)), and (D) the findings associated with the application of
fresh cement mortar into casting molds.

FDM was used to create PLA molds, with three molds for
each design. Finite element analysis showed that TPMS cellu-
lar structures had more uniform stress distributions under
uniaxial compression compared to lattice blocks. The gyroid
specimen also had consistent stress distributions due to its
continuous curvature. Stress-strain curves indicated that the
primitive block had the ultimate compressive strength, and
then the gyroid. The primitive structure’s superior perform-
ance suggests its use in lightweight bricks, coastal protection
blocks, noise barriers, and decorative wall features [419].

Nguyen-Van et al. [420] examined the mechanical behav-
ior of a three-dimensional Menger-Sponge (MS) cube and
six other fractal-like designs with different hollow shapes.
Using the finite element method, the mechanical responses
under uniaxial compression were predicted and validated
with previous experimental data. Comparing TPMS-
Primitive and second-order MS cementitious structures, as
well as other fractal structures, showed similar mechanical
responses for MS and Primitive blocks. However, fractal-
square (FS) structures exhibited superior performance, espe-
cially in the first and second fractal orders [420]. Song et al.
[421] proposed a new type of 3D core-framework FCC-lat-
tice cementitious composite, made from printed polymers
combined with cement mortar. This innovative design aims
to create energy-efficient building systems by focusing on
thermal conductivity, mechanical properties, and the need
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for lightweight materials. Their analysis showed that while
the average compressive strength of these composites
(CS-LCCs) is lower than that of cubic cement mortar sam-
ples, their specific strength is comparable. Additionally, the
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Figure 29. (A) The force-displacement curves of the specimens and (B) the
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polymeric framework significantly enhances the ductility of
the CS-LCCs [421].

2.7.5. Composites and Metals

A significant benefit of using composites in LSs is the
ability to optimize characteristics along the mainly axially
loaded parts by adjusting the material anisotropy. Thus,
composite LSs exhibit material-geometry effectiveness,
where the geometry guides the forces to coincide with the
principal fiber direction of the material [31]. 3D printing
has revolutionized the creation of complex continuous
fiber-reinforced composite LSs (CFRCLSs). However, the
accuracy of geometry and mechanical performance is con-
strained by the absence of effective methods for crafting
critical features, specifically joints [422]. 3D printed
carbon-fiber reinforced composite LSs have been used fre-
quently [423-425]. Glass fiber/PA12 composite is also
used in producing LSs [426]. Peng et al. [427] employed
short carbon fiber-reinforced polyamide 6 (CF/PA6) for
the fabrication of their honeycomb structure [427]. Metals
used in 3-D printing are becoming more popular in
industries like healthcare, automotive, manufacturing, and
aerospace [428]. Metal materials have superior physical
qualities, making them suitable for sophisticated manufac-
turing, such as printing human organs, LSs, and aeronaut-
ical components. Aluminum [429], cobalt, nickel, stainless
steel, inconel, and titanium alloys are examples of these
materials [38, 428, 430-437].

Tzortzinis et al. [438] proposed a novel method for rein-
forcing concrete and mortar with steel auxetic truss lattices.
Numerical analysis and experiments using 3D-printed steel
lattices embedded in mortar under axial compression
revealed enhanced confinement, increased strength, and
exceptional ductility, with residual strength persisting
beyond 20% strain. Computational modeling validated these
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Figure 30. Diagrammatic representation of the preparation process for lattice-reinforced UHPC specimens [406].
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Figure 32. (A) The lattice structure types and (B) the fabrication methods of the PLA molds and the concrete structures [418].

findings, highlighting the potential of auxetic lattices for
strengthening structures to withstand extreme loads, such as
during earthquakes. The results in Figure 35 highlight the
auxetic lattice’s superior strength and ductility. While the
conventional passive configuration enhances the mortar’s
peak load by 70%, the auxetic lattice achieves a significantly
higher increase of 140% [438].

Luo et al. [439] introduced a concrete-filled auxetic stain-
less steel tube (CFASST) composite to enhance concrete
confinement through auxetic tubular designs. Experimental

and numerical analyses assessed axial compressive behavior,
including strain response, load-displacement patterns, and
failure mechanisms. Parametric studies explored the influ-
ence of tube thickness and Poisson’s ratio. Findings revealed
that CFASST structures display distinctive deformation pat-
terns and superior confinement properties. Figure 36
presents comparisons of numerical and experimental results,
including failure modes and load-displacement curves,
showing strong agreement between test data and FE
analysis.
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Table 7 summarizes various lattice types along with their
respective examples used in the literature.

2.7.6. Cellular lattice concrete structures
Concrete-based large-scale LSs have been realized in a var-

iety of methods, as shown in [440], with some degree of

success. These consist of extensive lattices constructed by
casting concrete into intricate fabric formwork produced
through CNC machining, substantial 3D printed clay form-
works, or molds constructed from 3D printed sand. It was
determined that while producing extensive concrete LSs is
challenging, several technologically feasible approaches exist.
Extrusion-based 3D concrete printing [441, 442] is excellent
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Figure 34. The unit cell types, (B) the gyroid and lattice cellular mold case designs for cement fillings, (C) the 3D printed mold structures (primitive (a), lattice (b),
and gyroid (c)), and (D) the findings associated with the application of fresh cement mortar into casting molds [419].
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for creating basic 2D cellular structures. In addition to
extrusion-based 3DCP [443], molds made of 3D-printed pol-
ymers could also be used to produce 3D-casted LSs
[419, 444, 445].

The process of AM involving cementitious materials
[446], specifically the variant characterized by material
deposition through extrusion, commonly referred to as
3DCP [447, 448], is experiencing a swift rise in acceptance
within the construction sector [449, 450]. The advent of
3DCP [451] technology can be traced back approximately
twenty years [452-455]. Since its inception, numerous
innovative projects and case studies have emerged,
consistently demonstrating the capabilities of digital

fabrication utilizing concrete [456]. The use of 3D printing
technology for concrete is gaining recognition as a viable
method for creating innovative structural components, offer-
ing several advantages. However, its effectiveness depends
on a set of temporal parameters that can significantly affect
the long-term performance and durability of printed ele-
ments, especially considering their exposure to external
environmental conditions [457]. The application of 3DPC
[458] offers the potential to boost construction efficiency,
lower labor and material costs, and provide enhanced design
flexibility by removing the need for traditional formwork
[357, 459-463]. However, a key challenge to the widespread
adoption of 3DPC is the variability in the printing materials.
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Significant differences in composition and performance
metrics between 3DPC and conventional concrete present
obstacles to its broader use in the construction indus-
try [463].

To gain a comprehensive understanding of the ongoing
advancements in 3D printing technology within the construc-
tion sector [464], numerous reviews have been conducted
[102, 457, 463, 465-478]. Tiwari et al. [479] focused on devel-
oping cellular lattice concrete structures via 3D printing, using
a powder bed technique with selective cement hydration. Fine
sand, Ordinary Portland Cement, and water were used, with-
out any admixtures. The printing method was a cost-effective

syringe-based water jetting system applied to a cement and
sand mixture. Two types of cellular concrete blocks were pro-
duced: gyroid structures and interconnected spherical voids,
each with 15cm edges. Uniaxial compression tests were per-
formed to understand the strength characteristics of the 3D-
printed specimens (Figure 37). Key insights include that the
solid cubes exhibit greater strength than cellular lattices; solid
cubes loaded perpendicular to the printed layers are stronger
than those loaded parallel; strain at failure for perpendicular
loading ranges from 0.005 to 0.018; dry specimens are signifi-
cantly stronger than wet ones, sometimes by a factor of two or
more. The study found that altering specimen density could
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Lattice type

Examples

Triply periodic minimal surfaces (TPMS) lattices

Fischer-Koch S, Diamond, IWP, and Gyroid lattices

TPMS-Primitive scaffolds
Gyroid, primitive, and cubic blocks
Gyroid structures with CFRP rods

Octet lattices

Octet lattice reinforcements

Octet-Truss Engineered Concrete (OTEC)
Octet lattice for cementitious composites

Reentrant and auxetic lattices

Reentrant, Rotating-Square (RS), Missing-Rib (MR), Chiral (CR) auxetic lattices

Reentrant chiral auxetic (RCA) meshes

Reentrant honeycomb lattice for UHPC
Auxetic-struts and reentrant auxetic structures
Auxetic cementitious composites

Concrete-filled auxetic stainless steel tubes (CFASST)
Steel auxetic truss lattices in mortar

Polymer and metal lattices

3D-printed polymer lattices (3D-PPL) using transparent resin (TR), ordinary resin (OR), and nylon (NY)

PA6 polymer lattice reinforcements

3D-printed PA6 spiral and skin LSs

Selective laser sintered Polyamide 6 (PA6) lattices

Short carbon fiber-reinforced polyamide 6 (CF/PA6) honeycomb structures

Topology-optimized and functionally graded lattices

Functionally graded LSs in cementitious composites

Topology-optimized LSs in cement composites

LSs for self-healing and lightweight concrete

Vascular network lattices for self-healing concrete

Menger-Sponge (MS) LSs
Lightweight cement mortar reinforced with cellular lattices
3D core-framework FCC-lattice cementitious composite

Figure 37. The printed specimens [479].

program strength, with a 30% density reduction leading to a
75% strength decrease. Additionally, leaving 3DPC specimens
in the atmosphere after 28days of curing increased their
strength by 2 to 3 times due to carbonation [479].

Dey et al. [480] examined the bending performance of
concrete beams that were 3D-printed with four infill patterns:
triangular, lattice, sinusoidal, and lattice-triangular. Tests were
conducted in vertical and transverse loading directions. All
beams measured 290 mm in width, 200mm in height, and
890 mm in length, classified as L-Beam, T-Beam, LT-Beam,
and S-Beam (Figure 38(B)). Fabrication used an extrusion-
based concrete printer (Figure 38(A)). The mortar mix

included natural river sand and a cement-based binder (1:1.5
ratio), with Ordinary Portland Cement (OPC 43-grade) and
densified Silica Fume (SF). A viscosity-modifying admixture
(VMA) and a superplasticizer (SP) were added. Chopped
polyvinyl alcohol (PVA) fibers (12mm long, 0.04-0.06 mm
diameter) provided reinforcement.

The authors found that L-Beams had 17.7% higher flex-
ural deformation resistance under vertical loading, while T-
Beams outperformed under transverse loading, achieving a
500% improvement in flexural resistance. Topology-
optimized 3D-printed beams improved bending performance
by 30%, with the optimal infill at 25% of the triangular infill



36 H. EL ETRI ET AL.

.
Computer]

[
|
|
|
|

:C_lmlrollcr
J r
b — S R " "

Tl (Forcward Extrusion - = -
b \_ serew s
P o == '
=== -

,/’I:Ix(rusion
\_Barrel
\_Barrel

uonIP

Servovalve

Servovalve
manifold with
inbuilt LVDT sensor

w

A Load cell
) o A
“#2°  ° Hydraulic pressure
n D005 W |
4 §at g S\_\:ivcl i"d cnd-

Pe

Pedestal base

Top mllc}

Figure 38. (A) The printing process and (B) the experimental setup with the printed specimens [480].
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width. Figure 39 shows the maximum numerical bending
load (A) and midpoint displacement of the beams (B) [480].

Wang et al. [445] developed five concrete mixtures with
different rates of lightweight ceramsite sand for 3D printing.
To reduce shrinkage and micro-cracks, ceramsite sands were
treated with polyvinyl alcohol. The optimized mixture was
chosen for continuous printing. Cubic and beam elements
with four internal hollow structures - cellular, truss-like,
square lattice, and triangular grid - were 3D printed.
Compressive tests showed the rectangular lattice had the
highest strength, while truss-shaped beams had the best flex-
ural performance [445]. Ye et al. [481] created six hollow
beams without steel reinforcement and tested them using a
four-point loading method. The outcomes showed that these
beams, despite lacking steel, exhibited multiple cracks, flex-
ural hardening, and ductile failure. Their flexural strength
ranged from 6.06 MPa to 7.86 MPa. The authors concluded
that using ultra-high-performance concrete (UHDC) in hol-
low structures is a revolutionary idea for 3DCP without
needing steel reinforcement [481].

A comparative study was conducted by AlZahrani et al.
[482] on the thermal characteristics of various infill struc-
tures in 3DPC walls, aiming to enhance thermal efficiency
and reduce energy consumption without increasing material
costs. A computational model analyzed the thermal behavior
of different infill designs, keeping the concrete formulation

and concrete-to-void ratio constant. The study compared
the thermal performance of 3DPC walls with traditional
materials like clay and concrete bricks. Results showed that
infill geometry significantly influenced thermal conductivity,
which ranged from 0.122 to 0.17 W/m.K. The authors con-
cluded that replacing conventional materials with optimized
infill structures could reduce annual energy costs by at least
$1/m”, highlighting the importance of selecting the right
infill design to lower energy consumption in buildings [482].

Nemova et al. [483] investigated the development of
energy-efficient 3D-printable walls that can be applied glo-
bally, adhering to the criteria of energy efficiency and sus-
tainability. The study employed numerical analysis and
experimental investigations, utilizing bench tests with soft-
ware tools and advanced precision equipment to evaluate
the thermal behavior of 3DPC envelopes. Various designs,
material arrangements, and insulation sorts were examined.
The results indicated the successful creation of a novel
energy-efficient ventilated 3DPC envelope characterized by a
low thermal conductivity coefficient, tailored to specific cli-
matic zones [483]. A study was performed by
Suntharalingam et al. [484] to assess the fire performance of
20 distinct configurations of 3DPC walls, using confirmed
finite element models under standard fire conditions. The
findings indicated that 3DPC non-load-bearing cavity walls
possess significant resistance to standard fire loads, with the
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Figure 40. Load-displacement curves of the wall specimens [486].

potential for further enhancement using Rockwool insula-
tion. The results demonstrated that a parallel increase in
wall thickness correlates with a marked improvement in fire
performance [484].

Ye et al. [485] developed engineered cementitious compo-
sites (ECC) lightweight slabs, which incorporated rectangu-
lar hollow sections (RS) and honeycomb-like (HS).
Four-point flexural tests and FEA assessed their flexural
behavior. The ECC slabs showed ductile failure modes with-
out any addition of steel reinforcements. The flexural
strength-to-mass ratio for HS and RS slabs was about
0.049 MPa/kg, like solid slabs. Numerical models were vali-
dated, and bond strength above 1.5 MPa ensures stable flex-
ural performance in HS slabs [485]. Han et al. [486]
analyzed the structural and failure patterns of large-scale
3DPC walls under axial compression. Polypropylene (PP)
microfibres were used to improve buildability. Eight wall
specimens with different height-to-thickness ratios were
tested. Two lacked horizontal steel reinforcement, while six
included it. All walls were 240 mm thick, with heights of
720, 1200, 1920, and 2400 mm, resulting in height-to-thick-
ness ratios of 3, 5, 8, and 10. Figure 40 shows the axial com-
pression load versus vertical displacement curves, which
peaked and then declined steeply, indicating brittle failure.
Cracking loads were below 1250kN, with a maximum bear-
ing capacity of 3352.4kN. The ultimate bearing capacity ini-
tially increased with the height-to-thickness ratio, but then
decreased [486].

Cuevas et al. [487] created a 3D-printable wall structure,
which included insulating properties. A lightweight compos-
ite was formulated and used to 3D print wall structures with
optimal load-bearing capabilities. A normal-weight mixture
was also printed as a control. Both mixtures were suitable
for printing, resulting in elements sized 30 cm (width) x
90cm (length) x 45cm (height). Seven wall samples were
simulated to evaluate both the thermal and mechanical
behaviors, using both a reference mixture as well as a light-
weight mixture with expanded thermoplastic microspheres
(ETM) for better insulating goals. The printed walls under-
went compressive strength tests. The study found that inter-
filament weaknesses and geometric flaws were the main
causes of failure in printed envelopes [487]. Yang et al.
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[488] performed a study aimed at optimizing the spatial
arrangement of supporting filaments. Their research is dedi-
cated to evaluating the print quality of 3D concrete walls
characterized by hollow sections, with a specific focus on
the areas where supporting filaments intersect with the wall.
Their study presents a range of strategies for the arrange-
ment of these filaments, as well as methods for ensuring the
quality of surface finishes at the connection points [488].

2.8. Critical review of Materials and applications of LSs
and recommendations

LSs like polymer, composite, metal, and cellular lattices are
revolutionizing digital construction with maximized struc-
tural efficiency, reduced material usage, and customized
reinforcement patterns. The Materials and Applications of
LSs section provides a broad overview of the materials
employed in LSs and their applications for additive manu-
facturing and civil engineering. It properly categorizes LS
materials based on their structural behavior, mechanical
properties, and 3D printing technology compatibility,
including SLS, MJF, and FDM. It also includes a high
amount of experimental and computational research, includ-
ing DIC, AE), FEM, and numerical analysis, to examine LS
performance in structural applications. LSs are brought to
prominence for their impacts on reinforced concrete, digital
construction, energy-saving designs, and self-healing
structures, having the potential to enhance ductility,
strength-to-weight ratios, and failure mechanisms in cemen-
titious composites. While the review is informative about LS
materials and mechanical properties, certain areas need fur-
ther research to take full advantage of their efficacy and
applicability in practice.

One of the main challenges is the lack of long-term dur-
ability tests since most studies focus on initial mechanical
improvements without considering moisture resistance,
fatigue behavior, freeze-thaw resistance, or chemical degrad-
ation in real environments. The interplay between polymer
LSs and cementitious materials remains an issue since poor
bonding can reduce compressive and flexural strength.
Research needs to be directed toward optimizing lattice
geometry, surface finish, and hybrid reinforcement for
enhanced stress transfer and mechanical integrity. Standard
testing protocols, such as DIC and AE, also need to be
developed to ensure consistency of performance. Auxetic
polymer lattices are highly promising for increasing ductility
and resiliency, but need resolution of bonding, reinforce-
ment ratios, and production variability to facilitate large-
scale applications. At the same time, lattice concrete molds
offer a fresh approach to shaping and reinforcing concrete
with reduced material consumption. Nevertheless, shortcom-
ings in early strength, inter-layer adhesion, and print orien-
tation could compromise their strength-carrying capacity,
which necessitates investigations into lattice infill patterns,
integration of reinforcement, and adaptive print approaches
to make them more mechanically efficient. Furthermore, test
performances for durability, exposure, and longevity in
harsh environments are relevant for confirming the quality
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of such molds in regular use for years. Lastly, the eco-
friendliness of molds based on polymer invites the need to
address the problem again through ongoing investigation
into its life cycle assessment (LCA), reusability, or greenery
alternatives.

Aside from polymer lattices, composite and metal LSs are
advantageous when it comes to strength-to-weight ratios
and optimized mechanical properties and are used in manu-
facturing and building. Carbon fiber-reinforced composite
(CFRPs) provides additional anisotropic strength, and metal
lattices made of aluminum, titanium, and stainless steel are
extremely long-lasting and shock-resistant. However, geo-
metric precision, material compatibility, and joint produc-
tion remain the most significant challenges, especially in
3D-printed composite lattices, which are prone to fiber
orientation and bonding problems affecting structural integ-
rity. There must be studies on joint design optimization,
interface adhesion techniques, and hybrid composite-metal
reinforcement strategies to attain optimal performance.
Besides, auxetic reinforcement methods in metal lattices
have been discovered to increase strength and ductility, but
their use is hindered by the complexity of manufacturing,
high expense, and limited long-term performance data.
Future studies should concentrate on precision manufactur-
ing processes, topology optimization techniques, and high-
performance coatings or treatments to ensure mechanical
reliability and economic feasibility.

Cell lattice concrete structures are a game-changer in
3DCP, enabling complex architectural forms, reduced use of
material, and better thermal performance. However, variabil-
ity of printing material, mechanical response, and environ-
mental performance provides a robust barrier to large-scale
implementation. Investigations should focus on standardiza-
tion of material composition, optimal printing parameter
selection, and incorporation of high-performance additives
or fibers to improve structural uniformity and reliability.
The other primary challenge is the effects of moisture, ther-
mal cycling, and carbonation on the long-term durability of
3D-printed concrete, which is an under-researched area. The
fire resistance, seismic response, and dynamic loading
behavior of the 3D-printed LSs also need to be determined
in future studies to comply with modern building safety
standards.

Apart from material and structural concerns, cross-
disciplinary research is needed to integrate machine learn-
ing, real-time structural health monitoring, and adaptive
manufacturing techniques in lattice-based construction.
Predictive modeling using finite element analysis and AlI-
optimized design can accelerate material selection, defect
detection, and performance enhancement. Furthermore, the
addition of self-healing mechanisms, bio-inspired designs,
and smart materials can lead to highly adaptive, resilient
LSs. Sustainability remains a critical concern, requiring fur-
ther research into biodegradable polymers, low-carbon
cement alternatives, and fully recyclable metal lattices to
meet global environmental objectives.

With rapid digital fabrication, LSs possess vast potential
to transform the industry, but challenges of material

compatibility, durability, accuracy of fabrication, and scal-
ability of application must be addressed. Bridging these fun-
damental research gaps will make LSs available for full
utilization and result in stronger, more efficient, and more
sustainable construction solutions.

2.9. Enhancing LSs

To improve AM LSs, it is essential to employ advanced
techniques like topology optimization [489], which strategic-
ally arranges material for optimal strength with minimal
weight. Surface treatments, such as polishing and coatings,
are vital for enhancing mechanical properties and extending
the lifespan of these structures. The addition of nanomateri-
als further increases strength and thermal stability, while
graphene coatings [490] enhance conductivity and overall
robustness. The integration of these methods results in
highly optimized, lightweight, and multifunctional LSs,
ensuring enhanced performance in various fields, including
construction, automotive, and medical devices.

Wang et al. [491] developed a new hierarchical lattice
metamaterial by modifying a face-centered cubic (FCC) cell
design. This structure features two key innovations: reinforced
double diagonal supports and hierarchically arranged circular
elements. These modifications were designed to deliver three
main benefits: enhanced strength, improved energy absorp-
tion, and predictable deformation behavior. By altering the
conventional FCC lattice metamaterials, they introduced a
unique lattice metamaterial that was inspired by the structural
properties of glass sponge skeletons. Four samples were
assessed under quasi-static compression. The authors demon-
strated the superior mechanical performance of novel MFCC
and MHCFCC lattice metamaterial architectures over conven-
tional FCC and Octet structures, exhibiting enhanced specific
strength, energy absorption efficiency, and deformation char-
acteristics through strategic structural modifications [491].

Park et al. [290] developed an optimal technique for
designing LSs and created a database to identify unit cell
topologies. Using linear static FEA, nonlinear FEA, and
experimental testing, eleven LSs (20 x 20 x 20mm) were
evaluated. The best axial compressive strength at the same
density was shown by simple cubic, octahedron, truncated
cube, and truncated octahedron designs in a 3 x 3 x 3 array.
Correlations between unit cell types, lattice topologies, den-
sities, array patterns, and mechanical properties were identi-
fied. Yield forces for simple cubic structures at densities of
0.1, 0.2, and 0.3 were 3070 N, 8400 N, and 14,470 N, respect-
ively, with increases of 174% from 0.1 to 0.2 and 371% from
0.1 to 0.3. At a density of 0.1, yield forces for 1x1 x1,
2x2x2, 3x3x3, and 4x4x4 structures were 3070,
3715, 4890, and 4860 N. The yield force of LSs significantly
increased with higher density, given the same unit cell type
and layout [290].

Mubarak et al. [492] used the sol-gel method to produce
silver-adorned TiO2 semiconducting nanoparticles. These
nanofillers were incorporated into photo resin to enhance
the mechanical and thermal properties of 3D printed prod-
ucts via stereolithography. The Ag-TiO2 nanoparticles (Ag-



MECHANICS OF ADVANCED MATERIALS AND STRUCTURES 39

Table 8. An overview of the methods performed to improve the mechanical behavior of LSs.

Improvement type Method

Result(s) Author(s)/Ref

Topology optimization Multi-material (geometry projection)
topology optimization
Genetic algorithm topology
optimization

The method effectively generates multi-material lattices that maximize
bulk and shear moduli while minimizing the effective Poisson ratio.

Numerical examples confirmed the accuracy and efficiency of the two-
stage topology optimization method, producing diverse, lightweight,

Kazemi et al. [495]

Feng et al. [496]

and effective LSs.

Lightweight design method

Comparisons of LSs made from 316 L stainless steel show that

Xiao et al. [497]

topology-optimized designs outperform most others, validating the
use of topology optimization for selecting lattice units.

Chemical—electrochemical surface
treatment
Plasma electrolytic polishing

Surface treatments

A 90% increase in the fatigue strength-to-modulus ratio.

Comparisons before and after treatment demonstrate that smooth and

Oosterbeek et al. [498]

Wahl et al. [499]

specular outer surfaces can be achieved.

Chemical post-treatment

There has been a notable reduction in surface defects (which have a

Soro et al. [500]

negative influence on mechanical behavior) resulting from the
manufacturing process.

Nanomaterials Silica nanoparticle

The presence of fillers within the matrix has contributed to greater

Mohan et al. [501]

composite rigidity, thereby restricting the movement of polymer
molecules and achieving a substantial increase in flexural strength of

16.2963%.

Graphene Coating technique

Increasing GO content, reducing the polymer template’s relative density, Taher et al. [502]

and decreasing the unit cell size typically result in enhanced
mechanical properties of gyroid graphene lattices.

TNP) were synthesized and characterized through XRD,
XPS, Raman, and FESEM, with their morphologies exam-
ined using TEM analysis. Incorporating 1.0% w/w Ag-TNP
into the SLR (stereolithography resin) matrix led to a 60.8%
increase in tensile strength and a 71.8% increase in flexural
strength of the SLR/Ag-TNP nanocomposites. Similarly,
SLR/Ag-TNP nanocomposites were shown to have greater
thermal conductivity and thermal stability, which is equiva-
lent to pristine SLR [492]. Markandan and Lai [493] used
stereolithography to create 3D-printed graphene-polymer
composite structures and studied their mechanical character-
istics. It was demonstrated that the anisotropic mechanical
characteristics of the graphene-polymer composite structures
produced in this manner could be successfully enhanced by
heat treatment, namely, post-print baking, which increased
the composite materials’ modulus and strength. According
to their research’s conclusions, graphene-polymer compo-
sites produced three-dimensionally using the SLA process
have the potential to become a top material for uses needing
a high degree of particular stiffness and strength [493].

Geng et al. [494] were interested in investigating the use
of biomimetically designed LSs for functional nickel plating
to accomplish improved energy absorption, stiffness, and
strength properties. The research demonstrates that metal
coating significantly enhances the mechanical characteristics
and energy absorption capability of micro-lattices. The
authors concluded that the composite electroplating enhan-
ces the bioinspired hierarchical circular lattice (HCirC)
structure’s specific strength, stiffness, and energy absorption
by 546.9%, 120.7%, and 2113.8%, primarily due to the shell-
core structure and biomimetic structural design-based func-
tional nickel plating [494]. Table 8 shows an overview of
methods utilized to improve the mechanical behavior of LSs.

3. Future scopes and research gaps

The review highlights several key findings, including the sig-
nificant improvements in the mechanical properties of

cementitious composites with the incorporation of 3D-
printed LSs, such as enhanced ductility, reduced weight, and
increased energy absorption capacity. The versatility of
materials and 3D printing techniques also provides opportu-
nities for tailoring LSs to specific needs, further optimizing
the performance of these composites. However, several
research gaps remain, particularly the lack of standardized
testing protocols to compare results across studies, the need
to assess the long-term durability and real-world perform-
ance of lattice-reinforced cementitious materials, and chal-
lenges in scaling these solutions for large-scale applications.
Future research should focus on developing standardized
evaluation methods, exploring hybrid materials to enhance
mechanical properties, addressing the environmental and
sustainability impacts of 3D printing, and transitioning from
small-scale studies to practical, large-scale infrastructure
applications. Such efforts will open new possibilities for 3D-
printed LSs in infrastructure reinforcement, disaster-resilient
buildings, and sustainable construction practices, positioning
these materials as promising solutions for future civil engin-
eering projects.

4. Summary and conclusions

This paper presents a comprehensive review of current lit-
erature on incorporating 3D-printed LSs within cementitious
composites and the application of 3D-printed concrete uti-
lizing lattice models. The paper is structured into four sec-
tions, each presenting a focused analysis of the relevant
topics. A summary of each section and the key conclusions
derived are provided below:

1. Section 1 outlines a general introduction of the main
topic and the motivation behind the investigation of 3D-
printed LSs incorporated into cementitious composites.

2. Section 2 provides a comprehensive categorization of
additively manufactured LSs based on various parame-
ters, including 2D versus 3D structures, random
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configurations, and cellular designs. It discusses the signifi-
cance of these structures and their key mechanical charac-
teristics, such as being lightweight, having high specific
strength, and effective heat dissipation. Examples of LSs
include 2D cellular structures (honeycomb structures
[31, 135-143], hierarchical two-dimensional [144-152],
and auxetic [153-161], etc.), 3D LSs (plate-structured,
shell-structured,  truss-structured, and  hierarchical-
structured elements [178-188]), random  structures
(triangle-shaped and Voronoi-shaped), and cellular struc-
tures (periodic structures). The section also delves into the
materials employed in LSs, focusing on polymers (e.g.,
PEEK, PLA, ABS, TPU, nylon, PC, etc.), concrete, and
composites, outlining their mechanical characteristics and
3D printing methods. Additionally, the section discusses
the mechanical characteristics of LSs and the main factors
influencing these properties, such as:

e Bending-dominated structures are linked with lower
relative densities, whereas higher densities are typic-
ally linked to stretch-dominated structures [29, 268].
Ling et al. [270] concluded that the mechanical per-
formance of printed octet structures is affected by
both the material’s inherent properties and the struc-
ture’s relative density. Structures with greater density
showed enhanced compressive and yield strengths
[270]. Additionally, another study found that increas-
ing the relative density of structures led to improve-
ments in both Young’s modulus and energy
absorption capabilities [271].

e Volume fraction is a crucial factor influencing the
mechanical characteristics of LSs, including stiffness,
strength, and weight. It is concluded that the struc-
ture’s mechanical characteristics, including compres-
sive modulus and ultimate yield strength, improved
as the volume percentage increased [282].

e Design parameters include strut thickness, length, and
unit cell geometry, which dictate the mechanical
behavior. By mapping the equivalent stress to the strut
wall thickness, the optimization of strut design is
achieved [289]. Moreover, the variant strut length
body-centered cubic lattice structure (BCC LS), includ-
ing a strut angle of 40°, yields the ultimate specific
strain energy absorption and specific stiffness while
minimizing weight [291]. Results indicated that the
alterations to strut-based LSs, driven by variations in
strut orientation and length, significantly influence
these structures’ mechanical behavior [294].

e Stretch-dominated structures (diagonal LS) tend to
have higher stiffness, while bending-dominated (octet
LS) structures can be more flexible [266].

e The concept of novel or hybrid LSs is introduced,
showcasing designs that combine different lattice types
or incorporate advanced materials. Procedures for
enhancing the mechanical and physical characteristics
of such structures are outlined, including topology
Optimization (by creating efficient load-bearing
designs). Nanotechnology methods, such as integrating
graphene to improve strength and conductivity, and

coatings to increase durability and resistance to envi-
ronmental factors. This section highlights the versatility
of LSs for a range of applications, such as in aerospace
component designs, medical implants, and structural
elements in civil engineering, illustrating their flexibility
and performance benefits.

This section also analyses the mechanical properties of
3D-printed LSs as reinforcement in cement-based compo-
sites. It highlights how these structures improve mechanical
performance and ductility and reduce weight. The section
also discusses the use of 3D-printed lattice molds for com-
plex concrete designs and the advantages of 3D printing in
optimizing material use while maintaining structural integ-
rity. Key conclusions include:

e 1Ss and gradation designs have a substantial influence on
the bending behavior of cement-based composites [342].

e Raising the PLA reinforcement proportion from 19.2 to
33.7% caused a 38% boost in the average peak load [28].

e 3D-printed lattices play a role in enhancing the compres-
sive strength of cement-based materials and offer a novel
approach to increasing their compressive strength [351].

e Reinforcing cementitious composites with 3D-printed
LSs altered their failure behavior from brittle to duc-
tile [21].

e Increasing the volume ratios of lattice reinforcement could
improve the energy absorption, flexural strength, and duc-
tility of composite beams reinforced with LSs [385].

e Tensile and shear cracks were primarily observed in
polymer 3D-printed lattice-reinforced (CBC) samples,
demonstrating 3D-PPL’s potential to greatly improve
CBC’s bending performance and offering a novel method
for enhancing its structural resilience [386].

e The mechanical characteristics of concrete have been
notably improved with the incorporation of a lattice
structure, with the rhombicuboctahedron (RO) lattice
significantly increasing the maximum load-bearing cap-
acity of concrete samples [22].

e Due to its strain-hardening behavior under uniaxial com-
pression, the ACC shows a much greater energy absorp-
tion capacity compared to both conventional cementitious
mortar and the polymeric auxetic TPU frame [401].

o The TPMS structure exhibited significantly higher com-
pressive strength than the standard strut-based lattice.
The configuration of the 3D-printed mold greatly affects
the microstructure of infilled foamed concrete, impacting
its compressive strength [418].

e Cubes loaded perpendicular to the 3D-printed layers of
cellular lattice concrete structures exhibit significantly
higher strength than those loaded parallel to the
layers [479].

e When subjected to transverse loading, the 3D-printed
concrete TBeam significantly surpasses the LBeam, show-
ing a remarkable increase in peak load and a rise in max-
imum midpoint displacement, which corresponds to an
approximate 500% enhancement in flexural deformation
resistance capacity [480].



5. Review and recommendations

The extensive studies reviewed in this document highlight
significant advancements in mechanical testing, hybrid inno-
vations, materials, and applications of LSs. Based on these
findings, several key recommendations are proposed to fur-
ther enhance the development and application of AM LSs in
cementitious composites:

e Develop standard testing protocols for AM lattice-
reinforced cementitious composites to ensure uniformity
in compressive strength, flexural resistance, and durabil-
ity tests.

e Develop benchmark datasets to compare different lattice
geometries, reinforcement strategies, and material blends
under various loading conditions.

e Study hybrid LSs with bending- and stretch-dominated
properties for improved strength, ductility, and energy
absorption.

o Further study graded density and functionally graded LSs
for better-localized stress distribution and mechanical
performance.

e Study nano-reinforcements (e.g., nano-silica, carbon
nanotubes) for better bonding efficiency, mechanical
properties, and durability.

e Develop adaptive control and real-time monitoring sys-
tems to avoid delamination, printing defects, and poros-
ity of AM LSs.

e Improve multi-material LSs of polymers, metals, and
composites for certain mechanical and functional
properties.

e Improve surface treatments and coatings to improve
interface adhesion between cementitious materials and
3D-printed LSs.

e DPerform systematic research on fatigue behavior, creep,
and cyclic and dynamic loading performance.

e Examine the impact of moisture, freeze-thaw, chemical
attack, and thermal cycling on long-term mechanical
integrity.

e Test fire resistance, seismic performance, and environ-
mental degradation to meet building safety requirements.

e Integrate machine learning and finite element analysis
for failure analysis, stress distribution prediction, and
performance optimization.

e Develop Al-driven topology optimization algorithms to
optimize LSs for weight savings and enhanced strength.

e Utilize large-scale structural verification through real-
world load testing, seismic evaluation, and long-term
monitoring.

e Create low-cost and autonomous 3D printing technolo-
gies to facilitate prefabricated and modular LS-based
construction.

e Create self-healing and self-sensing LSs to improve dam-
age detection, real-time monitoring, and longer service
life.

e Conduct lifecycle assessments (LCA) to compare the
environmental footprint, recyclability, and potential waste
reduction of LS-reinforced cementitious composites.
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e Develop biodegradable and recycled materials for green
3D printing and eco-friendly lattice manufacture.

e Efficient lattice material designs engineered to minimize
resource  utilization while maintaining structural
integrity.

e Foster cross-disciplinary collaboration between material
scientists, structural engineers, and computational experts
to develop LS-reinforced composite technology.

e Encourage pilot projects and commercial partnerships to
bridge the gap between academic research and industrial
application.

o Initiate cross-disciplinary fusion of digital fabrication,
structural engineering, and Al-based design strategies to
maximize  construction  efficiency and  material
performance.

Through addressing these research requirements, addi-
tively manufactured LSs can be optimized for greener, stron-
ger, and more robust applications in digital construction,
advanced manufacturing, and civil engineering.
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