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Abstract: Lattice structures have gained more attention in sustainable design lately, due to their ability to
optimize the use of materials while maintaining structural integrity. This article describes the main
application of lattice structures that can reduce the ecological footprint of various industries, with a focus
on civil engineering, manufacturing, and product design. By using advanced computational tools and
additive manufacturing technologies, lattice structures enable the generation of lightweight and efficient
designs that minimize material consumption without compromising strength or product performance. The
article reviews current methodologies for integrating lattice structures into sustainable practices,
including life cycle assessments. The examples demonstrate how these designs can reduce waste, energy
consumption during production and support the principles of the circular economy. This research paper
highlights the potential of these structures to drive innovation in sustainable engineering, contributing to
both material optimization and environmental conservation.
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1. INTRODUCTION

The lattice structures represent a technological
innovation that has found its applicability in more and
more industrial fields, due to their ability to combine
material efficiency with superior structural performance
[1]. These types of structures are made up of repeating
patterns as indicated in Fig. 1, geometrically arranged to
form a three—dimensional grid, which allows them to be
both lightweight and extremely strong. We can observe
this concept origins in nature, where we can identify it in
biological structures such as bones or insect wings, its
industrial application has become possible only recently,
with  the development of advanced additive
manufacturing technologies (i.e. three—dimensional
printing) and sophisticated computational models.

Nowadays, where sustainability and the reduction of
the ecological footprint have become a global priority,
lattice structures may offer innovative solutions for
optimizing the consumption of materials and energy [2],
thus contributing to reducing the impact on the
environment. In many industries, these structures have
been adopted to replace traditional materials, especially
in areas where light weight and energy efficiency are
essential. This is particularly relevant in industries such
as aviation, civil engineering, automotive and
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biomedical, where conventional solutions often prove
inefficient in terms of resources and environmental
impact.

One of the most important advantages of lattice
structures is the possibility to optimize the use of
material by evenly distributing mechanical loads,
eliminating the material excess without compromising
structural strength. This property makes them extremely
valuable in projects that aim to improve product
durability while reducing resource consumption and
manufacturing costs. The lattice structures can also offer
significant design flexibility due to their ability to be
customized and adapted to specific needs of each product
design. Thus, engineers and designers can use complex
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Fig. 1. Examples of lattice structures: a — Gyroid cell shape; b —
Cross cell shape; ¢ — X-Cell shape; d — 2.5D X-cell shape; e —
Schwarz P cell shape; f— Schwarz D cell shape.
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geometries to maximize mechanical performance and
create innovative structures that combine aesthetics with
functionality.

2. EXAMPLES OF LATTICE STRUCTURE
APPLICATIONS IN INDUSTRIAL
ENGINEERING

The aerospace industry is one of the most relevant
examples of the application of lattice structures (see
example shown in Fig. 2). In the aircraft and spacecraft
design, weight reduction is a fundamental objective, as
this influences directly to lower fuel consumption and,
implicitly, reduce gas emissions that can lead to a
greenhouse effect. Because of this, any reduction of the
aircraft weight can generate significant fuel savings over
its lifetime, thus, lattice structures can become an ideal
solution. Through efficient material distribution and
massive weight reduction, parts made by using this
principle enable performance to be optimized without
compromising safety [3].

Giants of the aeronautical industry began
experimenting with lattice structures to reduce the weight
of aircraft parts. Internal structural elements, such as
fuselage support frames, beams or connecting elements,
can be made from these structures, providing a
significant reduction in weight and therefore a lower
environmental impact. Also, advanced manufacturing
technologies enable the fabrication of complex parts
optimized to withstand the high mechanical loads
imposed by flight at high altitudes and supersonic speeds.

Fig. 2. Example of a simplified airplane wing with lattice
structures: @ — Gyroid cell shape; b — Cross cell shape; ¢ — X-
Cell shape; d — Schwarz P cell shape; e — Schwarz D cell shape.

The use of lattice structures in automotive industry is
driven by the continuous need to reduce the weight of
vehicles, to improve energy efficiency and to reduce
pollutant emissions [4]. Nowadays, international
regulations impose strict limits on carbon dioxide
emissions and fuel efficiency in the European Union, car
manufacturers are looking for innovative solutions that
allow them to meet these standards without
compromising vehicle performance. Lattice structures
allow designing lighter automotive components such as
wheel parts (Fig. 3), rims, engine mounts or chassis
frames that maintain or even improve vehicle safety and
rigidity.

Most leaders in technological innovation and
automotive industry has started using lattice technology
to produce automotive parts through additive
manufacturing, these parts being not only lighter, but
also more durable, with an optimal distribution of
mechanical stress. This principle helps reduce fuel
consumption in conventional vehicles and increase range
in electric vehicles, where every extra weight can
significantly influence battery performance.

In architecture and civil engineering, lattice structures
are used to create buildings that are lighter, with more
energy efficient and have a reduced environmental
impact [5] (i.e. basic geometry structures used in
buildings shown in Fig. 4). This technology allows the
generation of complex architectural shapes that would
not be possible through traditional construction methods.

One example that is worth mentioning is the use of
lattice structures in futuristic architectural projects, where
material efficiency and aesthetics are combined to design
sustainable buildings. The Serpentine Pavilion in
London, designed by the Danish architect Bjarke Ingels
(Bjarke Ingels Group — BIG), is an example that use
lattice structures in architecture, where these structures
allowed the design of an open, light and airy space using
a minimum of material.

Also, lattice structures in civil engineering are used to
reduce the amount of concrete and steel required in
construction, which are two materials that contribute
significantly to CO: emissions globally. By using
composite materials combined with specific lattice
geometry, bridges or towers can be built with less
resources, leading to the reduction of construction costs
and environmental impact.

Another area where lattice structures have shown
important effectiveness is medicine, especially in the
custom implants and medical devices design (i.e. custom
prosthetic leg socket designed with different lattice
structures shown in Fig. 5). Orthopedic endoprosthesis,

Fig. 3. Example of a simplified lattice structure (Schwarz D cell
shape with 20 mm size) wheel car part.
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Fig. 4. Example of a simplified construction structure generated
with lattice: a — Cupola structure designed with gyroid cell
shape with a 10 mm size; b — Hyperboloid structure designed
with Schwarz D cell shape with a 2.665 mm size.

Fig. 5. Example of prosthetic socket leg with lattice structures:
a — Schwarz D cell shape, 18.035 mm size; b — Schwarz D cell
shape, 30 mm size; ¢ — Schwarz D cell shape, 10 mm size.

such as those used in hip joint in total hip replacement
(THR), require an optimal combination of lightness,
strength and biocompatibility. Titanium lattice structures
made by additive manufacturing can be used to ensure
better integration with human tissues, such as bone
tissue, thus, facilitating osseointegration (basically the
ingrowth of bone tissue inside an endoprosthesis
structure or surface) [6]. These open structures or surface
also provides a high degree of porosity (i.e. the use of
hydroxyapatite coating of hip joint stems), which can
accelerate healing and reduce the risk of implant
rejection.

On the other side, in surgery, lattice structures can be
used to produce customized endoprosthesis for each
patient, so that they perfectly match each individual’s
morphology or anatomical landmarks. This not only
improves the quality of patient’s life, but also reduces the
post-operative complications, thus, reduce the need for
further revision interventions, contributing to lower costs
and implicitly less pressure on the medical system, but
also leads to less environmental impact associated with
the production and transportation of such medical
devices.

The generation of lattice structures is a process
involving several advanced methods and technologies,
with a greater focus on geometry optimization and
material efficiency. This process is generally based on
computational techniques, three—dimensional modeling
and additive manufacturing (three—dimensional printing)
methods. These structures are made according to specific
application needs, such as mechanical strength, light
weight, flexibility or porosity.

The lattice structures are increasingly used in leg or
hand exoprostheses due to their ability to combine
strength and durability with low weight, essential
elements for patient comfort and mobility. They allow a
custom adaptation of the prosthesis, partially imitating
the shape of the human anatomy and thus providing a
more natural and comfortable support fitting the patient’s
limb. One of the major advantages of lattice structures is
the prosthesis weight reduction, which makes it lighter
and less tiring for the user, an important aspect especially
for patients who wear it for long periods of time.

The lattice structures also allow the adjustment of
different areas of the prosthesis, having variable densities
and/or elasticity to more accurately mimic the way that
natural foot reacts to pressure and impact, thus increasing
comfort. They have a capacity to absorb and distribute
shock evenly, reducing pressure on the rest of the foot
and preventing discomfort or joint pain in active patients.

Another feature is the efficient ventilation, thanks to
the lattice structure spaces, can prevent the accumulation
of moisture, ensuring increased comfort, especially in
conditions of heat or intense physical activity. Such an
example of product design using lattice structures we can
observe in Fig. 5.

Prostheses with lattice structures are also very
resistant to daily wear and tear due to uniform pressure
distribution, and the three—dimensional printing used
nowadays to make these structures, allows a high level of
customization and manufacturing efficiency, thus, makes
it easier to adjust the prosthesis to perfectly fit the
patient, reducing the risk of discomfort and improving
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the overall performance of the device, while also
reducing waste aligning the sustainable material
principles.

We can conclude that lattice structures revolutionize
the design of leg exoprostheses, offering an optimal
combination of strength, flexibility and comfort,
contributing to a higher quality of life and more natural
mobility for patients that suffered a limb amputation.

3. DESIGN METHODS OF LATTICE
STRUCTURES

3.1. Computer-aided design (CAD) and topological
optimization

The generation and optimization of lattice structures
involve the use of computer-aided design (CAD)
software such as Autodesk Fusion 360, nTopology,
SolidWorks (with 3DXpert or Add-Ins), Siemens NX
(AM module), ANSYS SpaceClaim + Additive Suite,
FreeCAD (with Lattice2 workbench), Grasshopper (for
Rhino 3D). Engineers and designers use these graphics
programs to create models in engineering, research, and
3D printing. In this geometric generation process,
topological optimization is often used, by analyzing how
forces are distributed within a part/product and adjusting
the shape (geometry), dimensions of material to
maximize efficiency. The software’s optimization
algorithms identify areas where material can be removed
without compromising structural performance and
generate lattice structures that distribute loads more
efficiently.

Topological  optimization uses  mathematical
algorithms and Finite Element Analysis (FEA) to
determine the optimal material distribution in a
part/product. One can consider various criteria in this
process such as strength, stiffness, weight reduction or
deformation.

3.2. Parameterized geometry
The lattice structures can be generated using also

parameterized geometry, where the dimensions and

structure of nodes and beams are controlled by a set of
parameters decided by the user, allowing the precise
adjustment of structure characteristics, such as density,
cell shape or size, to meet the specific needs of the
application.

There are several types of lattice geometries, among
which one can mention:

e Cubic cell structures — most simple and common
design where the cells are made of cubes or variations
thereof;

e Octahedral structures — more complex structures,
that may allow a more efficient distribution of loads;

e JVoronoi or randomized structures — designed to
mimic natural structures, with cells of variable shapes
and sizes, used especially in biomedical applications.

3.3. Simulations and structural analyses

To ensure the functionality and strength of lattice
structures, it is necessary to perform advanced structural
simulations and analyses on parts. Through techniques
such as finite element analysis, engineers can simulate
the mechanical behavior of structures under various

conditions of load, pressure or vibration and generate a
new design according to the external loads applied to the
product and depending on its mechanical behavior. These
simulations allow for the adjustment of geometries
before the actual manufacturing of the product.
Numerous iterations of calculation and generation of the
product geometry are performed, until the design is
optimized according to the targeted parameter with
minimal material consumption.

3.4. Additive manufacturing (AM)

One of the most important methods for physically
generating/manufacturing lattice structures is additive
manufacturing or three—dimensional printing. Some AM
technology allows the fabrication of complex geometries
that would be impossible to achieve with traditional
methods such as casting or milling. AM is ideal for
producing lattice structures, providing control over
dimensions and allowing the generation of custom
structures.

Several additive manufacturing technologies can be
used to generate lattice structures:

o Selective Laser Melting (SLM) — this technology
allows to melt the metal powder with the use of laser,
layer by layer, until creates a solid metal structure;

e Stereolithography (SLA) — this technology uses a UV
laser to solidify a special liquid resin into complex
shapes;

o Fused Deposition Modeling (FDM) — this technology
uses an extruder that fuses the filament and deposit
the melted material in layers until it builds the part.
Additive manufacturing is an optimal solution for

lattice structures fabrication because it allows generating

customized and complex geometries with high precision.

It also offers freedom of material choice, from polymers

and resins to metals or composite materials.

3.5. Generative algorithms and artificial intelligence
(AD

Nowadays, more advanced methods for generating
lattice structures involve the use of generative algorithms
with involvement of artificial intelligence. These
techniques enable to design innovative and
unconventional parts based on the functional
specifications of the product. Through generative
algorithms, engineers set performance goals (i.e. reduce
weight, maximize strength etc.) and let the algorithms
explore a wide range of possible solutions. The result of
using this method is an optimized geometry that often
has organic and unconventional shapes, difficult to
anticipate through traditional design methods.

3.6. Hybrid methods

Hybrid methods are used in particular cases to
generate lattice structures (i.e. a structure that combines
traditional solid elements with lattice parts to optimize
mechanical properties). These hybrid methods are
particularly used in applications where a balance between
structural strength and weight reduction is required.

Generating lattice structures involves a complex
process that combines computer design, advanced
simulations and additive manufacturing technologies in
complex geometry. By using topological optimization,



1.C. Perederic et al. / Proceedings in Manufacturing Systems, Vol. 19, Iss. 3, 2024/ 97-101 101

parameterized geometry, and technologies such as three—
dimensional printing, engineers can create highly
efficient structures that meet the high demands of various
industries, including aerospace, construction, automotive,
and biomedical, thus, lattice structures contribute
significantly to sustainability principles and reduce the
ecological footprint, providing a better solution for the
modern industrial needs.

Lattice structures play a transformative role in
reducing the ecological footprint in various industries by
making materials more efficient, saving energy and
reducing waste, because are designed to use a minimal
amount of material while maintaining high strength,
which is essential in resource—intensive industries as
those mentioned in this article. By optimizing the use of
materials, lattice structures reduce exploitation of raw
resource and implicitly reduce waste, especially when
manufactured through additive techniques such as SLA,
FDM, SLS technology. This production method
generates significantly less waste compared to traditional
methods and requires less energy to process materials.

The low weight of lattice structures is a particular
advantage for reducing energy consumption in
transportation and during operation (i.e. lighter parts used
in vehicles and aircraft lead to increased fuel efficiency
and lower emissions, directly contributing to a reduction
in dependence on fossil fuels). In the civil engineering
and architectural field, lightweight structural components
require less energy to transport and assemble, lowering
the carbon footprint of construction projects, these
structures often extend the durability and lifespan of
products, reducing the frequency of replacements and
conserving resources in the long term. At the end of their
life cycle, many lattice structures are designed to be
recyclable, supporting a circular economy where
materials are reused, not discarded.

Lattice structures can provide superior thermal
insulation in architectural and civil engineering field,
helping to maintain a comfortable interior temperature
with less energy for heating or cooling. This feature is
particularly valuable in sustainable architecture, where
reducing a building’s operational energy footprint is
mandatory.

Not least, lattice structures contribute to efficient and
environmentally friendly packaging solutions, being light
and durable, they allow a reduced use of materials while
maintaining protection, which decreases the use of
plastic and makes transport more efficient due to lighter
loads.

Lattice structures are also useful in renewable energy
production (i.e. their application in wind turbines allows
the construction of lightweight and durable parts, making
the production and installation process more energy
efficient). By improving the reliability of renewable

energy infrastructure, we can conclude that lattice
structures support the gradual transition away from fossil
fuels and reduce the material in product design and
industrial engineering.

4. CONCLUSIONS

This article showed that lattice structures represent an
innovative and sustainable solution for multiple
industries facing strict performance and environmental
impact reduction requirements, implemented in recent
years by the European Union, due to their ability to
optimize the use of materials, reduce the parts weight and
enable the generation of complex designs. We are
starting to see them used more and more in various fields
such as aviation, automotive industry, civil engineering
and biomedical.

As additive manufacturing technologies continue to
evolve and become more accessible, lattice structures are
expected to play a central role in developing new
sustainable solutions for the industrial future.
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