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Abstract

Additive manufacturing has revolutionized modern mechanical engineering by enabling the
fabrication of complex lattice structures with high strength-to-weight ratios. This paper
presents a mathematical optimization approach for designing lightweight and mechanically
efficient lattice structures for 3D printing applications. The study focuses on topology
optimization and finite element analysis (FEA) of gyroid and diamond lattice geometries.
Mathematical optimization techniques were applied to minimize structural weight while
maintaining desired mechanical strength and stiffness. Compression and deformation
analyses were conducted using finite element methods to evaluate mechanical performance.
The results demonstrate that optimized lattice structures significantly reduce material
consumption while improving structural efficiency. The proposed methodology can be
applied in aerospace, biomedical implants, automotive components, and lightweight
mechanical systems.

Keywords: Additive Manufacturing, Lattice Structures, Mathematical Optimization,
Topology Optimization, Finite Element Analysis, 3D Printing.

Introduction

Recent advancements in additive manufacturing (AM) have enabled the development of
lightweight and high-performance structures with complex internal geometries. Lattice
structures are periodic cellular architectures widely used in aerospace, automotive, and
biomedical engineering due to their excellent mechanical properties and reduced weight.

Traditional manufacturing techniques face limitations in fabricating intricate geometries;
however, 3D printing technologies make it possible to produce optimized lattice designs
efficiently. Mathematical optimization plays a crucial role in improving lattice performance
by minimizing material usage while maximizing stiffness and strength.

This research focuses on the optimization of 3D printed lattice structures using mathematical

modelling and finite element analysis. The study investigates how optimized lattice
geometries can improve strength-to-weight ratio and mechanical efficiency.
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Several researchers have investigated topology optimization and lattice structure design in
additive manufacturing. Recent studies on gyroid lattice optimization showed that graded
lattice structures provide enhanced energy absorption and compressive strength. Machine
learning-based optimization approaches have also been introduced to predict optimal lattice
configurations.

Topology optimization methods are widely used for minimizing compliance and material
usage in lightweight structures. Finite element analysis is commonly employed to evaluate
stress distribution and deformation characteristics of lattice geometries.

Despite significant advancements, limited work has been conducted on combining
mathematical optimization with practical 3D printing constraints and mechanical
performance evaluation.

Objectives of the Study
The major objectives of this research are:

To design lattice structures suitable for additive manufacturing.

To mathematically optimize lattice parameters for reduced weight.
To analyse mechanical behaviour using finite element analysis.

To improve strength-to-weight ratio of 3D printed components.

To compare optimized and non-optimized lattice structures.
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Mathematical Modelling

The optimization problem is formulated to minimize structural weight while maintaining
allowable stress limits.

The objective function is: Min W(x), Subject to stress constraints: (x) < omax
Compliance minimization equation: min C(x) =F'U
Where:
e W(x) = structural weight
e o(x) =induced stress
e omax = allowable stress
o F =external force vector
o U =displacement vector
Stress calculation: o=F/A, Elastic modulus relation: E=c/¢

The optimization variables include:

o Cell size
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o Strut thickness

o Relative density
« Lattice orientation

Methodology
1. CAD Modelling

Lattice geometries such as:

e Gyroid
¢ Diamond
e Kelvin

o Octet structures

Were modelled using CAD software such as Solid Works and n Topology.

2. Finite Element Analysis
Finite element simulations were performed using ANSYS software to analyse:
o Stress distribution
o Total deformation
o Compression behaviour
o Structural stiffness

Boundary conditions:

o Fixed support at bottom surface
o Uniform compressive load applied at top surface

Material properties of PLA polymer were considered during simulation.

3. Optimization Technique

Topology optimization and gradient-based optimization methods were used to minimize
material consumption while maintaining structural integrity.

Optimization parameters:

e Relative density

e Unit cell dimensions
o Wall thickness

o Build orientation

4. 3D Printing
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The optimized lattice models were fabricated using Fused Deposition Modeling (FDM) 3D
printing technology.

Printing parameters:

e Layer height: 0.2 mm

o Infill density: 20%-50%

e Printing material: PLA

e Nozzle temperature: 210°C

Results and Discussion

The optimized lattice structures showed:
e Reduced structural weight
e Improved stiffness
o Better energy absorption capacity
e Lower material usage

The gyroid lattice demonstrated superior mechanical behavior compared to conventional
cubic lattices.

Observed Improvements

Parameter Conventional Lattice Optimized Lattice
Weight 120¢g 82¢g
Maximum Stress 92 MPa 68 MPa
Deformation 4.5 mm 2.8 mm
Strength-to-Weight Ratio 0.76 1.24

The optimized structures reduced weight by approximately 30% while improving mechanical
performance. Finite element results confirmed that stress concentrations were minimized in
optimized geometries.

Applications
Optimized lattice structures can be used in:

« Aerospace components
o Biomedical implants
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e Automotive crash absorbers

o Lightweight robotic parts
o Structural energy absorbers

Advantages of Optimized Lattice Structures

Reduced material consumption

Improved mechanical efficiency

Enhanced stiffness-to-weight ratio

Better energy absorption

Faster fabrication using additive manufacturing
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Conclusion

This study presented a mathematical optimization approach for improving the performance of
3D printed lattice structures. The results demonstrated that optimized lattice geometries
significantly reduce weight while improving structural strength and stiffness. Finite element
analysis confirmed the effectiveness of topology optimization techniques in minimizing stress
concentrations and deformation. The research establishes that mathematical optimization
combined with additive manufacturing can produce lightweight and high-performance
mechanical components suitable for modern engineering applications.

Future Scope
Future research may focus on:

Al-based lattice optimization

Multi-material lattice structures

Machine learning-assisted topology optimization
Metal additive manufacturing

Fatigue and dynamic loading analysis

Smart adaptive lattice structures
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