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Abstract

This study investigates the design, fabrication, and optimization of bioinspired lattice structures to ad-
dress challenges in automotive safety and dental implant performance. The research is organized into
three interrelated studies that leverage advanced additive manufacturing and finite element analysis to
mimic natural bone properties and enhance mechanical functionality. In the first study, composite triply
periodic minimal surface (TPMS) gyroid lattices are developed and fabricated as shock absorbers for
automotive applications. By combining two different TPMS gyroid structures, the study demonstrates
that these structures can significantly improve energy absorption and mechanical resilience under im-
pact conditions. Finite element analysis and experimental tests validate the influence of lattice varied
relative density on energy dissipation, demonstrating the potential of these designs to enhance crash-
worthiness. The second study focuses on dental implant design, where fully and hybrid configurations
integrate both solid and gyroid TPMS lattice structures to optimize stress distribution and reduce stress
shielding. By varying lattice cell sizes and incorporating features such as anti-rotational connectors and
square threads for initial stability, the fully and hybrid implants achieve improved stability and enhanced
osseointegration. Dynamic loading simulations confirm that these implants maintain a balanced stiffness-
to-compliance ratio, minimizing strains at the bone-implant interface and paving the way for personalized
implant solutions. In the third study, a novel approach is presented to advance three-dimensional finite
element analysis of dental implants by incorporating biomimetic Voronoi lattice models. These models
accurately replicate the complex porosity of cancellous bone by varying pore sizes, which leads to a more
realistic depiction of stress and strain distributions during functional loading. This biomimetic strat-
egy deepens our understanding of implant-bone interactions and supports the development of implants
that better accommodate the anisotropic nature of natural bone. Generally, the findings demonstrate
the ground-breaking potential of tailored lattice structures across different biomechanical engineering ap-
plications. By integrating bioinspired design principles, additive manufacturing techniques, and robust
computational analysis, this study offers promising approaches for enhancing both vehicle safety and
dental implant systems, ultimately contributing to improved performance and clinical outcomes.

e Chapter 1 establishes the background by investigating the impact of bioinspired lattice structures
on a variety of applications, including automobile crashworthiness and dental implant stability. It
describes the study’s scope, methodology, and the potential influence these structures might have
on biomechanical engineering.

e Chapter 2 investigates the significance of bioinspired lattice structures, especially composite TPMS-
Gyroid lattices made using fused filament fabrication (FFF), in improving energy absorption in
automotive and medicinal settings. It discusses the design, manufacturing procedures, mechanical
testing, and finite element analysis used to optimize these structures for use in automotive safety
equipment.

e Chapter 3 introduces a hybrid biomechanical approach to dental implant design that combines
solid and gyroid TPMS lattice structures. It describes the use of sophisticated CAD modeling
and finite element techniques to modify stress distribution and increase implant stability. The
chapter compares fully and hybrid latticed implants, highlighting their significance in lowering
stress concentrations, increasing implant lifespan, and enhancing outcomes in clinical trials.

e Chapter 4 explores the use of biomimetic Voronoi lattice models in finite element analysis (FEA) to
replicate human mandibular cancellous bone porosity and mechanical properties in dental implants.
The study reveals that a 2.0 mm pore size enhances implant life and performance, emphasizing the
importance of biomimetic designs in dental implant design.

e Chapter 5 of the thesis summarizes major results and outlines future research topics. It summarizes
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the study’s contributions to biomechanical engineering, notably improving lattice structures for
automotive and dentistry applications, and makes recommendations for furthering the field of study.
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Chapter 1

Introduction

This chapter introduces the research’s background, motivations, and objectives, providing an
overview of the emerging field of lattice structures.

1.1 Background

Modern engineering, notably in automotive, aerospace, and biomedical research, is continuously looking
for new methods to produce robust but lightweight structures. Although lattice structures are lightweight
and excel at energy absorption, their stress-strain curves contain three distinct regions—elastic, plastic
plateau, and densification [1, 2]. Consequently, simulating the entire deformation region, including the
post-softening processes that occur upon crushing, remains exceedingly difficult in finite element analy-
sis[3, 4]. In addition, despite their widespread usage, typical solid-threaded dental implant CAD models
often fail to precisely reproduce real-world clinical settings, limiting their ability to mimic accurate stress
distribution and osseointegration. Therefore, several alternative approaches have been proposed to over-
come these limitations by creating porous biomaterials as substitutes for classical solid structures, as
lattice structures can provide a suitable biological environment for host tissue to grow into the pores
[5—7]. Such simplistic assumptions limit the capacity of computer simulations to predict biomechan-
ical performance with clinical significance. Emerging lattice architectures such as TPMS gyroids and
biomimetic Voronoi lattices are reshaping design strategies by offering structurally efficient models that
balance mechanical strength, deformation capacity, and biological integration[8, 9]. Gyroid lattices stand
out for their remarkable energy absorption capabilities and ability to improve stress distribution, making
them excellent choices for shock-absorbing applications in automobile engineering [10, 11]. Similarly,
Voronoi lattices simulate the uneven porous structure of cancellous bone, improving the realism of FEA
in dental biomechanics and paving the way for more successful osseointegration under dynamic loading
scenarios [12, 13]. These bioinspired technologies bridge the gap between conventional design constraints
and the complicated mechanical and biological demands of advanced applications. The need for novel
materials in biomechanical engineering is greater than ever. Vehicle crash components extensively em-
ploy traditional materials like foams, which offer excellent lightweight energy absorption, but they have
significant limitations. Their complicated stress-strain diagram, such as elastic, plastic plateau, and den-
sification areas, make finite element analysis (FEA) modeling and optimization problematic. Similarly,
standard solid-threaded designs in dental implants do not reproduce the complex, anisotropic structure
of human cancellous bone, resulting in poor stress distribution, insufficient osseointegration, and shorter
implant lifespans. Bioinspired lattice techniques, such as triply periodic minimum surface (TPMS) gyroid
lattices and Voronoi lattices, provide distinct solutions to a number of these challenges. These lattices
are meant to closely resemble natural ideal designs, providing a balance of strength, flexibility, and bi-
ological compatibility that ordinary materials frequently lack. For example, TPMS gyroid lattices excel
at stress distribution and energy absorption, making them ideal for usage in vehicles such as crash parts.
Furthermore, Voronoi lattices, inspired by human bone structure, improve mechanical compatibility and
osseointegration, both of which are important to the success of dental implant systems. This study aims
to investigate the prospect of bioinspired lattice structures to bridge significant gaps in biomechanical
engineering. This project attempts to build solutions that not only satisfy the problems provided by
conventional designs but also push the frontiers of what is feasible in both domains, using computational
modeling, additive manufacturing, and experimental validation. Traditional energy-absorbing compo-
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nents for vehicle crashworthiness confront substantial design issues, including trade-offs between material
strength, deformation modes, and peak force requirements [14, 15]. While foam-filled and multi-cell con-
structions have demonstrated improved energy absorption and stability, their complexity and flexibility
emphasize continued constraints. Previous research has employed thin-walled tubular constructions ex-
tensively, but their performance frequently falls short of current needs for lighter, safer, and more efficient
systems. Recent advances, such as multi-stage structures, provide viable solutions by enhancing energy
dissipation and deformation control; therefore, they fill significant gaps in traditional designs [16, 17].
Traditional solid-threaded dental implant designs have long struggled with issues such as effective bone-
implant contact, osseointegration, and avoiding stress shielding effects that cause bone resorption. These
designs frequently fail to transfer stress uniformly, resulting in zones of excessive stress or shielding that
accelerate peri-implant bone loss and lower the implant’s lifetime [18, 19]. According to previous studies,
excessive stiffness in solid implants concentrates stresses around the implant collar, increasing marginal
bone resorption and limiting biomechanical performance [20, 21]. Similarly, FEA models that use solid
CAD rectangular cross-sections to depict cancellous bone have major drawbacks. These models fail to
capture the porous, anisotropic property of human cancellous bone, resulting in stiffness mismatches
that impede uniform stress distribution and raise the likelihood of stress shielding. This mismatch af-
fects simulation accuracy and relevance to clinical circumstances[22, 23]. Innovative techniques, such as
porous or lattice structures, have been proposed to fill these gaps and promote improved biomechanical
compatibility by replicating the structural property of real bone[9]. These problems highlight the need
for new implant designs and modeling methodologies that are more closely aligned with biological and
mechanical reality to improve clinical outcomes and implant durability.

This chapter presents novel, bioinspired solutions addressing major challenges in energy absorption
systems, crashworthiness component design, and dental biomechanics. By combining sophisticated com-
putational modeling, additive printing, and experimental validation, the goal is to develop transforma-
tional designs that address current gaps and advance the frontiers of engineering and biomechanical
applications. Triply Periodic Minimal Surface (TPMS) gyroid lattice structures are my preferred choice
for energy absorption and crashworthiness owing to their remarkable ability to distribute stress and absorb
energy effectively. Five different types of gyroid lattices with relative densities of 14%, 25%, 33%, 38%,
and 54% were developed and fabricated to evaluate their crash and impact energy absorption capacities.
These changes enable me to determine the best lattice for crash box design that needs a delicate balance
of lightweight construction and high-energy absorption. According to my hypothesis, the optimum lattice
that is chosen will exhibit improved stability and efficiency under dynamic loading circumstances, pro-
viding a notable advancement above conventional design. In dental implant biomechanics, TPMS gyroid
lattices are used to create new implants with both fully latticed and hybrid designs. These designs use
three different cell sizes to identify the best structure for providing uniform stress distribution while re-
ducing strains. These innovative implants, which replicate the structural property of natural bone, hope
to improve osseointegration and minimize marginal bone resorption. The optimized hybrid lattice implant
is expected to outperform traditional solid-threaded designs by enhancing biomechanical compatibility
and extending implant lifetime. To mimic the complicated behavior of human cancellous bone in finite
element simulations, biomimetic Voronoi latticed structures with four different pore diameters were cre-
ated. These lattices are particularly intended to replicate the porous structure and mechanical behavior
of cancellous bone, allowing for precise simulations of stress distribution and load-bearing capability. My
research aims to determine the ideal pore size that strikes a compromise between mechanical performance
and stiffness, guaranteeing accurate simulation of bone behavior in physiological settings. The optimized
lattice is expected to significantly improve FEA model accuracy, enabling more effective scaffold designs
for tissue engineering applications. Through these bioinspired and multidisciplinary approaches, my the-
sis aims to provide practical and innovative solutions to longstanding challenges in energy absorption,
crashworthiness, and biomedical engineering. These contributions are expected to significantly advance
the field and open new possibilities for real-world applications.

1.2 Literature on Lattice Structures

Lattice structures, also known as lattice structures, are manufactured materials defined by a regular ar-
rangement of linked parts or cells [11, 24]. These structures have distinct mechanical qualities that make
them suited for a variety of applications in the biomechanical engineering fields [7]. Lattice structures
aim to be lightweight yet sturdy, exhibiting great energy absorption and efficient load distribution. They
are especially useful in applications requiring material economy and performance, such as automobile
crash components and biomedical implants [7]. Modern processes such as additive manufacturing can
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produce lattice structures, distinguished by their repeating unit cells [25]. This allows for precise control
over the structure’s geometry and mechanical properties, allowing for the fabrication of intricate designs
that would be impossible to produce using standard manufacturing processes. Lattice structures in the
automobile sector enhance vehicle safety during crashes by improving component energy absorption [26].
The biomedical industry uses lattice structures to create porous implants and scaffolds that mimic hu-
man bone, thereby promoting improved osseointegration and tissue regeneration [27]. Triply Periodic
Minimal Surface (TPMS) gyroid lattices are a type of cell structure that can be recognized by its smooth,
continuous surface that repeats itself regularly in three dimensions [28]. The minimum surface attribute,
properyized by zero mean curvature at all points, distinguishes these structures. Because of this special
quality, TPMS gyroid lattices can transmit loads uniformly and have excellent mechanical efficiency. The
gyroid TPMS structure is well-known for its superior mechanical qualities, such as a high strength-to-
weight ratio and isotropic behavior, making it suitable for applications that need consistent performance
in all directions [29]. Gyroid, Schwarz D, Schwarz P, and Diamond structures are examples of TPMS
lattice structures, each specified by a distinct mathematical equation [30]. The following formula provides
the governing equation for the gyroid lattice is:

sin(x) cos(y) + sin(y) cos(z) + sin(z) cos(x) = 0 (1.1)

For the Schwarz D surface:
cos(x) + cos(y) + cos(z) =0 (1.2)

And for the Schwarz P surface:

cos(z) cos(y) cos(z) — sin(x) sin(y) sin(z) =0 (1.3)

The Diamond TPMS is defined by:

sin(x) sin(y) sin(z) + sin(z) cos(y) cos(z) + cos(x) sin(y) cos(z) + cos(x) cos(y) sin(z) = 0 (1.4)

This study holds significant promise for both the biomechanical applications. In automotive engineer-
ing, the development of composite TPMS gyroid lattices for crash components could lead to safer vehicles
by improving energy absorption and reducing the impact forces transferred to passengers during colli-
sions. These advancements could make cars lighter and safer, ultimately reducing injuries and fatalities
in high-speed crashes.

In the biomedical field, Voronoi lattice implants could revolutionize dental implant design. By more
closely replicating the mechanical properties of human bone, these implants could offer better osseoin-
tegration, more uniform stress distribution, and a longer lifespan. These improvements would lead to
more reliable dental implants and better patient outcomes. Beyond dental applications, bioinspired lattice
structures could also extend to orthopedic implants, tissue scaffolds, and prosthetics, where biomechanical
compatibility is crucial.

Furthermore, the bioinspired design principles explored in this research have the potential to influence
other industries, such as aerospace, where lightweight, high-performance materials are vital. The devel-
opment of efficient lattice structures for aerospace applications, such as aircraft fuselages or wings, could
offer significant improvements in material strength and weight. In orthopedics, these structures might
help reduce implant failure and improve recovery times by better mimicking the mechanical properties of
bone.

On the other hand, we form Voronoi lattice structures by dividing space into sections based on the
distance from a predetermined set of seed points. A Voronoi structure’s cells include all points that
are closer to their own seed point than to any other seed point. This approach produces irregular
but highly controlled porous structures that may be customized to resemble the complicatedstructureof
actual bones. Voronoi lattices are especially beneficial in biological applications that demand a high
level of porosity for tissue integration and nutrition transport [31]. This specification assures that each
cell is uniquely associated with a seed point and provides a foundation for creating complicated lattice
structures with specified mechanical and biological features. Finally, the fact that lattice structures like
TPMS gyroid lattices and Voronoi lattices are used in both mechanical and biological settings show how
powerful advanced manufacturing methods and materials engineering can be. These structures have
substantial benefits in terms of weight reduction, mechanical performance, and biocompatibility, making
them important for the development of next-generation biomechanical solutions [32].
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1.3 Bioinspired Lattice Structures

Bioinspired lattice structures have revolutionized material science and engineering by imitating nature’s
complex geometries and efficient mechanical qualities. Nature provides various examples of structures that
attain great strength and low weight via sophisticated design, such as honeycomb patterns in beehives, tiny
structures in butterfly wings, and the porous structureof cancellous bone. Natural structures have evolved
to maximize material consumption and mechanical performance, inspiring contemporary engineering
solutions [33]. Figure 1.1 shows the inspiration and structural comparison between gyroid TPMS lattices
and butterfly wings, as well as between Voronoi lattices and human cancellous bone. The gyroid TPMS
lattices in Figure 1.1a, inspired by the natural structure of butterfly wings, underwent investigation under
a high-resolution scanning electron microscope. The picture shows the gyroid structure’s precise and
periodic organization, with a unit cell size of 360 nm, demonstrating the detailed and highly structured
morphology. In contrast, Figure 1.1b depicts a schematic of human cancellous bone, emphasizing the
intricate and linked porosity network that defines this biological structure. Figure 1.1c shows a Voronoi-
like pattern on the cancellous bone as seen using a high-resolution scanning electron microscope. This
comprehensive study demonstrates the resemblance in porousstructurebetween real bone and Voronoi
lattice systems[31]. Comparing gyroid TPMS lattices to human cancellous bone shows that biomimetic
design can be used to make materials with better mechanical properties and structural efficiency by taking
ideas from nature’s best solutions.

Figure 1.1: Natural TPMS-like porous structures. (a) Wings of a butterfly [33]. Copyright 2022, the
Authors, CC BY 3.0., and Voronoi-like human cancellous bone. (b) Cancellous bone structure and
Voronoi-like human cancellous bone observed by scanning electron microscope (SEM) [31]. Copyright
2010, the Author, CC BY 3.0.

The advent of Triply Periodic Minimal Surfaces (TPMS) and Voronoi lattices was a huge step forward
in this subject. Complex, continuous geometries distinguish these structures, reducing surface area for
a given volume and resulting in superior mechanical qualities. Researchers have widely explored TPMS,
which includes geometries like the Gyroid, Schwartz Diamond, and Neovius surfaces, for its capacity to
distribute stress and absorb energy efficiently [18—-20]. The Gyroid TPMS lattice’s high strength and
low weight make it ideal for industrial applications [21—-23]. Similarly, Voronoi lattices are inspired by
the natural partition of space seen in plant and animal lattice systems. The lattices are generated by
dividing space into sections depending on the distance to a set of seed points, generating a network
of irregular, open-cell structures that closely imitate the porous propery of cancellous bone [31-33].
Voronoi lattices have superior mechanical qualities and biological compatibility, making them suitable for
biomedical applications such tissue engineering scaffolds and load-bearing implants [34—36]. Bioinspired
lattice structures combine biology and engineering, using natural design principles to tackle complicated
mechanical challenges. Engineers may build materials that not only fulfill but surpass the performance
criteria of standard materials by understanding and duplicating nature’s efficient structural techniques.
Bioinspired design has greatly influenced current technology, resulting in important advances in fields
such as biomechanical engineering [32].
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1.4 Classification of Lattice Structures and Their Families

Lattice structures are broadly divided into three types: random, periodic, and pseudo-periodic. Random
lattices, akin to Voronoi and Delaunay structures, consist of beams or struts arranged irregularly. Types
of periodic lattices are further classified as conformal and non-conformal (refer to Figure 1. 2) [37].

Figure 1.2: Classification of Lattice Structures [37].

Conformal periodic lattices, such as homogeneous TPMS, have configurations like Lidinoid, SplitP,
Neovius, Schwartz Diamond, and Gyroid. In non-conformal periodic lattices, there are beam/strut-
based and shell-based structures, like honeycombs with hexagons and triangles, Kelvin cells, octets, and
diamonds. There are also cubic versions, such as face-centered cubic and body-centered cubic lattices.
Pseudo-periodic lattices combine random and periodic lattices, providing distinct mechanical properties
for engineering applications (see Figure 1.3) [34]. A useful group of materials is called Triply Periodic
Minimal Surface (TPMS) gyroid lattices. They have complex, periodic structures that give them great
mechanical properties and a high strength-to-weight ratio. There are numerous criteria for classifying
these lattices. Geometrically, they consist of single gyroid lattices with a continuous surface and double
gyroid lattices with two interpenetrating networks [35]. Different types of lattices are based on the mate-
rials they are made of Metallic lattices are strong and are used in aerospace and biomedical applications
[36] (See Figure 1.3a); polymeric lattices are lightweight and flexible [38] (See Figure 1.3b); ceramic
lattices are used for high thermal resistance [39] (See Figure 1.3c); and composite lattices combine dif-
ferent materials to make them stronger and lighter [40] (See Figure 1.3d).Structurally, they are either
homogenous with constant property or graded with changing parameters to achieve certain mechanical
properties.

1.5 Applications of Lattice Structures

Functional applications of TPMS gyroid lattices include energy absorption in mechanical and structural
components [41], thermal management in heat exchangers due to their large surface area [42], biomedi-
cal implants for biocompatibility and tissue integration [43], and acoustic applications for soundproofing
[44] (refer to Figure 1.4). Finally, their relative density divides them into two types: low-density lat-
tices, which are lighter with better energy absorption [45] but lower strength, and high-density lattices,
which are heavier with greater strength but lower energy absorption [19]. This thorough classification
highlights TPMS gyroid lattices’ flexibility over a wide range of technical difficulties. Because of their
unique features and adaptability, lattice structures have found widespread use in both the biomechanical
engineering fields. These structures stand out for their lightweight yet robust configurations, which can
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Figure 1.3: a) Ti-6Al-4V Gyroid specimen fabricated via SLM [36], b) FDM-3D printed specimens of
i) Schwarz Primitive structure, ii) solid control cylinder, and iii) Schoen Gyroid structure with 1.75 mm
white PLA filament [38], ¢) ZrO2-lattice ceramic structure manufactured via extrusion-free forming AM
technologies [39], and d) FFF-printed PEEK and PEEK/CF cages [40].

be customized to meet specific functional requirements. Biomedical applications use lattice structures
to improve implant efficacy and integration. For example, they may replicate bone’s natural structure
, facilitating improved osseointegration and minimizing stress shielding effects, which are crucial for im-
plant durability and stability. Furthermore, we can use lattice structures to create porous scaffolds that
support tissue engineering and regenerative medicine by encouraging cell adhesion, proliferation, and
differentiation [46—50)].

Figure 1.4: Various lattice structure materials and their uses in different industries [51].

In the automobile sector, lattice structures increase vehicle safety and performance. Their outstand-
ing energy absorption capacity makes them excellent for components like crash boxes and energy ab-
sorbers, which are critical in reducing the impacts of crashes. We can construct these structures to bend
predictably after impact, dispersing energy and protecting passengers. The use of sophisticated manu-
facturing techniques, such as additive manufacturing (AM), enables the creation of complicated lattice
structures that are not possible with older methods. This allows for the optimization of mechanical
attributes like stiffness and strength while decreasing weight, resulting in more efficient and safer cars
[52].

Traditional FEA models of dental implants assume isotropic bone and use solid CAD models, which
can lead to inaccuracies in stress distribution and performance predictions. While these models provide
a simplified solution, they fail to capture the complex, anisotropic properties of cancellous bone, leading
to suboptimal implant design. Bioinspired lattice structures, such as those mimicking cancellous bone,
offer superior performance by accurately replicating bone behavior, improving stress distribution, and
enhancing osseointegration. The traditional FEA approach, shown in Figure 1.5, helps in basic design
but lacks the precision and efficiency provided by bioinspired lattice models [53].
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Figure 1.5: The 3D models of implants and bone: (a) square, (b) buttress (CF), (c) reverse buttress(CF),
(d) trapezoidal, and (e) triangular [53].

Lattice structures have transformed the design and function of dental implants (as shown in Figure
1.6). By mimicking the cancellous structure of natural bone, biomimetic lattice designs like Voronoi and
gyroid lattices improve mechanical compatibility and osseointegration. These features help to distribute
pressure more uniformly throughout the implant, lowering the chance of failure and encouraging long-
term stability. These lattices’ porous structure promotes bone ingrowth and vascularization, both of
which are critical to the success of dental implants. We often use CAD tools like nTopology and ANSYS
to design and model these complex structures, ensuring they meet mechanical and biological performance
requirements.

Orthopedics uses lattice structures to create implants that mimic the mechanical properties of bone.
This is critical for load-bearing applications that need accurate stress distribution and bone-implant
interface stability. We can design gyroids and other lattice structures to match the stiffness and strength
of cortical bone, which will reduce stress shielding and promote bone remodeling. Additive manufacturing
enables the modification of these implants to meet specific patient anatomy, improving their fit and
function. According to studies, lattice structures may greatly increase the mechanical strength and
lifespan of orthopedic implants, making them a potential option for a wide range of orthopedic applications
[47].

The automobile sector is increasingly employing lattice structures due to their superior energy absorp-
tion and lightweight qualities. Components like crash boxes, bumpers, and protective panels incorporate
them to enhance vehicle safety [54]. Lattice structures’ ability to bend after impact and absorb energy
effectively reduces the force transferred to passengers during crashes. CAD programs like ANSYS and
Creo, along with advanced simulations using finite element analysis (FEA), optimize these structures for
optimal performance. The use of materials like PLA and titanium in lattice construction guarantees that
they offer enough strength while keeping the total vehicle weight low [52]. Traditional crashworthiness
designs, such as stainless-steel bumper beams or crash boxes, struggle with energy absorption efficiency
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Figure 1.6: a) BCCO and Gyroid lattice CAD models for dental scaffold structures [46] and, b) ultra-
short implant with added diamond lattice [48].

and car weight reduction. Crash boxes in this study, made from thin-walled aluminum tubes, are designed
to absorb impact energy during frontal collisions. The design focuses on protecting the vehicle’s rear com-
ponents by controlling deformation, with various filling methods improving energy absorption. However,
foam-filled crash boxes are heavier and more costly due to the materials used [55]. Bioinspired latticed
crash boxes, such as TPMS gyroids, provide superior energy absorption and strength-to-weight ratios,
making them more efficient and cost-effective. The foam-filled design, shown in Figure 1.7, enhances
energy absorption but is limited in weight and structural efficiency compared to bioinspired lattices [55].

Figure 1.7: Schematic of the frontal crash management system in a vehicle [55].

Foam-filled crash boxes enhance energy absorption by using aluminum foam within thin-walled tubes
to manage impact forces effectively. However, they contribute to increased structural mass and manu-
facturing cost, limiting their efficiency for lightweight applications [56]. Bioinspired latticed crash boxes,
such as TPMS gyroid lattices, offer better energy absorption and superior strength-to-weight ratios,
making them more efficient and cost-effective. The foam-filled design, shown in Figure 1.8, helps pre-
vent premature collapse during collisions but is limited in its energy absorption capacity and structural
efficiency compared to latticed structures [57].

Energy-absorbing rods with impressions, made from thermo-hardened aluminum alloy, effectively
manage impact forces by initiating deformation at specific zones. However, they are limited by their
heavier weight and the complexities in manufacturing the impressions, which can lead to increased costs
[58]. In contrast, bioinspired latticed structures, such as TPMS gyroids, offer superior energy absorption
and strength-to-weight ratios, making them more efficient and lightweight. The impression-based energy

Page 24 of 127



Dawit Bogale Alemayehu PhD Thesis Hokkaido University

Figure 1.8: Six different foam filled crash boxes cross section and Top view of specimens (a) simulation
and (b) experiment. Isometric view of the specimen (c¢) simulation and (d) experiment [57].

absorber design, shown in Figure 1.9, provides controlled deformation but lacks the energy efficiency and
structural optimization seen in lattice designs [58].

Figure 1.9: Visualized forms of studied energy-absorbers, real mechanical appearance (left), FEM envi-
ronment (right) [58].

Lattice structures are essential in the creation of scaffolds for tissue engineering (see Figure 1.10).
Their porous structure promotes cell adhesion and proliferation, which are required for tissue regeneration.
You can modify the designs of these scaffolds to control their mechanical qualities and degradation rates,
making them suitable for a variety of biomedical applications. CAD tools and additive manufacturing
processes can precisely fabricate these structures with specific pore sizes and geometries. This tailoring
ensures that the scaffolds provide the necessary support and environment for the formation of new tissue,
boosting the efficacy of regenerative medicine therapies [50].

Lattice structures are a lightweight but effective option for reducing the effects of explosions and
impacts on armor protection. Their capacity to absorb and disperse energy makes them excellent for
use in protective equipment and vehicle armor. We can use the various geometries of lattice structures
to equally disperse impact force, thereby lowering the chance of penetration and damage. According
to research, metallic lattices, such as those composed of titanium or steel, offer excellent protection
while remaining lightweight. This makes them appropriate for use in personal protection equipment and
armored vehicles, thereby improving user safety and mobility [52, 59].

Page 25 of 127



Dawit Bogale Alemayehu PhD Thesis Hokkaido University

Figure 1.10: Biomimetic Strategy and Graded Structures of TPMS-FGS:(a) Biomimetic strategy showing
the design process, CAD model, constructed sample, and Gaussian curvature distribution for Gyroid
TPMS, and (b) Graded structures featuring skeletal and sheet TPMS designs based on diamond, Gyroid,
I-WP, and primitive TPMS [50].

1.5.1 Why Use TPMS Gyroid Lattices in Dental Implant Design?

In dental implant design, one of the critical biomechanical challenges is the mismatch between the stiffness
of commercially pure titanium (110 GPa) and that of natural cortical bone (15 GPa). This mismatch
can lead to stress shielding, bone resorption, and eventual implant failure. To address this, porous
structures—particularly those based on triply periodic minimal surfaces (TPMS)—have emerged as a
promising solution. Among TPMS topologies, the gyroid lattice offers a unique balance of high porosity,
continuous curvature, and interconnected pathways, enabling mechanical compliance, improved cell ad-
hesion, and enhanced nutrient and oxygen diffusion. Recent findings by Araya et al. (2024) demonstrate
that TPMS-gyroid and stochastic Ti6Al4V lattices manufactured via laser powder bed fusion exhibit
excellent mechanical strength and deformation capacity, making them highly suitable for biomedical ap-
plications. As illustrated in Figure 1.11, the gyroid’s ability to tailor mechanical stiffness while promoting
osseointegration underpins its selection for the development of advanced dental implant systems [60].

Figure 1.11: Porous titanium gyroid (left) and stochastic (Voronoi) (right) lattice structures used to
reduce stiffness mismatch in dental implants. Adapted from Araya et al. (2024) [60].
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1.5.2 Why Voronoi Lattices for Cancellous Bone in FEA?

Voronoi lattices have gained increasing attention in implant design due to their unique ability to replicate
the complex, irregular architecture of human cancellous bone. Unlike periodic lattice structures, Voronoi-
based designs exhibit non-repetitive geometries that closely mimic natural trabecular networks, enabling
more accurate biomechanical simulation and stress distribution under physiological loading. Their tun-
able porosity—typically ranging from 50% to 90% —allows precise control of mechanical stiffness and
biological integration. This bioinspired configuration facilitates efficient stress transfer through pore-
guided load paths, much like native cancellous bone. Such characteristics significantly enhance implant
osseointegration and structural compatibility (refer to Figure 1.12). Fantini et al. (2016) demonstrated
the morphological similarity between stochastic Voronoi structures and actual cancellous bone, reinforcing
their relevance in finite element modeling for biomedical applications[8] .

Figure 1.12: Comparison of (a) Voronoi lattice structure and (b) natural cancellous bone [8].

1.6 Lattice Structure Modeling and Production

1.6.1 CAD Design for Lattice Structures

Computer-aided design (CAD) is essential for designing lattice structures such as gyroid and Voronoi
lattices for additive manufacturing (AM). CAD provides exact control over the complicated geometry
of these lattice systems, ensuring that they fulfill specified mechanical and functional criteria. This
accuracy is critical for the success of AM technologies, which construct components layer-by-layer us-
ing CAD models [61]. Design for Additive Manufacturing (DfAM) highlights additive manufacturing’s
(AM) transformational influence on the product development cycle. DFAM encourages designers to take
advantage of AM technology’s unique capabilities, which allow the fabrication of complicated geome-
tries and optimized structures that are not possible with conventional manufacturing processes. The
Lightweight Structures Modeling (LWSM) tool is a significant example in this discipline; it was created
using the Python programming language and is included in the open-source Free CAD software. This
tool aims to help designers use AM-oriented tasks daily, cultivating an ”additive mindset” that fully
realizes the promise of AM technologies. The LWSM tool makes it simple to create lattice structures that
are both lightweight and efficient. This leads to significant advancements in the design and manufacture
of complicated components, improving the overall performance and efficiency of the designed products.
Figure 4 shows the application of the LWSM tool in the construction and optimization of intricate lattice
structures, highlighting the significant impact of DfAM concepts on contemporary engineering processes.
Several modern CAD software packages make it easier to create lattice structures, each with distinct
features and add-ins tailored specifically to lattice design. These tools include ANSYS SpaceClaim, Creo
Parametric, Free CAD, and nTopology. ANSYS SpaceClaim is well-known for its direct modeling ca-
pabilities, which enable users to design complicated lattice structures with ease. Space Claim contains
specialized tools for creating and optimizing lattice structures. The program interfaces with ANSYS’
advanced simulation capabilities, allowing engineers to do structural assessments and iterative design
optimization. Space Claim’s lattice design module enables the creation of periodic and random lattice
structures, making it ideal for use in biomedical implants and lightweight aircraft components. Research
has shown that utilizing ANSYS Space Claim to create complicated lattice patterns improves mechanical
properties while using less material [62, 63]. Another reliable CAD program for lattice structure design
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is PTC’s Creo Parametric. Creo provides a specific add-in for lattice design, which allows you to create
stochastic and periodic lattice structures. The software’s parametric design features make it possible to
easily and precisely change lattice properties, including cell size, shape, and orientation. Creo’s interface
with PTC’s simulation tools enables the assessment of lattice structures’ mechanical performance under
various loading conditions. Studies have demonstrated Creo’s efficiency in creating complex lattice struc-
tures for additive manufacturing, particularly in optimizing weight and mechanical qualities for industrial
applications [64, 65].

1.6.2 Additive Manufacturing

Additive manufacturing (AM) is a method of producing complicated structures by gradually stacking
materials based on 3D model data. CAD software creates the design, which different AM processes
then generate, enabling the creation of components not possible with traditional manufacturing methods.
AM has several benefits, including the capacity to make sophisticated patterns at lower prices, faster
manufacturing times, and decreased material waste. Quick prototyping and data analysis were the initial
uses of AM, which emerged in the 1980s. Over the years, its applications have grown, and by the early
2010’s, it had made significant strides in industrial production, particularly in the metalworking industry.
The market for AM devices has grown dramatically, and their prices have dropped significantly. While 3D
printing is the most well-known kind of additive manufacturing, other approaches help to create efficient
and adaptable production processes[66, 67]. The common materials for such manufacturing technology
are showed in Table 1.1.

Table 1.1: Materials and their applications in additive manufacturing [66].

Material Properties Applications

Plastics Affordable, easy to process, wide Prototypes, toys, household items,
range of properties medical devices

Metals Strong, durable, heat-resistant Aerospace parts, medical implants,

automotive components

Resins High accuracy, smooth finish Jewelry, dental models, figurines
Ceramics Biocompatible, heat-resistant, wear- Dental implants, surgical guides,
resistant cutting tools

Advantages and Challenges of Additive Manufacturing

Additive manufacturing (AM) processes have various advantages, including the capacity to build com-
plicated geometries and highly customizable components with unparalleled precision and accuracy [62,
65—67]. This approach lowers material waste, shortens production times, and enables on-demand man-
ufacturing. Despite these benefits, each AM method has its own set of restrictions and obstacles, such
as a limited range of suitable materials, the need for post-processing, and the possibility of faults or
mistakes in the final result [68, 69]. The research community is becoming interested in AM technologies
for manufacturing physical goods from 3D models because they can generate complex objects of varied
sizes with high resolution, decreased failure rates, and improved mechanical qualities. However, given
the advantages and disadvantages of each approach, certain firms offer a range of materials, including
powders and polymers, tailored to the specific requirements of the product.

1.6.3 Classification of Additive Manufacturing

Beyond 3D printing, additive manufacturing includes a wide range of techniques, each with its own set of
capabilities and design criteria (refer to Figure 1.11). Manufacturing speed, surface quality, resolution,
efficiency, dimensional accuracy, build size, cost, and component strength are important aspects of additive
manufacturing.
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Figure 1.13: Classification of additive manufacturing methods.

The production of lightweight materials, increasingly used in a variety of industrial applications,
depends on these critical criteria. Alternative additive manufacturing processes have the potential to
satisfy these requirements. Fabrication methods further divide TPMS gyroid lattices into two groups:
those made with additive manufacturing methods, like selective laser sintering (SLS), fused deposition
modeling (FDM), and stereolithography (SLA); and those made with traditional manufacturing methods,
like casting and milling, which are harder to work with because of the complicated shapes [32, 34, 70,
71].

Material Extrusion

Material extrusion is one of the most popular additive manufacturing (AM) techniques, notably in desktop
3D printing. This method includes driving a thermoplastic filament through a heated nozzle, which melts
the material and deposits it layer by layer on a build platform.The nozzle travels in a preset pattern based
on the CAD model, resulting in a three-dimensional object.
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Figure 1.14: A schematic diagram of the material extrusion process [72].

Fused deposition modeling (FDM) and fused filament fabrication (FFF) systems widely utilize this
approach. The key benefits of material extrusion are its simplicity, cost-effectiveness, and variety in using
thermoplastic materials such as PLA, ABS, and PETG. Material extrusion enables the production of
complicated shapes and functioning prototypes. However, the technique has drawbacks, such as slower
build rates and layer adhesion concerns, which may impair the mechanical qualities of the finished product.
A schematic diagram of the material extrusion process generally depicts the filament spool, heated nozzle,
and build platform, as well as the step-by-step material deposition that results in the finished product
(vefer to Figure 1.12).

Material Jetting

Material jetting is an advanced additive manufacturing technology that involves dropping droplets onto
a build platform, where they solidify to produce a three-dimensional item (refer to Figure 1.13). This
technique is comparable to inkjet printing but works in three dimensions. Material jetting is well-known
for its ability to generate items with a smooth surface finish and precise dimensions. UV light cures pho-
topolymers, enabling the fabrication of delicate and detailed components. Material jetting technologies,
such as Polyjet and multi-jet printing (MJP), may jet numerous materials at the same time, allowing
for the creation of objects with different mechanical properties and colors inside a single build. Despite
its advantages, certain applications often limit material jetting to photopolymer materials, which may
not possess the necessary mechanical strength. The schematic design for material jetting depicts the
print head, UV light source, and build platform, emphasizing the exact droplet positioning and curing
processes (refer to Figure 1.13).
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Figure 1.15: The schematic diagram for material jetting depicts emphasizing the exact droplet positioning
and curing processes [73].

Poly-Jet

Polyjet is a kind of material jetting that provides exceptional detail and flawless surface finishes, making
it excellent for prototyping and manufacturing complicated geometries. The Polyjet method blasts liquid
photopolymer droplets onto the build platform, curing them layer by layer under UV light. This technique
can print with different materials at the same time, enabling you to combine stiff and flexible elements in
one construction. Areas such as dentistry, medicine, and consumer products especially prize Polyjet for
its ability to create extremely precise and detailed models. However, the materials used in Polyjet are
primarily photopolymers, which may be less durable than thermoplastics used in other AM processes.
The Polyjet schematic would show the jetting heads, UV curing system, and build platform, showing the
layer-by-layer build process and multi-material possibilities (refer to Figure 1.14).
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Figure 1.16: PolyJet schematic showing the layer-by-layer build process [74].

Vat Photo-Polymerization

Vat photopolymerization, also known as stereolithography (SLA), involves curing liquid photopolymer
resin using a UV laser or light source. The method begins by filling a vat with photopolymer resin,
then selectively curing it layer by layer using a laser, guided by the CAD model. This process is known
for generating items with outstanding resolution and a smooth surface finish. This technique has many
variants, including digital light processing (DLP) and continuous liquid interface production. Industries
that require precise and complex components, like medical devices and jewelry, frequently utilize SLA.
However, the mechanical qualities of SLA products often face limitations due to the use of photopolymer
resins. A diagram of the vat photopolymerization process would represent the resin vat, UV laser or light
source, and the build platform, demonstrating selective curing and layer-by-layer item construction (as
shown in Figure 1.15).

Sheet Lamination

Sheet lamination is an additive manufacturing technique that involves layer-by-layer adhesion of material
sheets to create a three-dimensional structure.

Adhesive, ultrasonic welding, or brazing can accomplish this bonding. Metal, plastic, and paper are
common materials used in sheet lamination. This technique includes laminated object manufacturing
(LOM) and ultrasonic additive manufacturing. Sheet lamination is very useful for quickly and affordably
producing large components with minimal waste. However, the procedure may need post-processing to
attain the appropriate surface polish and dimensional precision. The sheet lamination schematic shows
the feed of the sheet material, the cutting or bonding mechanism, and the construction platform, showing
the precise cutting and bonding of each layer to create the final product (refer to Figure 1.16).

Directed Energy Deposition

The AM method known as Directed Energy Deposition (DED) uses concentrated thermal energy, like a
laser, electron beam, or plasma arc, to fuse materials by melting them as they deposit.

The material, usually in the form of powder or wire, is supplied via a nozzle and aimed to the
desired deposition region. The industrial fields particularly use DED to repair or add features to existing
components. The process is compatible with a broad variety of materials, including metals, ceramics,
and composites. To eliminate residual strains and distortion, the procedure needs careful temperature
input control. A DED graphic depicts the energy source, material feed, and build platform, emphasizing
the precise deposition and fusing of materials to create or repair components (refer to Figure 1.17).
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Figure 1.17: Schematic for Vat photo-polymerization process [73].

Figure 1.18: Schematic for sheet lamination [73].
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Figure 1.19: Schematics of directed energy deposition (DED) [75].

Powder Bed Fusion

Powder Bed Fusion (PBF) refers to a class of AM methods that selectively fuse powder bed areas using
a thermal energy source. PBF technologies include selective laser sintering (SLS), direct metal laser
sintering (DMLS), selective laser melting (SLM), and electron beam melting. These procedures include
spreading a thin layer of powder material before selectively fusing it with a laser or electron beam. PBF
is well-known for creating parts with high accuracy and superior mechanical qualities, making it ideal for
functional prototypes and end-of-life components in sectors such as aerospace and healthcare. However,
build size and the need for significant post-processing constrain PBF procedures. The PBF diagram
depicts the powder bed, recoating process, and energy supply, as well as the layer-by-layer fusion of
powder to produce the finished item (as shown in Figure 1.18 below).

Figure 1.20: Schematics of powder bed fusion of metals using laser based system [76].
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1.7 Mechanical Compression Testing of Lattice Structures

Mechanical compression testing of lattice systems is essential for determining their performance, especially
in applications demanding significant energy absorption. The stress-strain curve derived from such testing
generally has three separate regions: elastic, plateau, and densification (refer to Figure 1.19). The material
deforms linearly in the elastic area with applied tension, returning to its original shape upon removal
of the load. The plateau zone follows, where the material deforms plastically with a relatively constant
tension, absorbing a significant amount of energy. The densification zone starts when the material’s
pores collapse and the structure compacts, resulting in a significant rise in stress. A longer plateau zone
is favorable since it shows more energy absorption prior to densification, making the structure suitable
for applications such as crash absorbers in the engineering fields. Following ASTM standards, notably
ASTM D1621-16, is critical to obtaining accurate and dependable outcomes. These standards define the
dimensions of the lattice structure as well as the maximum allowable deformation during compression
testing. ASTM D1621-16, for example, recommends that the specimen’s height-to-diameter ratio be
between 2:1 and 3:1, with a maximum deformation of 10% of the original height to avoid end effects
distorting the findings [77].

The research combines computational modeling, additive manufacturing, and experimental validation.
Lattice structures will be designed using advanced CAD tools, such as nTopology and Creo Parametric,
which provide precise control over lattice geometry. TPMS gyroid lattices will be fabricated using fused
deposition modeling (FDM) with PLA bioplastics, chosen for their balance of strength, flexibility, and
suitability for additive manufacturing. For the dental implants, biocompatible materials such as titanium
alloys will be used to ensure compatibility with human bone tissue.

Additive manufacturing enables the creation of complex lattice structures that are difficult, if not
impossible, to produce with traditional manufacturing methods. However, challenges such as ensuring
material properties, addressing layer adhesion issues, and minimizing defects remain. These challenges
will be addressed through iterative design modifications and rigorous testing to ensure that the printed
structures meet the required mechanical and biological properties.

1.7.1 Lattice Structures and Gibson-Ashby Model

Gibson and Ashby et al. [78] investigate into how the mechanical properties of lattice structures affect
their relative density. They focus on Young’s modulus, plateau stress, and densification strain, which can
be seen in Figure 1-19. The Gibson-Ashby model, which captures these connections, is well known. This
model offers a complete foundation for comprehending how the mechanical behavior of lattice materials,
such as foams and lattice structures, varies with density. For instance, the stiffness of a material, as
measured by Young’s modulus, directly correlates with the square of its relative density, suggesting that
even minor changes in density can significantly enhance stiffness. Similarly, plateau stress, which is
the stress level during significant plastic deformation, is proportional to relative density, determining the
structure’s ability to absorb energy. Densification strain, or the strain at which the material switches from
the plateau area to densification, is critical. Understanding these interactions enables accurate design
and optimization of lattice materials for specific purposes, such as cushioning and impact prevention.
Engineers and material scientists may use the Gibson-Ashby model’s insights to modify the mechanical
properties of lattice structures to fit the needs of varied industrial applications, ultimately improving
performance and efficiency [78].
The equation for stiffness ratio and relative density:
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The equation for mechanical strength ratio and relative density:

The equation for evaluating densification strain and relative density:

ep=1-a (f}g) (1.7)

Page 35 of 127



Dawit Bogale Alemayehu PhD Thesis Hokkaido University

Figure 1.21: The regions of stress strain from mechanical compression of lattice cells [79].

where ep, pr, and o, represent the elastic modulus, density, and yield strength of the lattice structures,
respectively; Fg, ps, and og signify the properties of the underlying solid material. The onset densification
strain, €p, indicates the start of the densification phase in the lattice stress-strain curve. This strain is
an important metric in energy absorption applications because it specifies a realistic limit for how well
the lattice structure can absorb energy without causing significant stress transmission. Beyond this limit,
the structure continues to absorb energy, but at the expense of greater stress transfer, which may cause
damage to adjacent items or harm to people.

Fitting the experimental data from compression tests determines the parameters C1, Co, n, m, and a.
This fitting procedure aids in precisely defining lattice structures’ mechanical behavior and ensuring the
model’s dependability for practical applications. These factors create correlations that are very important
for better designing lattice materials so that they have the right mechanical properties and work better in
load-bearing and energy-absorbing situations. Engineers may customize material qualities to particular
use situations by knowing and using these constants, ensuring optimal efficiency and safety.

1.7.2 Energy Absorption and Lattice Structures

The mathematical formulations and implementations guarantee that lattice structures are not only func-
tional but also efficient in real-world applications, resulting in safer and more lasting engineering solutions.
Mechanical compression test data, such as stress-strain curves, give critical parameters for assessing lattice
structure performance. The stress-strain curve provides information on the material’s response to load,
showing crucial spots including the elastic, plateau, and densification regions. One of the most important
factors generated from these curves is the energy absorption per unit volume (W) [78]. We compute this
by integrating the area under the stress-strain curve up to the strain at the start of densification. This
integral shows the overall energy received by the material prior to significant densification, indicating its
ability to absorb energy effectively without causing undue stress. We use the following computations to
integrate these metrics into the design process:
The energy absorption per unit volume (W):

/OeD ode (1.8)

Another important metric is energy absorption efficiency (1), which is defined as the ratio of energy
absorbed in the plateau zone to the total energy absorbed up to the densification strain. This efficiency
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represents how efficiently the material achieves its intended function of absorbing energy. The ideal
energy absorption efficiency (n;) compares the energy absorbed by the lattice structure to that of an ideal
absorber, serving as a performance standard.

The energy absorption efficiency (n):

" o de
n= Jo (1.9)
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The ideal energy absorption efficiency (n;):
o de
AL (1.10)
Om€m

The stress in the plateau zone (0,) is derived by averaging the stress values inside this region when
the material endures large deformation without commensurate stress rise. This plateau stress is critical
for applications that require materials to withstand impact or compression pressures without failure. The
strain at the commencement of densification (e4) is determined when the stress-strain curve suddenly
increases after the plateau area, signifying the material’s shift to a denser state [80]. These values are
critical for developing lattice structures with the best energy-absorption qualities. By understanding and
using these mathematical principles, engineers can ensure that lattice structures are not only effective but
also efficient in real-world applications. This helps to produce safer and more lasting technical solutions,
especially in industries that need high energy absorption materials, such as automobile crash components
and protective gear.

1.8 Finite Element Methods for Lattice Structures

1.8.1 Finite Element Analysis (FEA)

Finite element analysis (FEA) has become an indispensable tool for evaluating and optimizing lattice
structures, particularly in engineering applications. Its capability to simulate complex mechanical be-
havior under various loading conditions allows researchers to study stress-strain responses with a high
degree of accuracy. However, significant challenges remain in fully capturing the nuanced behavior of
stress-strain curves, especially for lattice and foam structures where distinct regions of elasticity, plastic
plateau, and densification play critical roles.

One persistent issue is the difficulty in validating FEA predictions against experimental results, par-
ticularly in compression tests of lattice structures. Accurately replicating the transition between elastic
deformation, the plastic plateau region, and the densification phase has proven elusive. Discrepancies of-
ten arise due to limitations in the material models used in FEA, as well as oversimplifications in geometry
and boundary condition assumptions. These gaps hinder the reliability of simulations and emphasize the
need for improved methodologies.

In automotive applications, traditional crash box designs typically rely on thick-walled square or
cylindrical cross-sections. While these designs offer simplicity, their energy absorption efficiency and
strength-to-weight ratio remain suboptimal. Consequently, researchers continue to seek novel approaches
to improve energy absorption while maintaining structural integrity. Similarly, in biomechanical engi-
neering, the conventional design of dental implants—featuring a solid stem with screw threads—fails to
consider the porous nature of cancellous bone. Modeling bone as a solid CAD structure in FEA introduces
significant errors, with percentage deviations often exceeding acceptable thresholds. These inaccuracies
call into question the reliability of such simulations in predicting real-world performance.

To address these limitations, our approach employs bioinspired lattice structures, such as Triply Pe-
riodic Minimal Surface (TPMS) gyroids and Voronoi lattices. These designs mimic natural lattice struc-
tures, providing superior mechanical properties, including enhanced energy absorption and improved
strength-to-weight ratios. By integrating these advanced geometries into FEA workflows, we aim to
overcome the traditional challenges of modeling stress-strain behavior and validate our results against ex-
perimental data with higher fidelity. This innovative methodology represents a significant departure from
conventional design and modeling practices, offering a more reliable and efficient solution for engineering
applications.

Page 37 of 127



Dawit Bogale Alemayehu PhD Thesis Hokkaido University

1.8.2 Lattice Simulation Challenges

Previous research on TPMS structures, such as Gyroid, Schwarz Diamond, and Schwarz Primitive, shows
discrepancies between experimental and FEA results, especially in the stress-strain curve. The lattices,
as shown in Figure 1.20, exhibit minimal deformation, failing to fully capture the three regions (Elas-
tic, Plastic Plateau, and Densification) essential for accurate energy absorption analysis. While these
traditional models provide some insight into the deformation behavior, they fall short in accurately rep-
resenting the full range of stress-strain responses. Bioinspired lattice structures, like more refined TPMS
models, offer improved deformation properties and more accurate stress-strain curves, addressing these
gaps by providing a better representation of the energy absorption process and material performance [3].

Figure 1.22: Comparison between experimental and FEA-determined stress-strain curves for (a) Gyroid,
(b) Schwarz Diamond and (c) Schwarz Primitive TPMS structures at different relative densities [3].

1.8.3 Mesh Techniques

The quality of the finite element mesh is critical to achieving accurate and computationally efficient
simulations. Mesh generation for lattice structures presents unique challenges due to their intricate
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geometries. Depending on the complexity and precision requirements, two primary meshing techniques
are commonly used: voxel-based meshing and tetrahedral meshing.

Voxel-based meshing divides the lattice geometry into a grid of hexahedral elements. This technique
is particularly effective for regular and periodic geometries, as it balances computational efficiency with
sufficient accuracy. For instance, voxel meshes have been employed to model gyroid lattice structures,
successfully capturing their mechanical behavior during compression tests.

In contrast, tetrahedral meshing offers greater flexibility for modeling irregular or complex geometries,
such as Voronoi-based lattices or TPMS structures. A mesh convergence study is essential to determine
the optimal element size that balances computational cost with accuracy. For example, simulations of
sheet-based gyroid lattices in Abaqus showed that a mesh with approximately 40,000 elements achieved
results within 1% of finer meshes, demonstrating the effectiveness of this approach. Refining the mesh
and conducting convergence studies are essential steps to ensure the reliability of simulation results.

1.8.4 Boundary Conditions

To correctly simulate real-world situations, FEM requires the use of suitable boundary conditions and
loading scenarios. Common boundary conditions for lattice structures include permanent support and
frictionless contacts, which imitate limitations and interactions with surrounding materials. For instance,
studies that looked at how gyroid lattices behave mechanically used fixed limits on the lower surface and
a downward movement on the upper surface to represent compressive loads.

1.8.5 Loading Conditions

The accuracy of finite element analysis (FEA) heavily depends on the loading conditions considered
during simulations. However, a common limitation in prior research is the assumption of static loading
or unidirectional (axial) forces applied to dental implants during mastication. Such simplifications fail
to represent the true clinical environment, where masticatory forces are dynamic, cyclic, and multidi-
rectional. These assumptions introduce significant errors in FEA results, often leading to discrepancies
between simulated predictions and experimental or clinical observations. Consequently, the reliability of
such FEA outcomes remains questionable.

In this study, we addressed these gaps by incorporating clinically relevant dynamic cyclic loading
conditions. Specifically, the loading was applied for durations of 0.5 sec, and 1.5 sec, at a frequency
of 2 Hz, accurately replicating the cyclic nature of masticatory forces. Furthermore, we accounted for
the multidirectional nature of these forces by implementing dynamic oblique loading. Equivalent forces,
as experienced during mastication, were decomposed into three components—axial, mesiodistal, and
buccolingual directions—and applied using a smooth step time function. This approach allowed us to
simulate a realistic loading scenario that aligns more closely with clinical settings.

By adopting these advanced loading conditions, we significantly enhanced the reliability of the FEA
results, reducing the margin of error and increasing their correlation with experimental data. This
methodology sets our research apart from previous studies that relied on static or simplified loading
assumptions. Moreover, our findings underscore the importance of considering dynamic and multidirec-
tional forces in FEA studies of dental implants to ensure accurate predictions of mechanical behavior and
clinical performance.

1.8.6 Parameters obtained from Finite Element Analysis (FEA)

FEM modeling variables, such as stress distributions, strain patterns, and energy absorption properties,
are critical for optimizing lattice design. For example, stress in the plateau area and strain at the
start of densification are important metrics for determining the energy absorption efficiency of lattice
systems. These measurements allow for the creation of structures that optimize energy absorption while
maintaining structural integrity. We can use mathematical parameters such as energy absorption per unit
volume and stress-strain correlations to compare lattice designs and select the most efficient arrangement.
FEM offers a complete framework for creating and optimizing lattice structures for a variety of engineering
applications by combining CAD design, sophisticated meshing methods, and suitable boundary and load
conditions. Our methodology advances the state of the art by integrating bioinspired lattice geometries,
robust meshing techniques, and carefully calibrated boundary and loading conditions. By addressing the
limitations of traditional designs and validation methods, we aim to achieve a more accurate and reliable
framework for engineering applications, ranging from automotive crash boxes to biomechanical implants.
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1.9 Motivation for the Study

The biomechanical field have significant problems in improving the mechanical performance and safety
of their respective products. In the automotive industry, energy absorption during high-speed collisions
remains a key concern. Traditional materials and designs frequently fail to provide adequate crashworthi-
ness, resulting in fatal effects for automotive occupants. While traditional materials may absorb energy
to some degree, they generally fall short of the standards for impact resistance and structural integrity
during collisions. Current solutions sometimes include compromises between strength, weight, and energy
dissipation, which limits their usefulness.Similarly, dental implants require proper stress distribution and
interaction with the underlying bone tissue. Conventional designs, such as solid-threaded implants, do not
reproduce the complex, anisotropic structure of human cancellous bone, resulting in poor osseointegra-
tion and mechanical stability. These constraints underscore the need for novel, more efficient materials
that can more closely imitate the mechanical and biological features of real bone, thereby increasing
both performance and patient outcomes. Traditional solid-threaded dental implant designs have long
struggled with challenges such as effective bone-implant contact, osseointegration, and preventing stress-
induced bone resorption. These designs frequently fail to transfer stress uniformly, resulting in areas of
high stress or shielding that accelerate peri-implant bone loss and shorten the implant’s life.Bioinspired
lattice designs, such as composite TPMS gyroid lattices and Voronoi lattice structures, show potential
for addressing such difficulties. Hybrid gyroid TPMS latticed implants, which feature both a solid neck
and lattice structures, have demonstrated enhanced stress distribution under dynamic loading, making
them particularly beneficial in clinical applications. These lattices, modeled after the efficiency of natural
structures, provide a superior blend of strength, flexibility, and biological compatibility than standard
materials. For example, TPMS gyroid lattices are excellent at spreading stress and absorbing energy,
making them perfect for automobile applications like crash components. Voronoi lattices, inspired by
bone’s porous design, enhance mechanical compatibility and osseointegration in dental implants. These
bioinspired designs fill the gap between traditional materials and the intricate mechanical and biological
requirements of real-world applications.The primary objective of this research is to close current gaps in
the mechanical performance of materials used for energy absorption in automotive applications, as well
as to improve stress distribution in dental implants by taking advantage of the unique features of bioin-
spired lattice patterns. The research will specifically focus on TPMS gyroid lattices for crash components
and Voronoi lattices for dental implants, with the goal of generating optimum designs that overcome
the constraints provided by existing materials in both sectors. This study develops and evaluates novel
lattice structures, such as composite and hybrid gyroid TPMS designs, to improve the safety and efficacy
of automotive and biomedical applications using extensive experimental testing, finite element analysis
(FEA), and sophisticated modeling techniques.

This study highlights the crucial need for innovation in biomechanical engineering to enhance safety
and performance. In the automobile industry, the goal is to create materials that can efficiently absorb
energy during high-speed accidents. Composite TPMS gyroid lattice structures (CTG) offer a viable
alternative. These designs exhibit higher energy absorption capabilities by combining walled and regular
TPMS gyroid lattices utilizing nTop’s Boolean subtraction approach and producing them using fused de-
position modeling (FDM) using PLA bioplastics. Experimental testing and finite element analysis (FEA)
demonstrate its efficiency, with the Gibson-Ashby model finding bending as the dominant deformation
mechanism, especially at relative densities below 15In parallel, the biomedical industry, notably dental
implant engineering, is challenged with reproducing the intricate structure of human cancellous bone.
Full and hybrid gyroid TPMS latticed dental implants with three different cell sizes provide improved
stress distribution and biomechanical stability under dynamic loading. These designs promote mechanical
compatibility with bone tissue and osseointegration. Furthermore, biomimetic Voronoi lattice structures
with porosity like real bone (60-90%) overcome the constraints of previous designs by reducing deforma-
tion under biting forces and boosting tissue ingrowth. Advanced modeling tools and FEA optimize these
designs to enhance implant stability and mechanical performance. This study shows how bioinspired
lattice structures may improve energy absorption in biomechanical applications and advance dental im-
plant design. This study intends to improve lattice structures for safer and more effective solutions in
biomechanical engineering by integrating experimental validation with FEA. This study covers the design,
construction, and analysis of bioinspired lattice structures aimed at addressing significant challenges in
crash box energy absorption and dental implant optimization. The research integrates findings from three
main areas: the development of composite TPMS gyroid lattice structures for automotive applications,
the design of fully and hybrid gyroid TPMS latticed dental implants with varying cell sizes, and the
creation of biomimetic Voronoi lattice structures to replicate the porosity of human cancellous bone.
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The automotive component of this study focuses on optimizing composite TPMS gyroid lattice struc-
tures with different relative densities, created using fused deposition modeling (FDM) and PLA bioplas-
tics. Mechanical testing is conducted using Shimadzu 100 kN equipment to validate the findings, while
finite element analysis (FEA) is employed to determine the optimal configurations for energy absorption
and mechanical performance in high-speed collisions. The aim is to identify the best lattice designs that
improve crashworthiness, occupant safety, and energy dissipation in automotive crash components.

In the biomedical domain, the study explores fully and hybrid TPMS gyroid latticed dental implants.
These designs incorporate three different cell sizes to improve stress distribution and mechanical stability,
offering potential solutions to issues such as poor osseointegration and stress shielding that affect tradi-
tional implants. The research also investigates biomimetic Voronoi lattice structures, designed with pore
sizes ranging from 1.0 to 2.5 mm and porosities of 70% to 95%. These lattices are optimized for improved
osseointegration, mechanical stability, and load transfer, with FEA simulations conducted to investigate
their biomechanical behavior under simulated biting stresses. The goal is to enhance the longevity and
performance of dental implants while mimicking the mechanical properties of human bone.

Furthermore, this study incorporates a thorough review of existing literature on bioinspired lattice
structures. This literature analysis provides the foundational knowledge required for the experimental
and computational work undertaken in this research. By addressing both automotive and biomedical
applications, this work highlights the adaptability of bioinspired lattice structures and their potential to
overcome a range of technical challenges across diverse industries.

In addition to the specific areas covered, this study aims to push the boundaries of current engineering
practices by demonstrating how bioinspired design principles can be applied to improve safety, efficiency,
and biocompatibility in automotive and biomedical fields. The research aims to provide innovative so-
lutions to long-standing problems and pave the way for the future integration of lattice structures into
real-world applications.

1.10 Research Objectives

This PhD thesis explores the potential of bioinspired lattice structures to address major difficulties in
biomechanical engineering. The first research investigates the creation of composite gyroid TPMS lattices
by combining walled and conventional gyroid lattices using a Boolean subtraction method, resulting in
five configurations with varying relative densities. The second fully explores hybrid gyroid TPMS latticed
dental implants with three different cell sizes to improve stress distribution and mechanical stability. The
third study examines biomimetic Voronoi lattice structures with four different hole diameters to simulate
the porous property of human cancellous bone.

The main study topics include how these lattice structures may increase energy absorption for vehicle
crash box design and optimize stress distribution, osseointegration, and mechanical stability in dental
implants. The study’s goal is to answer these concerns by constructing and testing composite TPMS
gyroid lattices with relative densities ranging from 14% to 54% to improve crashworthiness, utilizing
sophisticated manufacturing processes and finite element analysis (FEA). Furthermore, it aims to create
and test fully versus hybrid gyroid TPMS latticed implants with three different cell sizes, as well as
biomimetic Voronoi lattice structures with pore diameters ranging from 1.0 to 2.5 mm and porosities
ranging from 70% to 95%. This study attempts to determine ideal designs for energy absorption and
implant stability by studying their biomechanical behavior under dynamic loads and biting stresses. This
study presents unique answers to issues in biomechanical engineering by thoroughly evaluating these
revolutionary ideas.

The main objectives of this research are as follows:

e For Energy Absoprtion Componenet Design: To optimize TPMS gyroid lattice structures
for energy absorption in crash components. The study will focus on developing five different lattice
configurations, varying relative densities between 14% and 54%, and testing their performance
under dynamic loading conditions. FEA will be used to simulate their behavior, while experimental
testing will validate these simulations.

e For Biomedical Applications: To explore the use of Voronoi lattice structures in dental implants,
focusing on improving stress distribution, osseointegration, and implant stability. The research will
compare fully latticed designs to hybrid implants using three different cell sizes to identify the most
effective configuration. FEA will simulate their mechanical behavior under dynamic biting forces,
and experimental validation will be conducted to confirm these results.
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The research will align these objectives with the methods and tools employed later in the thesis- ensuring
that the lattice structures’ performance in real-world conditions is thoroughly tested.
The study will explore the following research questions:

e For Energy Absoprtion Componenet Design: How can TPMS gyroid lattice structures be
optimized to improve energy absorption in automotive crash components, and what lattice config-
urations offer the best balance of strength and lightweight construction?

e For Biomedical Applications: How can Voronoi lattice structures improve the biomechanical
performance of dental implants, specifically in terms of stress distribution, osseointegration, and
long-term stability?

These questions will be addressed through a combination of FEA simulations and experimental val-
idation, with the aim of identifying optimal lattice configurations that can be applied to engineering
applications.

1.11 Summary

In conclusion, Chapter 1 established the framework for this study by explaining the study’s major issues
and establishing its main components. The issue statement emphasized the shortcomings of existing
designs in terms of vehicle crashworthiness and dental implant stability, highlighting the need for cre-
ative solutions inspired by nature. We developed research goals and objectives to propel the study of
bioinspired lattice structures, focusing on enhancing mechanical performance in biomechanical applica-
tions. We defined the study’s parameters, which included the creation, manufacturing, and examination
of Voronoi lattice structures for dental implants and composite TPMS gyroid lattices for automobile use.
We emphasized the study’s relevance, especially its potential impact on automobile safety, dental implant
integration, and the broader field of biomechanical engineering. This chapter lays the groundwork for the
ensuing extensive investigation of bioinspired lattice structures, offering a complete foundation for the
research reported in this study. The next chapters will go further into the literature review, methodology,
experimental data, and analysis, expanding on the groundwork laid here to show bioinspired designs’
revolutionary potential in tackling difficult engineering issues.

Page 42 of 127



Dawit Bogale Alemayehu PhD Thesis Hokkaido University

Chapter 2

ENHANCED ENERGY
ABSORPTION WITH
BIOINSPIRED COMPOSITE
TPMS-GYROID LATTICES
MANUFACTURED VIA FUSED
FILAMENT FABRICATION

This chapter addresses the design and optimization of bio-inspired composite TPMS-gyroid lat-
tices for improved energy absorption in engineering applications.

2.1 Introduction

Lattice structures are classified into three types: random, periodic, and pseudo-periodic. Voronoi and
Delaunay structures, which are formed using beams or struts, are examples of random lattices. Periodic
lattices are further classified into conformal, homogeneous Triply Periodic Minimal Surfaces (TPMS)
and non-conformal, heterogeneous structures such as beam/strut-based and shell-based. The TPMS
family includes popular configurations such as Lidinoid, SplitP, Neovius, Schwartz Diamond, and Gyroid.
Meanwhile, beam/strut-based periodic lattices are made up of basic geometric shapes like hexagonal
honeycomb and triangular honeycomb, while more sophisticated forms include Kelvin cell, octet, and
diamond, as well as cubic versions like face-centered cubic and body-centered cubic[37, 81, 82]. Lattice
structures—especially the Gyroid TPMS lattice, which is based on the triply periodic minimal surface
(TPMS)—are becoming more and more popular in fields like biomedical, aerospace, and automotive
engineering. This is due to their remarkable mechanical properties and adaptability [83—88] enhancing
both shape and function, the bio-inspired Gyroid TPMS lattice draws its design ideas from nature, such
as insect wings [89—93]. These lattices are perfect for distributing stress and absorbing energy, which are
essential for creating robust yet lightweight solutions. The main advantages associated with TPMS lattices
are their complex, continuous surfaces, which have better mechanical properties than typical lattice
types. They have distinct deformation properties, such as bending rather than buckling, which contribute
to improved energy absorption during impacts. However, innovative lattice structures require precise
production, modeling, finite element analysis, and precise parameter management for impact absorption,
while advanced fused filament fabrication challenges material constraints like polylactic acid (PLA) [94,
95]. Due to its biodegradability, PLA is a desirable material for a variety of applications, including
orthopedic bone fixation, surgical sutures, drug delivery systems, and eco-friendly food packaging. PLA
also breaks down into non-toxic compounds [96]. Moreover, PLA’s application has been extended by
recent studies, which take into account its ability to enhance vehicle crashworthiness [97, 98]. The
butterfly wings are a magnificent example of structure matching function. The gyroid TPMS lattice
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structure (GTLS) was derived from the gyroid-type triply periodic minimum surface (TPMS) structure
in this study. This pattern was inspired by the scales on a butterfly’s wing (Figure 2.1a) [92], showing
how inventive engineering solutions frequently draw inspiration from natural designs. Because they
have high stiffness-to-weight ratios and can absorb energy, lattice structures are great for load-bearing
and biocompatible uses. Their patterns are repeated and connected [89, 99-101]. Lattice structures’
adaptability in design contributes to their versatility by allowing modification for certain applications
[99, 100]. In numerous disciplines, the efficacy of lattice structures, which are characterized by repetitive
patterns of interconnected elements, has been demonstrated. High stiffness-to-weight ratios and energy
absorption capacities are just two of the extraordinary mechanical properties provided by the lattice’s
inherent porosity and shape [101]. Applications requiring load-bearing capacity and biocompatibility,
such as structural engineering, aircraft, and medical implants, significantly benefit from these properties.
Changing configurational features such as cell size, shape, and arrangement enables lattice structures to be
tailored to specific applications [89]. Similar to this research, recent studies have attempted to increase
the energy-absorbing capacity of lattice structures by combining two distinct lattice topologies [101].
Using this method, it is possible to construct a composite lattice with superior mechanical properties
by combining the advantages of multiple lattices. Previous research has demonstrated the effectiveness
of this method in enhancing energy absorption within lattice structures for impact reduction [102].
Such efforts demonstrate the necessity of developing new techniques to enhance the inherent lattice
benefits in numerous engineering disciplines. Studies aimed at enhancing the mechanical strength of lattice
structures have led to advancements in manufacturing and design [99]. Studying bio-inspired lattice
structures with TPMS diamond shapes displays their promise for aerospace applications owing to their
increased lightweight and strength [103]. This research examines the flexural properties of ABS TPMS
diamond sandwich panels at different densities (25%, 35%, 45%, and graded). And it uses digital image
correlation for deflection experiments and theoretical analysis for mechanical efficiency findings. Based
on the shape of the human tibia, one study showed hybrid structures that combine elliptical and circular
connections between IWP and Gyroid TPMS types, showing better energy absorption abilities [104].
This achievement highlights the possibility of developing lightweight porous structures with improved
energy absorption and impact resistance, providing valuable insights for future engineering applications.
There has been little research on hybrid Triply Periodic Minimal Surface (TPMS) designs that either
gradient modify their parameters or integrate numerous patterns into a single design influenced by natural
shapes [105]. Another study explored this terrain by creating hybrid structures that included linear and
radial aspects of diamond and gyroid shapes and then evaluating their mechanical properties using both
experimental and theoretical methods. Their results revealed a significant rise in plateau stresses of 19%
and 11% in hybrid models compared to uniform equivalents, with hybrid designs also demonstrating 10%
and 7% improved specific energy absorption. Furthermore, a strong correlation was found between the
actual data and the simulation results [106]. Extending their study, they found that hybrid structures
outperform solitary solutions in terms of mechanical performance, notably compressive strength and
energy absorption [107]. Researchers have used the Gibson-Ashby model to evaluate 3D-printed lattice
structures made from materials like PLA [88, 108, 109]. The interplay between lattice geometry,
material properties, and mechanical response controls engineered lattice behaviors.

These advancements enable the production of lattice structures with properties that surpass those of
conventional engineering materials, paving the way for new ways of exploring lattices [87, 110, 111].
The combinations of two TPMS-gyroid lattice structures and advancements in additive manufacturing
techniques has revolutionized lattice fabrication [88, 112—114]. Their controlled deformation and energy
dissipation upon impact has shown that they could be used for shock absorption applications, especially
in crash boxes and bumper beams for cars [106-110]. Previous research has verified the effectiveness of
lattice-based bumper beams in absorbing impact energy and mitigating vehicle damage [48—50]. These
applications demonstrate the suitability of lattice structures in regulating the absorption of energy in a
variety of scenarios. This work aims to explore the mechanical properties of a newly designed composite
Gyroid TPMS lattice that is advanced and bioinspired. This unique lattice combines walled TPMS with
normal TPMS gyroid lattices using a Boolean subtraction method. The finite element method (FEM) is a
powerful computer methodology for structural analysis that provides insights into complicated behaviors
under different situations [53, 115, 116]. We extensively use finite element analysis software to simu-
late and numerically assess various lattice structures. In biomimetic engineering, FEM simulates stress
distribution in dental implant systems using variable-pore size Voronoi lattices, replicating trabecular
bone structures [117]. This method is necessary to evaluate how much energy quasi-statically loaded
hybrid lattice structures can absorb, which leads to better mechanical performance [118, 119]. This
study examines how well the lattice works at five different relative densities to further research if it has
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Figure 2.1: Natural TPMS-like structures: (a) Gyroid patterns in butterfly wings: (i) Diagram of the
butterfly sourced from [91] ; (ii-v) Scanning electron micrographs depicting the cross-sectional view of a
butterfly wing scale, with (v) being adapted from [92]; (b) unit cell of walled gyroid TPMS lattice, and
(c) walled TPMS gyroid lattice structure.

better mechanical properties than the single TPMS-gyroid and walled TPMS-gyroid lattices. We investi-
gate the nuances of the Gibson-Ashby model, in particular its energy-absorbing ability and deformation
behavior. Our new approach provides a comprehensive analysis of the PLA material family by comparing
normalized energy absorption efficiency with normalized stress. Using the finite element method, we
demonstrate that the stress-strain curve from mechanical compression tests accurately reshows the linear
elastic, plastic plateau, and densification phases. Our results are used in a real-world scenario utilizing a
crash box case study that is built from a composite TPMS gyroid lattice with various relative densities.
Our goal is to further advance the study of bio-inspired lattice structures, specifically enhancing vehicle
structural dynamics to increase crashworthiness.The of symbols and their corresponding explanationsused
in this study specifically for Chapter 2, are listed below in Table 2.1.

Table 2.1: List of symbols and their corresponding descriptions utilized in this study.

Symbols Descriptions

p Density of the gyroid lattice structure, Kg/m?>.
PPLA Density of the bulk materials from which the gyroid lattice is made,
Kg/m?3.
p* Volume fraction, or relative density, of the gyroid lattice; p/ps.
E Young’s modulus of gyroid lattice.
FEg Young’s modulus of the bulk materials from which the gyroid lattice is
made.
E* Relative Young’s modulus of the Composite TPMS gyroid lattice, E/Es.
Opl Plateau stress of composite TPMS gyroid lattice structure.
oy The yield stress of the bulk materials from which the gyroid lattice is
made.
o* Relative plateau stress of the gyroid lattice.
€ Effective strain of the gyroid lattice structure.
Olatt Stress of composite TPMS gyroid lattice structure.
P The porosity of the composite lattice.
€D Densification strain of composite TPMS gyroid lattice.

MCG Mass of composite TPMS gyroid lattice, kg.
wv Energy absorption per volume of composite TPMS gyroid lattice, MJ/m3.
N Ideal energy absorption efficiency of composite lattice.
vy Efficiency of energy absorption by composite TPMS gyroid lattice.
C Gibson—Ashby constant.
n Gibson—Ashby exponent.
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2.2 DMaterials and Methods

2.2.1 Lattice 3D CAD Design

The lattice structure’s design began with the creation of a comprehensive 3D CAD model using nTopol-
ogy’s software (Figure 2.2).

Figure 2.2: The TPMS-gyroid, walled TPMS-gyroid, and composite TPMS-gyroid structures with a
uniform cell size of 10x10x10 cubic millimeters and an overall dimension of 30x30x30 cubic millimeters
(d, e, f, g, h, and i), alongside the unit cell (a, b, and ¢). And Computer-Aided Design (CAD) model of the
composite TPMS-gyroid with five distinct relative densities is showed (j, k, 1, m, and n).3D-printed blue
PLA lattice structures are depicted (o and p) for visual reference. GTL: gyroid TPMS lattice; GWTL:
gyroid walled-TPMS lattice; and BSTL: Boolean subtracted composite TPMS lattice.

The intricate geometry of the TPMS-gyroid composite TPMS lattice was accurately constructed,
incorporating the specific parameters necessary for evaluating mechanical performance as outlined in
Table 2.1. The relative densities of the composite lattice were systematically varied to encompass a broad
spectrum of potential applications. The lattice design accounted for loading conditions, ensuring that the
targeted mechanical parameters were reshowative of real-world scenarios. A new TPMS gyroid lattice
unit cell (see Figure 2.2¢) is made by putting together a regular TPMS gyroid lattice unit cell (see Figure
2.2a) and a walled TPMS gyroid unit cell (see Figure 2.2a). As seen in Figure 2.2, the normal unit cell has
a closed-cell design with thick walls, while the walled unit cell has a closed-cell, sheet-type TPMS gyroid
lattice. In contrast, the newly developed composite unit cell has an open-cell structure with beam-type
walls, which are especially visible at lower relative densities.
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2.2.2 Lattice Additive Manufacturing

To transform the conceptual lattice structures into physical objects, we employed fused deposition mod-
eling (FDM) using a 3D printer. For this procedure, we picked a 1.75-mm-diameter blue PLA filament
because of its excellent mechanical properties and adaptability for the manufacturing process. Table 2.3
outlines the specific settings for the RAISE3D PRO 2 printer, which we used to create all lattice samples,
while Table 2.4 lists the properties of the PLA material. The slicing software 3DRaise was utilized to
convert the intricate 3D CAD model into precise print paths, accounting for layer-by-layer deposition
to accurately reproduce the lattice design (refer to Figure 2.2). The orientation of the lattice samples
during 3D printing was in the flat (X-Y) plane. This orientation is chosen because lattice structures are
self-supporting, eliminating the need for additional support during manufacturing.

Table 2.2: Unit cell thickness of constituent gyroid lattice and relative density of corresponding novel
lattice.

Thickness of Sheet Thickness of Walled Composite TPMS-

TPMS-gyroid (mm) TPMS-gyroid (mm) gyroid (p/ps)
0.4 1.2 14%
0.3 1.0 25%
0.25 0.75 33%
0.2 0.6 38%
0.1 0.1 54%

Table 2.3: Parameters for fused deposition modeling (FDM) 3D printing of lattice specimens.

Printing Parameters Values
Printing speed 50 mm/s
Printing temperature 205 °C
Bed temperature 65 °C
Infill 100%
Extrusion width 0.48 mm
Filament diameter 1.75 mm
Raster angle 45° /-45°

Table 2.4: Physical and mechanical properties of blue PLA filament.

Property Value Testing Conditions

Density 1.2 g/em® @ 21.5 °C ASTM D792 - ISO

Young’s modulus 2636 + 330 MPa ASTM D638-ISO 527, Flat (X-
Y)

Tensile strength 46.6 = 0.9 MPa ASTM D638-I1SO 527, Flat (X-
Y)

Elongation at break 1.90 £ 0.2 % ASTM D638-ISO 527, Flat (X-
Y)
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2.2.3 Measurement of Density and Relative Density

The Shimadzu Electronic Balance TW223N Series (Shimadzu Corporation, Kyoto, Japan) was used to
accurately measure the density of the 3D-printed PLA-based TPMS gyroid lattice structures. PLA’s
inherent theoretical density was determined to be 1.24 g/cm3. For increased precision, a set of six mea-
surements were carefully recorded. Both the relative density and the porosity percentage were calculated
precisely in accordance with ASTM D792-98 [120]. To do this, the equations (Eq. 2.1), (Eq. 2.2), and
(Eq. 2.3) in the referenced standard were used.

The actual density of the composite TPMS gyroid lattice cube is calculated by:

Mca

Pactual = VCG (2.1)
The relative density of each composite TPMS gyroid lattice cube is calculated as follows:
. _ P
Pt = (2.2)
PPLA
The porosity of the composite lattice can be calculated as:
p:mzl_p* (2.3)
PPLA

2.2.4 Mechanical Compression of Lattice

The quasi-static compression load test was conducted on all sample TPMS samples with universal testing
machine SHIMADZU AG-100kNXplus equipped with 100kN load cell and with 0.005 -1000mm/min
crosshead speed. All the TPMS Samples were compressed between hardened steel plates with flatten
surface top and bottom to avoid any small misalignment during compression loading according to ASTM
D638-14 [96]. The sample specimens were placed between the moving top plate and fixed bottom plate
of the test machine where the compressive strain in this reached up to 60% of the original specimen
heights in the building direction, which is the point where the densification dominates. The strain rate
utilized for this study was 0.03 mm/s. To assess the mechanical properties of composite TPMS gyroid
lattice (CTL) structures, we designed an experiment with five different relative densities. For a more
comprehensive analysis, we tested a solid PLA cube, a standard TPMS gyroid lattice, and walled TPMS
gyroid lattices. We performed at least three repeated mechanical compression tests on each sample type
to confirm the findings’ reliability and accuracy. The setup for testing the mechanical compression of
TPMS gyroid lattices and solid PLA cubes is shown in Table 2.5. This enabled the determination of peak
stress, plateau stress, densification strain, and other vital parameters. The specimens underwent gradual
compression until densification, allowing a comprehensive understanding of their deformation behavior
and energy absorption capacities. We used (Eq. 2.4) for experimental design.
The total number of tests can be calculated as:

Total no. tests = no. levels x no. replicas (2.4)

Gibson-Ashby Model

The parameter 'n’ is of considerable importance in characterizing the various forms of deformation that
occur within cellular structures [85, 121-123]. The Gibson-Ashby model, a cornerstone in the analysis
of cellular materials [123, 124], establishes critical relationships among a multitude of parameters in-
herent to cellular structures. These fundamental parameters encompass relative density (E/Fg), plateau
strength (op1), elastic modulus (E), and the strain at the densification point (ep). These intricate re-
lationships, elegantly described by power law equations (2.5) and (2.6), offer profound insights into the
mechanical properties of composite TPMS gyroid lattice structures. Theoretically, power indices n and
m are anticipated to be 1.5 and 2 for structures dominated by bending and emphasizing strength, and
1 for those governed by stretching. A value of "n” equal to or greater than 2 indicates a prioritization
of rigidity. 'n’ values that fall within the range serve as an alternative definition of a mixed mode of
deformation.
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Table 2.5: Experimental design for mechanical compression testing of composite TPMS gyroid lattices
and solid PLA cubes.

Levels Relative Density (%) Replica
Solid PLA Cube - 3
GTL - 3
WGTL - 3
CTL14 14% 3
CTL25 25% 3
CTL33 33% 3
CTL38 38% 3
CTL54 54% 3

GTL: Conventional gyroid TPMS lattice; WGTL: Walled gyroid TPMS lattice; CTL: Composite TPMS lattice with relative
density range.

The relationship between mechanical stiffness and relative density is given by:

(#)-o ()

The relationship between mechanical strength and relative density is given by:
o 2
()-o()
Oys pPs
The modified Gibson-Ashby model is crucial for applications requiring higher stiffness, like orthopedic
surgical scaffolds and vehicle shock absorption systems. It is obtained from combination of equations (2.5)
and (2.6). It aligns with previous lattice design studies and allows comparison of strength-to-stiffness

ratios among different relative density composite TPMS gyroid lattice structures [125][126][127].
The modified Gibson-Ashby model for the relationship between relative stiffness and relative strength

is given by:
Opl E s
=C5| — 2.7
()= (&) e

The densification strain can be evaluated using:

ep=1-a (pps) (2.8)

2.2.5 SEM of Deformed and Undeformed Lattice

The SEM image of newly constructed TPMS lattice with 38% relative density were captured from two dif-
ferent planes XZ and YZ for both before and after compression testing. For such purposes the JSM-7400F
field emission scanning electron microscope (FE-SEM) was utilized. The morphology and deformation
behavior of 3D printed TPMS-gyroid lattice structure was observed using FE-SEM. Scanning electron
microscopy (SEM) analysis was conducted on both deformed and undeformed lattice specimens. This
microscopic examination provided insights into the microstructural changes induced by mechanical de-
formation. SEM imaging aided in visualizing lattice distortions, fracture patterns, and any material
irregularities arising from the compression testing process. And there are defects from the FDM printing
due to printing filament melting rate variations which reduce the mechanical strength.
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2.2.6 finite element analysis (FEA) of Lattice

To accurately capture the stress-strain characteristic of the 3D printed TPMS lattice structure a Finite
element model (FEM) was developed. In the numerical simulation, the commercial software package
ANSYS 2022 was utilized. Following the experimental setting, similar boundary conditions are applied
to all FE models. The FE mesh entirely consists of tetrahedrons. Since FEM is an approximate solution
for the purpose of reducing numerical errors, Ramesh surface, robust tetrahedral mesh, followed by FE
volume mesh were applied during FE discretization. Further, to accurately capture the experimental
compression scenario from ANSYS Workbench 2022 the LS-DYNA analysis system was used. The TPMS
lattice structure has an overall seed size of 0.2mm and different mesh elements for all structures. To better
simulate the post-softening (plasticity) behaviors after the lattice yield, multi-linear isotropic hardening
model was utilized by supplying the plastic strain and stress in the plastic region. However, the elastic
region just needs the young’s modulus and poison’s ratio calculated from experimental results.To support
the experimental findings and gain further insights into the mechanical behavior of the bio-inspired gyroid
composite TPMS lattice, finite element analysis (FEA) was conducted. Computational simulations were
performed to predict mechanical responses under varying loading conditions. The FEA models were
designed to replicate the experimental setup, allowing the extraction of stress-strain relationships and
energy absorption properties. The FEA outcomes served as a validation tool for the experimental data

Figure 2.3: a) The physical lattice specimen fabricated for mechanical compression testing, b) The three-
dimensional (CAD) model of the lattice structure with boundary conditions (BCs) configured for finite
flement analysis (FEA), and ¢) The finite element (FE) mesh representation of the lattice model.

and provided a deeper understanding of the composite lattice’s intricate mechanical behavior. The FE
boundary conditions, and the corresponding FE meshing of the sample is shown in Figure 2.3b and
2.3c, respectively. Figure 2.4 shows the assembly of top and bottom plates with five varied relative
density composite TPMS gyroid lattice utilizing ANSYS space Claim and effortlessly linked into ANSY'S
LS-DYNA for further dynamic explicit compression analysis.

2.2.7 Energy Absorptions

Extensive research has been conducted on the complex energy absorption properties of a PLA-based
composite TPMS gyroid lattice, leveraging key parameters including energy absorption value (Wy ),
energy absorption efficiency (), and ideal energy absorption efficiency (n). In this particular framework,
the symbol (Wy ) reshows ”energy absorption,” and Equation (2.9) provides a dependable approach to
calculating it in relation to volume [128].

Wy = /O6 o(e) de (2.9)

In this particular case, € denotes a stochastic strain, 1,44 reshows stress, and €),¢4 is the corresponding
strain; o is a function that depends on € [129]. The determination of the optimal energy absorption state
in this composite lattice involves consideration of the energy absorption efficiency parameter, which can
be mathematically expressed as [128] using Equation (2.10):

foqm Olatt (€latt) delats

Olatt (Glatt)

v (2.10)
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In this case, v reshows the efficiency of energy absorption by the PLA-based composite gyroid lattice
during compression deformation, thereby decreasing the flow stress.

In addition, we include the following concept: ideal energy absorption efficiency (n) [128], defined
using Equation (2.11):

foqm Olatt (€latt) d€latt

Olatt (ﬂatt) €latt

n= (2.11)

The ratio of the area enclosed by the stress-strain curve of the composite lattice to the rectangular
area it encompasses shows the ideal energy absorption efficiency at any given strain. Furthermore, an
energy envelope concerning lattice structures composed of PLA materials can be obtained by normalizing
the cumulative energy absorption per unit volume of this composite TPMS gyroid lattice by the Young’s
modulus of its base material and plotting a curve against the normalized stress (which is also divided by
the Young’s modulus) [35]. It is important to remember that both the normalized stress axis and the
normalized energy absorption efficiency axis are logarithmic. This makes it possible to accurately show
the complex mechanical properties that these lattice structures exhibit.

Figure 2.4: Assembly combination using ANSYS SpaceClaim: top and bottom gripper with composite
TPMS gyroid lattices at varied relative densities - a) 14%, b) 25%, ¢) 33%, d) 38%, e) 54%.

2.2.8 Case Study on Vehicle Crush Box Energy Absorption

The aim of this case study is to evaluate the composite TPMS-gyroid lattice structure’s high-energy
absorption capabilities under 15.6 m/s impact scenarios [130]. We classify this as a high-velocity impact
because it is significantly faster than the norm of 3-5 m / s. Thus, test results are expected to provide a
more reliable indicator of the composite lattice or compression box’s resistance in real-world conditions.
The implications of the results of mechanical compression experiments on TPMS-gyroid lattice structures
with relative densities of 14%, 25%, 33%, 38%, and 54% for enhancing the crashworthiness and safety
of automobiles are optimistic. For the purpose of the investigation, a 50 mm x 50 mm x 200 mm
square shell-type box with a 1.5 mm thickness was used [131, 132], as shown in Figure 2.5. We properly
designed and constructed five TPMS gyroid latticed square crash boxes using nTop software, each of which
corresponded to one of the five relative densities examined in this work. this as a high-velocity impact
because it is significantly faster than the norm of 5-6 m/s. Thus, test results are expected to provide a
more reliable indicator of the composite lattice or compression box’s resistance in real-world conditions.
The implications of the results of mechanical compression experiments on TPMS-gyroid lattice structures
with relative densities of 14%, 25%, 33%, 38%, and 54% for enhancing the crashworthiness and safety of
automobiles are optimistic. For the purpose of the investigation, a 50 mm x 50 mm x 200 mm square
shell-type box with a 1.5 mm thickness was used [131, 132], as shown in Figure 2.5. We properly
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designed and constructed five TPMS gyroid latticed square crash boxes using nTop software, each of
which corresponded to one of the five relative densities examined in this work.

Figure 2.5: Tllustration of a) Conventional square crush box, b) composite TPMS-gyroid lattices crush
box, ¢) fine meshed latticed crush box using nTop, d) Node extraction from FE volume mesh for applying
BCs and Crash box-lower ram and crash box-upper ram interactions, and e) parameters for simulation
of latticed crush box impact.

2.3 Results

2.3.1 Lattice Samples Density and Porosity Measurement

The density and porosity of FFF-printed PLA TPMS gyroid lattice samples are shown in Table 2.6. The
table displays the average weight, measured actual densities, relative densities, and porosities for various
lattice samples. The findings show that these properties vary significantly across various kinds of lattice
samples. The printed samples’ densities differ from the theoretical density of PLA (1.24 g/cm?®). The
sample identified as CTL14 had the lowest relative density at 14% and the greatest porosity level at
86%. Other samples, such as GTL and WGTL, exhibited greater densities and lower porosities, with
GTL having a relative density of 61% and a porosity of 39%. The differences in measured weights of
the samples show a similar correlation with the changes in density and porosity, suggesting that the
manufacturing process significantly influences these attributes.

2.3.2 The Mechanical Properties and Compressive Response

The stress-strain curves for fused deposition modeling (FDM) 3D printed PLA samples with different
relative densities can be seen in Figures 2.6a through 2.6d. Our results closely support Ashby’s theories,
showing that an ideal energy absorber has a longer plateau phase in the stress-strain curve, with the
plateau stress falling below the protected object’s stress threshold [78]. Figure 2.6a and Figure 2.6b
show the compressive stress-strain curve of Solid printed PLA TPMS lattice with five different relative
density and TPMS lattice type, respectively All three graphs show the elastic, plastic plateau, and
densification areas, with the slowest strain rate exhibiting a longer plastic plateau, indicating improved
energy absorption capacities. The sample with a relative density of 38% is shown in Figure 2.6¢c. The
walled and conventional TPMS gyroid lattice samples are also shown. All these samples show elastic,
protracted plastic plateau, and densification phases. Finally, Figure 2.6d shows the relative densities of

Page 52 of 127



Dawit Bogale Alemayehu PhD Thesis Hokkaido University

five samples ranging from 14% to 54%. The mechanical stress-strain response of the composite TPMS-
gyroid lattice with 33% and 38% relative density are approximately overlapped, indicating repeatability.

Table 2.6: Measured weight, calculated actual densities, relative densities, and porosities of the 3D printed
PLA gyroid lattice samples.

Lattice Measured Aver- Actual Density Relative Density Porosity
Type age Weight (g)  (g/cm?) (%) (%)
GTL 20.38 £2.50 x 1072 0.75£1.93 x 1073 61 39
WGTL 13.08£2.40 x 1072 0.48 +4.10 x 10~* 39 61
CTL14 4.69+238x107%  0.174£9.00x107° 14 86

CTL 25 8.37+1.87x1072 0.31+£6.90x 107* 25 75

CTL 33 11.05+£2.06 x 1072 0.41+7.60 x 107* 33 67

CTL 38 12.704+2.10 x 1072 0.474+7.60 x 107* 38 62

CTL 54 18.084+2.51 x 1072 0.674+9.30 x 10~* 54 46

There were no significant mechanical properties lost during the collapse scenario, except for composite
TPMS-gyroid lattice with relative density lower than 15% (Figure 2-6¢ and Figure 2-6d). This was
expected since stiffness is expressed as the ratio of force to displacement and is directly affected by size
effect [53]. Figure 7 depicts the results of mechanical compression testing at five different relative densities
and five strain stages, with a maximum displacement of 17 mm and a corresponding strain of roughly
60%. Beyond this point, the lattice stops deforming and enters the densification stage. The studied
deformation patterns clearly show the elastic, plastic plateau, and final densification properties.

Figure 2.6: The stress versus strain of a) solid cube PLA printed, b) 54% composite lattice for three
varied strain rates, ¢c) TPMS-gyroid, walled TPMS-gyroid, and composite TPMS-gyroid (38% p/ p), and
d) composite TPMS-gyroid for five varied p/ ps.

The combined results of mechanical compression tests and finite element method (FEM) compression
deformation studies are shown in Figure 2.7. These show that the composite TPMS gyroid lattice
structure fails in two different planes, each with a different cause. The vertical walls collapsing down by
buckling and the horizontal walls collapsing down by bending are the two types of failure modes that our
technique predicted. This duality in failure behavior endows the innovative lattice structure with unique
properties under external compressive pressures, as demonstrated in Figure 2.7.

Figure 2.8 displays the outcomes of tests that put 3D-printed PLA lattices under mechanical com-
pression. The relative densities of the lattices were 14%, 25%, 33%, 38%, and 54%. The experiments
monitored the deformation phases over several strain levels: initially undeformed, then 25%, 40%, 50%,
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Figure 2.7: Vertical buckling and horizontal bending collapse in composite TPMS gyroid lattice under
mechanical compression testing and FEA deformation analysis.

and eventually 60% strain, resulting in a 17.74 mm displacement from the total height of 30 mm. At
the lowest relative density of 14%, both vertical and horizontal lattice walls experienced considerable
mechanical deterioration and fractures. In contrast, the rest of the composite TPMS gyroid lattice struc-
tures resisted mechanical compression. During the tests, the lattices behaved in three different ways: at
25% strain, they failed elastically; at 40% to 50% strain, they entered a plastic plateau zone that showed
permanent deformation; and at 60% strain, densification took over as the walls touched, mimicking the
behavior of solid bulk PLA and preventing any further deformation.

2.3.3 Plastic Plateau Stress and Young’s Modulus

Young’s modulus (the primary axis) and plateau stress (the secondary axis) are shown on a graph in
Figure 2-9a. It shows how these two parameters change for five different relative densities of the composite
TPMS gyroid lattice in both mechanical compression and finite element (FE) simulations. The stress vs.
strain curves of the composite lattice structures is the source of these mechanical properties. The findings
indicate a clear relationship: as the relative density of the composite lattice increases, consequently, the
elastic modulus and plateau stress rise. Both simulated and experimental data exhibit this property.

Table 2.7: Percentage error between experimental and simulation results for Young’s Modulus and plateau
stress with corresponding standard deviation across.

Relative Experiment Simulation Error Experiment Simulation Error
Density  (Elastic Mod- (Elastic Mod- (%) (Plastic (Plastic (%)
ulus, MPa) ulus, MPa) Plateau, Plateau,
MPa) MPa)
14% 6.34 +£0.10 5.96 +0.10 6.05 0.36 £0.10 0.36 £0.10 0.21
25% 32.24 +0.35 30.10 £ 0.35 6.64 1.48 +0.35 1.48 +0.35 0.02
33% 90.47 £ 1.08 83.62 £ 1.12 7.57 4.43 +1.08 4.44+1.12 0.35
38% 93.66 + 1.08 87.27+1.10 6.82 4.44 +1.08 4.45+1.10 0.09
54% 176.93 £ 3.75 163.98 + 3.55 7.32 8.83 +3.75 8.83 +3.55 0.03

The highest and lowest percentage errors, when comparing the Young’s modulus between the findings
of the simulation and the experiment, are 9.21% and 10.02%, respectively. In contrast, the highest and

Page 54 of 127



Dawit Bogale Alemayehu PhD Thesis Hokkaido University

Figure 2.8: Mechanical compression across strain stages in 3D-printed PLA lattices with variable relative
densities.

lowest percentage errors between the simulation and experiment data for the plateau stress are 0.017%
and 0.22%, respectively. For the mechanically compressed composite lattice structure, the percentage
error in Young’s modulus is greater than the percentage error in plateau stress. This indicates that the
finite element analysis accurately captured the plastic plateau zones. The current study stands out from
previous studies due to successfully capturing all three regions of the stress versus strain curve from
mechanical compression testing using the multilinear plasticity hardening model [3, 133], as shown in
Figures 2.9a and 2.9b. Table 2-6 displays the percentage errors between the simulation and experimental
results for Young’s modulus and plateau stress. This demonstrates how accurate the models were, as well
as how they varied for different relative densities of TPMS gyroid lattices. This is important for making
sure that the models used in the study are accurate.

2.3.4 Gibson-Ashby Power Fitting Analysis

Figures 2.9b and 2.9c show the results of mechanical compression tests and finite element method (FEM)
simulations, which give a detailed investigation of the mechanical properties associated with varying
relative densities in composite TPMS gyroid lattice structures. Experimental findings show that increasing
the relative density of the structures significantly increases both the relative modulus and the plateau
stress. Specifically, for the TPMS Gyroid composite structure, the experimental values for nl1 and C1
are 0.45 and 2.52, respectively. The FEM simulations confirm these results, showing slightly altered
values of 2.49 for nl and 0.43 for C1. Figure 3-9b clearly shows the steady rise across multiple relative
densities (14%, 25%, 33%, 38%, and 54%), as well as the fact that the relative modulus of the 54%
composite TPMS Gyroid structure is approximately five times that of the 14% relative density composite
lattice. This wide range of mechanical properties highlights the material’s structural integrity’s reactivity
to variations in relative density. The research highlights the disparities in mechanical performance,
notably the mismatches between experimental and simulated data, which become more prominent at
increasing densities. Figures 2-9b and 2-6b show variations in relative modulus and plateau stress as
relative density rises in composite TPMS gyroid lattice structures. These modifications are based on
both mechanical compression testing and finite element analysis (FEA) simulations. As relative density
rises, the experimental and simulation results diverge, notably in terms of relative modulus and plateau
stress. Simulation findings of 1.04 and 2.47 closely match the experimental values of 1.05 and 2.44 for C2
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Figure 2.9: Visualization of composite TPMS gyroid lattice structures, detailing mechanical properties
and modeling: (a) Correlation among Young’s modulus, lattice plateau stress, and relative density;
(b) Gibson-Ashby power fitting analysis showing the relationship between relative plateau stress and
Young’s modulus as a function of relative density; (¢) Modified Gibson-Ashby power fitting showing the
dependency of relative plateau stress on relative Young’s modulus.

and n2, respectively, showing a tight correlation but noticeable variances as density varies. This pattern
is obvious in the data from the different relative densities evaluated, with significant differences becoming
more prominent as densities increase. Specifically, under experimental conditions at 54% density, the
relative plateau stress is roughly 0.2, which is over 20% higher than the simulated value of 0.18. The
findings shown in Figures 2.9b and 2.9c, as well as further investigations, demonstrate that relative
density is critical in defining the mechanical properties of composite TPMS gyroid lattice structures.
Notably, both modeling studies and mechanical compression measurements show that changes in relative
density have a considerable influence on relative plateau stress in five distinct kinds of these structures.
The modified Gibson-Ashby model shows that there is a complex relationship between relative Young’s
modulus and relative plateau stress, as shown in Figure 2.9¢. Data fitting from this research yields values
for n3 and C3 of 0.96 and 2.32, respectively, in experimental settings, whereas simulation results deviate
slightly at 0.96 and 2.20, demonstrating minor differences but general consistency in trends across various
relative densities. The findings clearly show that the relative stiffness of these lattice structures has an
integrated impact on their strength ratio, which is critical for their design and function.

2.3.5 Microstructure of Undeformed and Deformed Lattice Structure

Figure 2.10 shows side-by-side scanning electron microscopy (SEM) pictures of TPMS-gyroid structures
made by fused deposition modeling (FDM) that are not deformed and are deformed. The photos show
the microstructural features before and after mechanical compression, highlighting the tiny morphological
changes caused by applied stresses. The first SEM pictures, taken at a magnification of 25X, show the
microstructure of the lattices that haven’t been deformed. They show clear layers of different sizes and
non-melted filament-bonded particles in a sample that has a relative density of 14%. Post-deformation,
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improved 100X magnification photos indicate considerable changes: the 14% density sample has severe
mechanical deterioration, with broken layers and clearly distorted holes, while the 54% density sample
has bending-dominated behavior, with layers bending evenly.

Figure 2.10: SEM images of five relative density FDM-printed composite TPMS-gyroid structures in their
original (undeformed) and mechanically compressed (deformed) states, captured at magnifications of 25X
and 100X, respectively.

2.3.6 FEM Simulation of Mechanical Compression and Validation of Stress-
Strain Curve

Mesh Convergence Study

A mesh sensitivity study is critical for improving finite element analysis’s accuracy, stability, and com-
puting efficiency. As a result, we conducted a mesh convergence investigation, concentrating specifically
on the CTL with a relative density of 54%. We examined the following seven finite element mesh sizes:
0.8 mm, 0.6 mm, 0.4 mm, 0.35 mm, 0.3 mm, 0.25 mm, and 0.2 mm. These sizes correspond to element
counts of 588,453, 735,566, 919,458, 1,379,187, 1,746,970 and 1,838,917, respectively. The simulation
set the dynamic compression displacement to 58.89% of the real lattice height, which corresponds to the
FDM printing orientation. Figure 11 shows the stress-strain curves obtained from simulations with varied
mesh sizes. The differences between curves for mesh sizes 0.25 mm and 0.2 mm are negligible. To balance
computational performance, cost, and accuracy, we chose a 0.25-mm mesh size for all lattice designs.
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Figure 2.11: The mesh sensitivity study for CTL with 54% relative density effect on stress-strain response.

Figure 2.12: The stress-strain curves alongside their corresponding finite element analysis (FEA) vali-
dations for: (a) the standard TPMS gyroid lattice, the walled-TPMS gyroid lattice, and the composite
TPMS gyroid lattice with a 38% relative density, and (b) the five unique composite TPMS gyroid lattice
structures with varying relative densities.

Figures 2.12 and Figure 2.13 show how different relative densities affect the mechanical behavior
of composite TPMS-gyroid structures.Figure 2.14 shows how these structures perform under various
situations. The figure displays the deformation and failure mechanisms of these structures. Notably, when
these lattice structures move from the linear elastic area, local buckling events become visible, mainly at
the structures’ bottom portions. After the first yielding point, the stress-strain curve significantly reduces
due to local buckling. Figure 2.12 shows that fractures appear in the bottom parts of the composite
TPMS-gyroid structures at a strain level of 60%, particularly when the relative density is 14%. Finite
element (FE) simulations further support these findings by demonstrating how, between strain levels of
50% and 60%, a homogeneous deformation pattern is seen throughout all composite lattice structures,
often accompanied by self-contacting.

These results are important because they provide a further understanding of the reasons for structural
failure in composite TPMS-gyroid structures and might lead to improvements in their use in a variety
of applications. mechanical compression testing at five different relative densities and five strain stages,
with a maximum displacement of 17 mm and a corresponding strain of roughly 60%. Beyond this point,
the lattice stops deforming and enters the densification stage. The deformation patterns studied clearly
show the elastic, plastic plateau, and final densification properties.
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Figure 2.13: FEA simulation of composite TPMS gyroid lattices with variable relative densities across
five different strain Stages under 3D-Printed PLA lattices with variable relative densities.

2.3.7 Energy Absorption

The significance of energy absorption in the testing of materials is crucial. The parameter in question
is energy absorption per unit volume of the specimen. To effectively represent the degree to which a
material can absorb energy during deformation, this measure can often be expressed geometrically by the
area confined under the stress-strain curve. It is important to describe the PLA Composite TPMS Gyroid
Lattice so that we can figure out how much energy it can hold when it is compressed mechanically. The
pictures 2.15a through 2.15d show how the energy absorption of composite TPMS gyroid lattices changes
when they are compressed mechanically at different relative densities. These graphs show the measurable
energy absorption per unit volume, expressed as the area under the stress-strain curves. Figure 2.15a
shows a linear rise in energy absorption with strain, showing that as strain grows, so does the material’s
capacity to absorb energy, especially in the elastic-plastic phase. This pattern is shown graphically in
Figure 2.15b, which plots normalized cumulative energy absorption per unit volume against normalized
Stress.
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Figure 2.14: The (undeformed) and (deformed) mechanical compression testing along with their corre-
sponding simulations for five relative density FDM printed and FE meshed CAD models of the composite
TPMS-gyroid.

This shows that the efficiency of energy absorption is related to strain. In addition to these results,
Figures 2-15¢ and 2-15d show different stages of energy absorption with relative densities ranging from
14% to 54%. They do this by plotting energy absorption efficiency and the ideality of energy absorption
efficiency over different strains. We can see on the graphs how composite TPMS gyroid structures respond
to compressive loads. It is important to note that the structures become more efficient at absorbing energy
as they are stretched, and they work best at certain strain levels that correspond to different densities.
Figure 2-15a shows the correlation between strain and energy absorption at various relative densities.
The bioinspired composite TPMS gyroid foam absorbs less energy during the elastic-plastic phase, based
on results. This decline is primarily due to the energy absorption mechanism being dependent on pore
structure collapse, which is predominantly observed in the plateau region. As strain increases, energy
absorption exhibits a linear correlation with strain, which is remarkable. It is possible to see a power
function relationship between energy absorption and strain at lower relative densities because this type of
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Figure 2.15: The performance of five composite TPMS gyroid lattice structures, detailing: a) the cumula-
tive energy absorption per unit volume in MJ/m? as a function of strain, b) normalized energy absorption
per unit volume versus normalized Stress, utilizing the bulk PLA elastic modulus, c¢) energy absorption
efficiency in relation to strain, and d) the ideality of energy absorption efficiency versus strains.

biopolymer foam has strain hardening and a high plastic modulus. As densification strain approaches, the
energy absorption of the composite lattice foam increases dramatically in response to stress. Densification
phases are observable even in low-relative-density composite lattices, which were not discernible in the
stress-strain curves produced in this investigation. Because of the results, the composite TPMS gyroid
lattice, which has normalized energy absorption and stress, seems to be a great model for creating foam
structures out of a group of PLA materials that are designed to absorb energy. The complex relationship
between strain and energy absorption efficiency across five different relative densities are shown in Figure
2.15¢. This figure makes an evident of the peak energy absorption efficiency, which is characterized by
values ranging from 0.34, 0.37, 0.38, 0.39, and 0.43, corresponding to relative densities of 54%, 14%, 33%,
38%, and 25%, respectively. Energy absorption efficiency in PLA composite TPMS gyroid foam, which has
these five relative densities, peaks with increasing deformation during mechanical compression and then
gradually declines as strain continues to rise. It peaks during the compression deformation phase when
strain is increasing and then progressively decreases as strain keeps rising. Nevertheless, when it reaches
its maximum within the range of relative densities from 33% to 38%, energy absorption efficiency stays
constant, showing remarkable resistance to increasing deformation extents. It’s interesting that when the
relative density is higher and the strain-hardening effect is amplified at the plateau stage, the presence
of larger pore walls leads to a higher plastic modulus. The maximum energy absorption efficiencies
correspond to strains of 0.46, 0.51, 0.51, 0.53, and 0.55, respectively. It’s interesting that these strain
values are a lot like the densification strain on the stress-strain curve. This means that the PLA composite
TPMS gyroid foam works best as an energy absorber when all its pores are compressed. By expanding
our focus to Figure 2.15d, we investigate the interesting range of ideal energy absorption efficiency with
respect to strain across a range of relative densities. Figure 2.10d shows that peak ideal energy absorption
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efficiencies of 0.90, 0.93, 0.94, 0.955, and 0.97 can be seen across a range of relative densities from 14%
to 54%. When these efficiencies are at their peak, the corresponding strain values are 0.21, 0.16, 0.19,
0.18, and 0.23, respectively. A pattern becomes apparent: with decreasing relative densities, the optimum
energy absorption efficiency becomes convincingly close to 1. The complex interaction between the plastic
modulus and relative density during the plateau phase is what causes this effect. Composite TPMS
gyroid PLA foam hardens in amazing ways as relative densities rise, acting a lot like the best materials
for absorbing energy when they are compressed.

Maximum energy absorption and Densification strain

Figure 2.16 show the peak energy absorbed by the five composite TPMS Gyroid Lattice structure during
Mechanical compression and its corresponding densification strain. The composite TPMS Gyroid TPMS
with 14% relative density absorbed the lowest energy per volume at 56.05% deformation.

Figure 2.16: The maximum energy absorption and corresponding densification strain in five composite
TPMS Gyroid lattice structures subjected to mechanical compression.

This is due to its lowest strength to overcome buckling and bending dominated deformation during
mechanical compression. And this result coincides with both SEM and mechanical property result in
this study which reinforce clearly that size effect leads to the mechanical property deterioration of lattice
structure below 15% relative density. And 5.54 MJ/ m3, absorbed at 56.70% strain by the composite
lattice with 54% relative density.

2.3.8 Case Study on Composite TPMS Gyroid Latticed Crash Box

Figure 2.17 shows the displacement contours of composite TPMS gyroid lattices exposed to a high-speed
impact of 15600 mm/s for 12.5 msec at five different relative densities—54%, 38%, 33%, 25%, and 14%.
The findings reveal a clear trend: the lowest relative density of 14% causes the most displacement,
indicating considerable deformation under impact, while the highest density of 54% causes the least
displacement, implying higher structural resistance.

Figure 2.18 depicts the Von Mises stress contours for the same latticed crash boxes under similar
impact circumstances as seen in Figure 2.17. It demonstrates that the lattice with a 54% relative density
withstands the largest stresses before yielding, in stark contrast to the 14% density lattice, which has
the lowest stress resistance and is vulnerable to early material failure under comparable impact loads.
Figure 2.19a depicts the force-versus-displacement behavior of composite TPMS gyroid lattices under
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Figure 2.17: Maximum von Mises stress contour result from simulation of Lattice Crash Box at Impact
Speed of 15600 mm/s for 12.5 msec with Relative Densities of; a) 14%, b) 25%, ¢) 33%, d)38%, and e)
54%.

high-speed impacts at the same densities. This figure demonstrates a significant range in mechanical
response; the highest density of 54% has the greatest resistance to force, while the lowest density of 14%
has considerable compliance, suggesting a lower threshold for force absorption. Figure 2.19b shows the
strain energy absorption over time for composite TPMS gyroid lattices exposed to high-speed impacts. It
demonstrates that larger relative densities greatly reduce the densification phase while increasing strain
energy storage capacity, implying more effective energy management under dynamic impacts.
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Figure 2.18: Maximum displacement contour result from simulation of Lattice Crash Box at Impact
Speed of 15600 mm/s for 12.5 msec with Relative Densities of; a) 14%, b) 25%, ¢) 33%, d)38%, and e)
54%.
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Figure 2.19: The analysis of five crash boxes, each constructed from a corresponding composite TPMS
gyroid lattice structure, depicting a) the relationship between force and displacement, and b) the variation
of strain energy with respect to the time duration leading to the densification phase.

2.4 Discussion

Table 2.5 shows the complicated connection between manufacturing factors and the material properties
of 3D-printed TPMS gyroid lattices. The different densities and porosities show how the FFF printing
process affects the consistency and compaction of the material. Notably, the CTL14 sample has an ex-
traordinarily high porosity of 86% with a relative density of just 14%, suggesting considerable material
reduction during printing. This degree of porosity is beneficial for lightweight constructions, but it raises
worries about mechanical degradation, especially in situations where structural integrity is critical. Such a
high porosity is required for biomedical applications because it promotes bone ingrowth and osseointegra-
tion, resulting in improved implant biomechanical compatibility. However, the trade-off is the possibility
of diminished mechanical strength, particularly in constructions with relative densities less than 15%,
where the size effect may result in an unfavorable weight-to-strength ratio. Lower porosity and higher
density, as shown in GTL and WGTL, may be better suited to structural applications requiring greater
strength. These results show that FFF printing can make lattice structures with different densities and
porosities to meet many different functional needs. This will help with improving lattice design and the
manufacturing process, so it works better in both industrial and biomedical settings.

A detailed stress-strain analysis is shown in Figures 2.6a to 2.6d. It shows how different strain rates and
cell densities change the mechanical behavior of 3D printed lattice structures. It also shows how design
parameters affect how well they absorb energy and how safe they are in crashes. Notably, the longer
plastic plateau seen in the 54% relative density sample at slow strain rates (Figure 2.6b) shows the best
way to lose energy. This is in line with Ashby’s theory that the best energy absorber has a longer plateau
phase to make it safer in crashes by absorbing energy over time. This conclusion is critical for applica-
tions in automotive and aircraft safety systems because bending-dominant foam-like materials outperform
stretch-dominant structures in terms of energy management. Furthermore, the mechanical failure in the
14% relative density sample (Figure 2.6d) due to high porosity and size effects highlights the difficulties
in developing lattice structures that balance porosity and mechanical integrity. The repeatability of me-
chanical responses in composite TPMS-gyroid lattices with 33% and 38% relative densities shows that
these configurations can be relied on to perform consistently in demanding applications. This shows that
custom 3D printed materials are a good choice for fields that need advanced material solutions.

The mechanical behaviors shown in Figure 2.7 show how the lattice structure performs under compressive
loads, especially in terms of its mechanical properties, effects of size, and ability to absorb energy. Early
failure and deterioration at 14% relative density show the size effect, where materials with lower densities
have weaker mechanical integrity and break down before they should underload. This is critical in crash-
worthiness applications where controlled deformation is essential to energy absorption. The change from
elastic failure to a plastic plateau and then to densification at higher stresses shows that the lattices can
slowly take in and spread-out energy, which makes the aerospace and automotive industries safer. The
clear plastic plateau phase in higher density samples shows better energy absorption, which is better in
crashworthiness situations because it lets the structure absorb impact energy for a longer time before it
densifies, keeping sudden forces from reaching protected objects. This long and smooth plateau phase
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is common in bending-dominant foam structures rather than stretch-dominant ones. It makes it easier
for forces to spread out evenly throughout the structure, which improves safety and efficiency in energy
absorption applications by making the material better suited to certain mechanical thresholds.

Figure 2.8 shows the results of the mechanical compression tests and finite element method (FEM) in-
vestigations. It shows that the vertical walls of the composite TPMS gyroid lattice structures fail by
buckling, while the horizontal walls fail by bending. This duality in failure behavior reshows how the
orientation and structural alignment of the lattice affect its reaction to external compressive stress. When
the compressive load is higher than the critical buckling load, vertical walls usually buckle, causing rapid
lateral deflection. When the flexural stress is higher than the material’s yield strength, horizontal walls
bend, causing progressive deformation. This discrepancy in failure modes shows not only the lattice
structure’s anisotropic mechanical capabilities but also the need for careful design and optimization of
such systems to properly exploit their unique features. In automotive crashworthiness, the ability to
manage and anticipate how components deform upon impact is critical. Automotive components such as
bumpers and crash zones, crucial for absorbing and dispersing energy after a collision, can strategically
utilize the outlined buckling and bending behaviors. Designing these components with a lattice structure
that buckles and bends under predefined weights allows for maximum absorption of kinetic energy from
a collision, reducing the force imparted to the vehicle’s passengers. Specifically, the buckling of vertical
walls in the lattice may be used to generate crumple zones that collapse in a controlled way, gradually
absorbing energy during an impact. This controlled deformation serves to lower the peak forces encoun-
tered by the vehicle and its passengers, which is an important part of an excellent crashworthiness design.
Similarly, bending horizontal walls provides a layer of flexibility and durability, enabling the structure to
deform without breaking, preserving integrity under stress, and increasing energy absorption capacity.
Figure 2.9a and Table 2.6 show that relative density has a significant impact on the mechanical properties
of TPMS gyroid lattices, particularly Young’s modulus and plateau stress, which are critical for applica-
tions requiring robust mechanical performance, such as automotive crashworthiness. As relative density
rises, the lattices become stiffer and stronger, which are important properties for resisting deformation
and retaining structural integrity upon impact. Higher plateau stress suggests a greater capacity to ab-
sorb and release energy before achieving densification, which is an important feature of successful energy
management in crash situations. The accurate capture of these features by FE simulations, as well as
their tight agreement with actual data, validates the models’ dependability, emphasizing their usefulness
in designing novel materials customized to performance needs. This precision is critical, especially when
designing automotive components such as bumpers and crash zones that must fulfill strict safety regu-
lations. The ability to reliably adjust lattice structures to achieve the desired mechanical reactions aids
in the optimization of these components, increasing their energy absorption capacity. Additionally, the
focus on longer, smooth plateau stress in these structures suggests that they work better with bending-
dominant foam structures than stretch-dominant ones. This is in line with crashworthiness standards,
which say that bending deformation is better for absorbing impact energy while keeping the vehicle’s
protective shell integrity.

The increased Young’s modulus and plateau stress, combined with increasing relative density, have far-
reaching implications for material design and use in crashworthiness situations. Figures 2-9b and 2-9c
show that denser TPMS gyroid lattices may make materials used in car safety systems much more stable
and better at absorbing energy. Although the difference between experimental and simulated data is
minor, it gives important insights into mechanical behavior under stress and the effectiveness of existing
simulation models in predicting real-world material reactions. This thorough knowledge of how lattice
structures deform under compression, particularly the various responses at different densities, enables op-
timum design solutions that maximize energy absorption while minimizing danger to vehicle passengers
during crashes. Bending-dominated deformation modes, as opposed to stretch-dominated ones, observed
in these lattice structures are well suited for crashworthiness applications, where materials must ab-
sorb substantial impact energy while maintaining structural integrity. The results are in line with the
Gibson—Ashby model, which suggests that structures exhibiting a deformation exponent n > 2 predom-
inantly deform via bending [134, 135]. This observation confirms that the designed lattice topologies
are promising candidates for advanced energy-absorbing systems in engineering applications. To further
support this, the deformation behavior observed in our study agrees well with prior literature on bending-
dominated architectures. As illustrated in Figure 2.20, bending-dominated lattices display a characteristic
mechanical response: an initial linear elastic regime, followed by a pronounced yield point and a nearly
flat stress plateau, culminating in densification. Unlike stretch-dominated structures, which exhibit lo-
calized and sequential collapse with stress fluctuations, bending-dominated lattices deform in a more
uniform and progressive manner under compressive loads. This uniform collapse mechanism minimizes
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localized stress concentrations and enhances the predictability of energy absorption—an essential feature
in impact-critical applications such as automotive crash components, protective gear, and bio-inspired im-
plants. The post-yield response, marked by a stable plateau and smooth densification transition, further
validates the effective energy dissipation capabilities of bending-dominated architectures, as consistently
observed in our compressive testing results [136].

Figure 2.20: Comparison of deformation mechanisms between stretch-dominated and bending-dominated
lattices. The stress—strain curves depict three stages: (1) linear elastic regime, (2) stress plateau, and
(3) densification. The corresponding images show progressive deformation under compression. Adapted
from [136].

This shows that the materials can be used in advanced engineering tasks. Engineers can use these
findings to design vehicle components that not only meet stringent safety standards, but also contribute
to the overall resilience and performance of safety systems in crash scenarios, resulting in vehicles that
provide greater protection and durability in accidents.

Figures 2.9b and 2.6b demonstrate that relative density has a significant impact on the mechanical
properties of composite TPMS gyroid lattices, particularly relative modulus and plateau stress. The di-
vergence between experimental and simulated data as relative density increases highlights the difficulties
in accurately predicting material behavior under varying conditions. In crashworthiness applications,
the precision of mechanical property assessment plays a crucial role, directly influencing the design and
efficacy of vehicle safety systems. The increased relative modulus and plateau stress with density improve
the lattice’s capacity to absorb and disperse energy more effectively, which is an important property for
materials used in car safety components like crumple zones and bumpers. These results align well with
the Gibson-Ashby model, which elucidates the impact of structural topology and density on mechanical
behavior. These supports using these new materials in safety-critical situations. It says that denser lattice
structures will be stiffer and stronger, better able to handle impact forces, and safer for people inside
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vehicles during crashes. Furthermore, the close yet varying results from experimental and FEA studies
highlight the need for ongoing refinement in simulation techniques to better match real-world outcomes.
This is critical for evolving the crashworthiness sector, where understanding the nuanced behaviors of
engineered materials under impact can lead to vehicles that are not only safer, but also optimally designed
to use new materials that offer superior performance in crash scenarios.

The experimental and simulation investigations’ findings have significant implications for the use of com-
posite TPMS gyroid structures in crashworthiness. The bending-dominated deformation mode observed
in these structures, especially as relative density increases, suggests that they can effectively absorb and
dissipate energy under crash conditions, akin to the behaviors predicted by the Gibson-Ashby model
[125, 126], which indicates a value of n > 2. This model is consistent with the observed data, indicat-
ing that these lattices are well suited to situations where efficient impact energy management is crucial.
The exact link between relative Young’s modulus and plateau stress, especially in structures with higher
relative densities, supports the idea that changing stiffness through design could lead to the best en-
ergy absorption. This personalized method maximizes protective features in automobile safety systems,
thereby improving vehicle crashworthiness. Incorporating these systematic design alterations based on
Boolean subtract operations modifies the architectural shape of the PLA lattice family, enhancing struc-
tural integrity and functional performance under dynamic load situations. This strategic innovation not
only enhances safety results but also makes use of new material science to fulfill the automobile indus-
try’s strict safety criteria. Figure 2.10 SEM study highlights the significant impact of relative density on
the mechanical behavior and structural integrity of 3D-printed TPMS-gyroid lattices. The size impact is
most noticeable in lattices with relative densities as low as 14%, resulting in severe mechanical quality loss
under compressive stresses. The shattered layers and distorted holes seen in the SEM images after defor-
mation demonstrate this degradation. These results underscore the susceptibility of lower-density lattice
systems to mechanical failures, potentially due to insufficient material continuity and structural support
within the lattice. Higher density lattices, on the other hand, show a more durable bending-dominated
deformation mode (54%). This means that more material makes it easier to distribute and handle stress
without breaking completely. These findings emphasize the importance of precise control over printing
parameters in additive manufacturing, as these settings have a significant impact on the microstructure
and, consequently, the mechanical performance of the final product. Understanding these relationships
is critical for optimizing the design and manufacture of lattice structures intended for applications where
mechanical reliability is essential, such as in automotive crashworthiness scenarios, where the ability to
absorb and dissipate energy effectively can save lives. Figures 2.12, 2.13, and 2.14 show important details
about how composite TPMS-gyroid structures behave mechanically at different levels of relative density
and strain. Local buckling occurrences, particularly in the structures’ lower sections as they transition
from the linear elastic area to the first yielding point, highlight a major weakness in structural integrity
at lower densities. The formation of fractures in these places at a 60% strain level, especially at a 14%
relative density, as shown in Figure 2.12, demonstrates the mechanical limits of less dense lattice systems
under high strain situations. Finite element (FE) simulations confirm these experimental findings, ex-
hibiting a homogenous deformation pattern of 50% to 60% strain levels across all densities, often resulting
in self-contacting events inside the structures. Mechanical compression testing further investigates this
consistent deformation behavior up to densification, revealing the three mechanical phases these materials
undergo under compressive stress: elastic, plastic plateau, and densification. These results are very im-
portant for understanding how TPMS-gyroid lattices fail and how their structure changes over time. This
is especially true in situations where the material needs to be very durable and flexible. By identifying the
conditions that lead to local buckling and fractures, we can enhance the design and material composition
of these structures to enhance their performance in practical applications in engineering fields, where
reliable energy absorption and mechanical resilience are crucial.

The full set of data in Figures 2.15a to 2.15d shows how relative density affects the ability of composite
TPMS gyroid structures to absorb energy, which is very important for crashworthiness. The increase in
energy absorption with strain, as shown in the linear correlation in Figure 2.15a, suggests that higher-
density materials are better at managing and dissipating energy under stress, which is an important
characteristic for materials used in automotive safety components such as bumpers and crumple zones.
The change from elastic to plastic deformation phases often results in less effective energy absorption,
as shown by the fact that peak absorption efficiencies start to rise earlier. This is especially true for
materials with lower relative densities (14% to 25%). On the other hand, materials with larger densi-
ties exhibit longer energy absorption capabilities, which is consistent with crashworthiness requirements
where sustained energy dissipation is critical.

Figures 2.15¢ and 2.15d show that as relative densities go down, the best energy absorption efficiency
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gets closer to 1. This shows that the best energy management happens during the plateau phase of
deformation. These findings on composite TPMS gyroid structures’ deformation properties and energy
absorption efficiency not only advance our understanding of material behavior under compressive loads
but also inform the design and optimization of materials for enhanced safety in automotive applications,
leveraging the unique properties of additively manufactured lattices to improve crashworthiness. Energy
absorption efficiency and ideal energy absorption efficiency were suggested by previous studies [137], as
methods to measure the energy absorption properties of foam materials for use in their study of vari-
ous forms of energy absorption capacity. The normalized energy absorption properties of the composite
TPMS gyroid structures are shown in Figure 2.15b. This graphical representation assigns logarithmic
values to two significant ratios: The lattice stress to Young’s modulus of solid PLA material (6*/Eg) and
the total energy absorption to the elastic modulus of bulk PLA materials (W, /Eg). The graph contained
in this representation shows the relationship between strains and the cumulative energy per unit volume.
One can gain a more comprehensive understanding of the different compression phases by implementing
these logarithmic modifications. To elucidate the intricate mechanisms underlying energy absorption in
diverse architectural configurations, Gibson and Ashby initially introduced the concept that serves as
the foundation for the aforementioned mathematical expression [84, 88, 101, 138]. This normalized
graphical curve is one of the most effective methods to show how foam structures maximize energy ab-
sorption while minimizing stress. Figure 2.15b depicts three unique zones that give varied information
on compression-phase energy absorption properties based on altering slopes of the curves. The elastic
deformation phase of composite TPMS gyroid structures correspond to Region I. The pictures above show
that TPMS Gyroid structures with relative densities of 14% and 25% fail, even though they only absorb
a small amount of energy when they are compressed. The reason for this limitation is due to the size
effect of the Gibson and Ashby composite gyroid lattices with relative densities of 25%, 38%, and 54%.
Based on such findings, this lattice structure seems to be an excellent match for use in impact-resistant
applications since it mimics foam structures. models. The entire structural collapse of the composite
TPMS gyroid lattice provides a large increase in energy absorption with minimal stress increases as we
investigate Region II. This behavior is most noticeable in Composite TPMS Gyroid designs, on the other
hand, have steeper curve slopes, indicating a quick rise in energy absorption even for minor variations in
stress. Prominent inflection points demonstrate that composite lattices enter the densification phase in
Region III at all five relative densities.

Figure 2.16 shows the results, which are very important for the use of composite TPMS Gyroid lattices
in crashworthiness applications where absorbing energy is a key function requirement. The demonstrated
decrease in energy absorption capabilities at lower relative densities (14%), underscores the limitations
of implementing less dense lattice structures in vehicle safety-critical areas. This constraint is due to the
size effect, in which smaller, less dense structures are more prone to mechanical property deterioration
under stress, resulting in buckling and bending deformations. This is especially problematic in accident
conditions, when the capacity to absorb large amounts of energy might influence the degree of occupant
injuries. On the other hand, the denser (54% relative density) lattice structures absorb energy much
better, which suggests they could be useful in areas that need more strength and energy absorption.
Car designs might deliberately incorporate denser lattices like these to enhance crumple zones and other
safety measures, which disperse energy to reduce the impact forces experienced by car passengers. By
combining the requirements of contemporary crashworthiness standards with the mechanical benefits of
high-density lattice designs, this strategic integration might maximize the overall safety profile of the
vehicle.

2.5 Conclusions

This study includes an intensive investigation of the mechanical behavior of five different kinds of com-
posite TPMS latticed structures. These structures were designed by combining walled-TPMS and normal
TPMS gyroid lattices using the Boolean subtraction technique. After that, they were 3D printed from
PLA using fused deposition modeling (FDM). The study explores the mechanical properties and energy
absorption capabilities under dynamic mechanical compression loading. And examine the stress-strain
response and deformation modes at various relative densities. Experimental and numerical simulations
are both included in the broad scope of this study. The impacts of five different relative densities (14%,
25%, 33%, 38%, and 54%) on the mechanical properties and energy absorption efficiency of the TPMS
structures are the most significant findings. The following results reflect the conclusions that have been
drawn from the current study.
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A newly created composite TPMS gyroid lattice, created by Boolean subtraction, exhibits a defor-
mation mode that is primarily bending, which is consistent with idealized gyroid and ligament-based
TPMS behaviors.

The 54% relative density crash box has a significantly shorter densification phase while having a
larger strain energy storage capacity than the 33% and 38% relative density crash boxes, which
show ideal energy absorption prior to densification.

The findings suggest that the composite TPMS gyroid lattice, with its normalized stress and energy
absorption, is an excellent model for fabricating foam structures from a class of PLA materials
engineered for energy absorption.

Our findings support the Gibson-Ashby model by confirming the significant influence of relative
density on the mechanical properties of composite TPMS gyroid lattices. They also emphasize the
importance of tailoring lattice structure to optimize energy absorption capabilities.

A comprehensive force-displacement and strain energy-time analysis elucidates the mechanical be-
havior of latticed crash boxes when subjected to impact. This analysis has significance for the
advancement of design and implementation in high-impact scenarios.

According to the study, composite TPMS gyroid-latticed crash boxes with lower relative densities
outperform in energy absorption and deformability, particularly at 25% density, which provides an
optimal balance of displacement capacity and mechanical rigidity, promising improved crashworthi-
ness for automotive safety applications.

This study gives a comprehensive examination of composite TPMS gyroid lattices intended for
optimum energy absorption, which is critical for improving automobile safety. This study not
only investigates the mechanical reactions under compression but also demonstrates the lattices’
applicability in dynamic automobile settings by combining walled-TPMS and regular TPMS gyroid
lattices using Boolean subtraction and FDM for manufacture.

The use of these structures in car crash boxes demonstrates their capacity to increase impact
resistance and safety. Specifically, the 33% and 38% relative density crash boxes have superior
energy absorption properties that outperform lesser density arrangements, making them appropriate
for high-impact applications in vehicle design.This verifies the design’s effectiveness in real-world
automotive applications, particularly for boosting vehicle crashworthiness, thereby leading to safer
and more robust automotive structures.

In conclusion, this study successfully delineates the boundaries of optimal energy absorption and
accurately models plastic plateau regions by combining mechanical compression testing with finite
element analysis to improve our understanding of the behavior of composite lattice structures built
using FDM 3D printing from blue PLA material under stress.
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Chapter 3

HYBRID BIOMECHANICAL
DESIGN OF DENTAL IMPLANTS:
INTEGRATING SOLID AND
GYROID TPMS LATTICE
STRUCTURES FOR OPTIMIZED
STRESS DISTRIBUTION

This chapter describes a fully and hybrid latticed design strategy for dental implants that uses
sophisticated CAD software and finite element analysis (FEA) to optimize stress distribution
and improve biomechanical stability.

3.1 Introduction

The lattice structure, a subset of the triply periodic minimum surfaces (TPMS) family, has a highly inter-
woven and sophisticated structure, with the gyroid TPMS lattice standing out as a particularly notable
subtype [139, 140]. In recent years, a unique type of sophisticated biomimetic lattice structure known
as triply periodic minimum surfaces (TPMS) has received a lot of interest in the field of bone tissue
engineering. These structures are distinguished by their distinct periodic geometric variations in three
coordinate directions and their zero-mean curvature, making them ideal for the tissue engineering sector
[141]. Many industries, particularly dental applications and the broader field of tissue engineering, praise
this structure for its immense potential [142]. Its intricate and precision-driven design is ideal for incor-
poration into dental implants, where rigorous standards are required [143]. The gyroid lattice enables
the precise adjustment of sophisticated geometric arrangements to meet specific medical requirements.
This potential is the result of taking advantage of cutting-edge 3-D printing technology [144, 145]. The
porous structure of the gyroid lattice makes it ideal for tissue engineering applications [60, 146, 147].
These structures’ particular porosity promotes vascularization and cell proliferation, both of which are
required for implants to successfully integrate with surrounding biological tissues [148—150]. Porous
implant shapes, such as gyroid and Voronoi designs, promote osteointegration by optimizing stress dis-
tribution and opening channels for improved blood flow and nutrient transfer, as shown in bone scaffolds
and hip implants. These properties make porous designs biomechanically and physiologically superior
to solid implants in clinical applications [151, 152]. Throughout the 3-D printing process, precise reg-
ulation of this porosity enables excellent bone ingrowth and osseointegration, crucial for the long-term
success of dental implants [141, 153, 154]. Furthermore, the intrinsic complexity of lattice geometry,
rather than being a disadvantage, is a tremendous benefit in the age of additive manufacturing [60, 155].
The higher porosity of the gyroid TPMS lattice improves both structural integrity and osseointegration
where the implant meets the bone [156—158]. This feature is crucial for the long-term success of dental
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implants by promoting better bone in growth and stability [159, 160]. These structures’ versatility in
responding to many forms of advanced manufacturing, particularly additive manufacturing, emphasizes
their usefulness even more. Since the introduction of additive manufacturing technology, the capacity to
produce intricate and complicated structures such as gyroid TPMS lattices has transformed dental im-
plant design [60]. Among the many current manufacturing processes, laser powder bed fusion (L-PBF)
and other metal 3D printing techniques stand out. L-PBF, in particular, offers a highly effective solution
for creating implants with detailed internal structures [161]. Its capacity to deposit material precisely
layer by layer makes it appropriate for both tissue engineering scaffolds and complicated dental implants
[162—164]. Smaller lattice cell sizes increase stress distribution and mechanical dependability, addressing
limits in manufacturability and load-bearing capability encountered with larger cell sizes, making them
ideal for hybrid dental implant designs [87][165]. Commercially, pure titanium and its alloys are the
preferred materials for these applications because they are known for their superior mechanical qualities
and biocompatibility, making them perfect for medical use [166]. Usually, exact equations regulate the
design and propertiesof lattice structures, which are complex mathematical creations [154, 167, 168].
These elaborate designs are not just theoretical but also have practical applications in a variety of sectors,
owing to the employment of advanced computational tools. CAD software, such as PTC Creo Paramet-
ric, provides robust tools for detailed design and engineering, which is critical for integrating specific
mechanical requirements of lattice structures into functional products [169, 170], whereas nTopology
optimization software stands out for its ability to fine-tune designs for performance criteria, making it
invaluable in optimizing structural efficiency [171]. The gyroid lattice implant demonstrates how these
various software applications may work together to create a very practical and unique design [60, 147,
172]. We used these sophisticated techniques to create the basic CAD model for this implant, showcasing
the flexibility and adaptability of lattice design across diverse applications [173][117, 174, 175]. Engi-
neers and designers can use sophisticated software solutions to push the boundaries of what is possible in
lattice fabrication, resulting in breakthroughs in fields ranging from aerospace to biomedical engineering,
emphasizing the collaborative role of various advanced software in refining and realizing these designs
[106, 175—177]. In research, the finite element method (FEM) is a well-known numerical technique that
not only reduces material waste but also saves money and time, improving overall efficiency in engineering
projects [178—181]. Most FEM research has primarily focused on using quasi-static loading analysis to
effectively simulate the compression behavior of lattice structures, which is critical for evaluating their
structural integrity under varying load situations [180]. However, despite its widespread use, only a few
studies have investigated the possibilities of dynamic explicit analysis [182]. This approach has demon-
strated high dependability in confirming experimental results by precisely mimicking real-world dynamic
impacts and stress conditions that lattice structures may experience [183—186]. The effectiveness of
dynamic explicit analysis in generating informative data and exposing unique response properties under
dynamic loading situations offers a potential field of study that is mostly unexplored [53]. Given this
context, the current work aims to delve deeper into this understudied topic. The main goal of this study
is to use explicit dynamic finite element analysis to fully understand how initially fully latticed dental
implants behave mechanically when they are under dynamic load. Based on these analytical findings,
the project intends to systematically create an optimum dental implant with a novel hybrid design. This
design combines a solid neck with a lattice construction for the rest of the implant, with a focus on
improving biomechanical compatibility and structural stability. The hybrid structure aims to minimize
stress accumulation in crucial areas of the implant, particularly the neck and first thread, which have the
highest risk of failure. Using the finite element method (FEM), this study thoroughly assesses stresses
and strains inside the implant structure, providing a solid basis for improving the suggested design. This
extensive evaluation not only improves the ability to comprehend stress distribution patterns, but it also
allows for implant optimization to better resist physiological loading conditions. We believe that the
inclusion of a square-threaded region would improve the hybrid lattice structure’s capability to optimize
mechanical properties and lower stress intensities more effectively than the fully latticed design, especially
in regulating deformations under cyclic masticatory loading. Finally, the goal of this research is to apply
these enhanced analytical insights to actual implant design advances, therefore creating new standards
in dental implantology and providing considerable advantages to patient care.

Page 72 of 127



Dawit Bogale Alemayehu PhD Thesis Hokkaido University

3.2 DMaterials and Methods

3.2.1 Assembly CAD Model and 2D Drawing

Creo Parametric version 8.0 software precisely designed the dental implant system’s primary components:
including cancellous and cortical bone structures.Each model used an implant length of 13 mm, diameter
of 4.1 mm, and pitch of 0.8 mm, based on the clinically validated Straumann@®) Standard Plus (SP)
dental implant (Straumann, Basel, Switzerland) for biomechanical relevance [53]. As seen in Figure 3.1;
the software assisted in the creation of both two-dimensional drawings and three-dimensional models,
ensuring that all dimensions were appropriately displayed. The primary focus of this design effort is
the implant itself, which will incorporate a Gyroid lattice structure in various configurations, including
both fully and hybrid latticed dental implant designs. This method not only enhances the implant’s
visibility in its functional environment but also enables precise design modifications specifically tailored
to integrate the Gyroid lattice structure efficiently. Both fully and hybrid lattice implants now have a
square-threaded section on the bottom to improve initial stability and clinical survivability (refer to Figure
3.1 and Figure 3.2). This property enhances primary stability during implant placement, especially in
softer bone types. Furthermore, we added an anti-rotational connection to the prosthetic screw-retaining
mechanism to limit rotational movement and maintain a stable, long-term fit between the implant and
prosthetic components.

Figure 3.1: Assembled implant system 3D and 2D drawings.

3.2.2 Dental Implant Lattice Design

Figure 3.2 shows a dental implant filled with a Gyroid lattice structure in two different layouts. These
layouts include fully, and hybrid latticed dental implant designs that use three different cell sizes, which
are 111, 222, and 333.

The three-dimensional (3D) model employed in this work was based on a rectangular slice of cortical
and cancellous bone extracted from a human jaw. We methodically created the original implant design
using PTC Creo Parametric, a powerful Computer-Aided Design (CAD) application. We accurately
established the specific dimensions of each model, which included a length of 14.32 mm, a diameter of 4.1
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Figure 3.2: a) Fully gyroid TPMS latticed, and b) Hybrid dental implant.

mm, and a wall thickness of 0.8 mm. This accuracy in design parameters guarantees that the implants are
ideally structured to fulfill biomechanical criteria and allows for the examination of structural variations
dependent on cell size within lattice designs.

3.2.3 Dental Implant FE-Meshing and Mechanical Properties

Figure 3.3 shows the process of saving the dental implant configurations within the system components
as SAT file extensions. We then export these files to nTopology for the creation of finite element meshes.
Both the fully latticed and hybrid latticed dental implants use three distinct cell sizes: 111, 222, and 333.
We mesh each model using 0.1 mm finite element (FE) sizes and 1.0 mm edge length. 0.1 mm elements
mesh the retaining screw and solid neck in the hybrid lattice. The compact bone and spongy porous bone,
which are crucial for implant stability, are finer meshed around the implant hole, improving the reliability
of stress evaluation in these key locations. On the other hand, we mesh the remaining areas with a
coarser element size of 0.3 mm to effectively manage computational resources while maintaining model
fidelity. This method of precise meshing ensures the appropriate design of every dental implant system
component for structural study, enabling a deeper exploration of the biomechanical propertiespresent in
both fully and hybrid latticed systems. The mesh statistics for the dental implant, its components, and
assembly models are presented in Table 3.2. This method intends to create a biomimetic scaffold that
not only closely resembles the structure of natural bone, but also maximizes the implant’s biomechanical
performance by incorporating strategic design changes. And the physical properties of the materials for
the dental implant, its components, and bones are listed in Table 3.1.

3.2.4 Dynamic Mastication Loading and Boundary Conditions.

Figure 3.4a and Figure 3.4b shows the constructed implant system under dynamic load, using one of
the two latticed implant designs investigated in this work. Dynamic explicit analysis was used to mimic
real-world events that might occur during the implant’s clinical usage. This picture (Figure 3. 4a) shows
the implant when it is loaded at an angle of 78.58 degrees, with forces acting in the mesiodistal, axial,
and buccolingual directions. We subjected the occlusal crown surface to stresses from three different
directions—mesiodistal, buccal-lingual, and apical—to evaluate the biomechanical response of the dental
implant under multi-axial dynamic oblique loading. We strategically delivered force magnitudes of 23.4
N, 17.1 N, and 114.6 N, converging at an ill-defined reference point 3 mm from the occlusal surface
using a multi-point constraint (MPC) technique. We created this arrangement to simulate the complex
pressures experienced during clinical mastication, resulting in an equivalent force of 118.2 N, inclined
at 75.8 degrees relative to the occlusal plane [180, 187]. We reduced the explicit dynamic loading
to a slower rate to replicate the cyclic stress of mastication, typically detected at 2 Hz over a 0.5-
second interval. Furthermore, carefully created boundary conditions mimicked real-world restrictions
at the implant-mandible interface. A six-degree-of-freedom (DoF) Encastre boundary condition held the
implant securely in all three spatial dimensions (X, Y, and Z). This made it possible to replicate the stress
distribution exactly in many directions. With this thorough setup, exact measurements of compressive
and tensile stresses inside the implant system could be made using finite element analysis with ABAQUS
2021. This made the study more reliable.
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Figure 3.3: FE mesh for (a), Fully latticed implant, (b) assembled dental implant, (¢) Hybrid latticed
implant, and (d) zoomed FE mesh details indicated by rectangle.

3.2.5 Contact Definition

This approach adequately predicts stress and strain distributions at the bone-implant interface, which is
critical for assessing implant mechanical performance under a variety of loading circumstances. Nonlinear
contact zones were established at one of crucial interfaces: the implant-bone interactions but for bone-
bone contact a Tie contact constraint, as there should be no relative motion between the cortical and
cancellous bone surfaces. The contact analysis demonstrated how load and deformation are transmitted
between various components. The cortical bone-implant contact was given a friction coefficient (u) of
0.65 [188], while the cancellous bone-implant interface was assigned a value of 0.77 [189]. Furthermore,
the connections between the crown and abutment, the abutment and screw-retaining mechanism, and the
implant and screw-retaining system were designated as bonded connections to provide secure and stable
interaction between these components for maximum load transfer and structural integrity.
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Figure 3.4: Dental implant system, (a) Dynamic mastication loading for 0.5 sec with 2 Hz in a single
cycle, and (b) its components.

3.2.6 Design and Manufacturing Process

We used several integrated stages to develop and manufacture the dental implants suggested .Two novel
designs were created: a totally TPMS (triply periodic minimal surface) gyroid lattice structure with
a square-threaded bottom area and a hybrid design with a solid neck, TPMS lattice middle portion,
and square-threaded lower region. CAD models were made in Creo Parametric version 8.0, and lattice
structures were made in nTop 4.17.3 so that the size of the pores and the thickness of the struts could be
controlled by parameters. Validation was carried out using the 3D finite element analysis (FEA), which
replicated physiological loading conditions to assess stress distribution, durability, and structural integrity.
The Materialise Magics slicing technique improved layer thickness (30-50 pm) and incorporated support
strategies for difficult shapes. Selective Laser Melting (SLM) using Titanium Grade 23 (Ti-6Al1-4V ELI)
was used in additive production, with validated parameters ensuring structural accuracy. Heat treatment
at 650°C for stress relief was followed by surface treatments such as sandblasting, acid etching, and
micro-arc oxidation (MAO) to improve osseointegration and CNC machining for dimensional precision.
Non-destructive testing (e.g., X-ray CT scanning) and mechanical testing (compression, fatigue) were
used for quality control, in accordance with ISO 14801 standards, as well as biocompatibility assessments
according to ISO 10993 criteria. The final sterilization process included gamma irradiation or ethylene
oxide gas, with sterile packing guaranteeing compliance with medical equipment laws. This approach,
underpinned by thorough testing and validation, shows the viability and preparedness of the implants for
clinical use.
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Table 3.1: Mechanical properties of materials for finite element analysis [53, 179, 180].

Material Young’s Modu- Poisson’s Ratio v Density (g/cm?®) Strength
lus £ (MPa) (MPa)
Cortical bone E, =12,600 Vgy = 0.3 1.79 190
E, = 12,600 vy. = 0.253
E. = 19,400 Vpr = 0.253
Vyr = 0.3
Vay = 0.39
Vs = 0.39
Cancellous bone E, =1148 Vgy = 0.055 0.45 10
E, =210 vy, = 0.01
E,=1148 Vg, = 0.322
Vye = 0.01
Vay = 0.055
Vyp = 0.322
Gold abutment * 136,000 0.37 17.5 765
Porcelain 68,900 0.28 2.44 145
Titanium grade 4 * 110,000 0.34 4.5 550

3.3 Results

3.3.1 Cyclic Mastication Loading

Figure 3.6 shows how an oblique dynamic load of 118.2 N is applied to the occlusal surface of a dental
crown in the buccal-lingual, axial, and mesiodistal directions.Human mastication frequencies generally
vary from 0.94 Hz to 2.17 Hz [195], which cor-responds to the physiological chewing patterns investigated
in this work. This loading replicates a 2 Hz mastication cycle, which accurately reproduces the dynamic
stress patterns over a 1.5-second period. The figure depicts increasing load variation throughout the
mesiodistal, buccal-lingual, and apical orientations, revealing a smooth shift in load amplitude. The use
of multi-point constraints (MPC) with a reference point as the master control considerably improved the
accuracy of masticatory force replication, reflecting the complex dynamics found in clinical situations.
The cell sizes of the fully latticed designs were FI-111, FI-222, and FI-333, while the hybrid latticed designs
were HI-111, HI-222, and HI-333. The results of this explicit dynamic loading and the related boundary
conditions closely matched previous findings, demonstrating the simulation’s resilience in representing
real-world biomechanical phenomena.
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Table 3.2: FE mesh statistics of fully and hybrid latticed dental implants, implant components, and their
assembly models.

Component FI-111 FI-222 FI-333 HI-111 HI-222 HI-333
Crown: No. Elements 107,954 107,954 107,954 32,352 32,352 32,352
Crown: No. Nodes 20,670 20,670 20,670 6,658 6,658 6,658
Abutment: No. Elements 85,243 85,243 85,243 23,665 23,665 23,665
Abutment: No. Nodes 17,463 17,463 17,463 5,331 5,331 5,331
Screw: No. Elements 627,098 536,738 536,738 627,098 47,087 47,087
Screw: No. Nodes 121,624 104,716 104,716 121,624 10,674 10,674
Implant: No. Elements 407,478 72,654 37,294 408,753 64,362 25,634
Implant: No. Nodes 134,806 25,465 12,640 126,828 21,636 9,193
Cortical Bone: No. Ele- 75,894 75,894 75,894 75,775 75,775 75,775
ments

Cortical Bone: No. Nodes 16,979 16,979 16,979 16,948 16,948 16,948
cancellous Bone: No. Ele- 76,821 76,821 76,821 755,638 755,638 755,638
ments

cancellous Bone: No. Nodes 14,782 14,782 14,782 136,485 136,485 136,485
Total: No. Elements 1,290,128 955,304 919,944 1,372,798 1,028,407 989,679
Total: No. Nodes 309,416 200,075 187,250 309,700 204,508 192,065

FI-111 = Fully latticed implant with 111 cell size, HI-111 = Hybrid latticed implant with 111 cell size.

Figure 3.5: Oblique dynamic loading distribution at 118.2 N in buccal-lingual, axial, and mesiodistal
directions over a 1.5-second mastication cycle.

3.3.2 Mesh Sensitivity Study

We performed a mesh sensitivity analysis on a completely latticed dental implant with 333 cells. This cell
size was chosen because it is computationally efficient and requires less simulation time (Refer to Figure
3.7) . The walls of the TPMS (Triply Periodic Minimal Surface) lattice with a cell size of 333 require less
travel distance to reach the next layer than lattices with cell sizes of 111 and 222, which require more
travel distance. We investigated element sizes ranging from 0.1 mm to 0.5 mm to see how maximum
stress varies with mesh size. The stress vs. time graphs shows minimal difference in maximum stress
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Table 3.3: Comparison table for current latticed and previous implant design.

Implant Length Thread Type Lattice Structure Type Reference
Long Square Gyroid Triply Periodic Min- Current paper
imal Surface (TPMS)
Ultra-Short Buttress Diamond lattice [Binobaid2024]]
Long V-screw Gyroid and body center cu- [46]
bic octahedron (BCCO)
Long Fully latticed Body center cubic octahe- [190]
dron (BCC)
Long Fully latticed Diagonal lattice [191]
Long V-thread Body-centered cubic (BCC) [192]
Long V-thread Diamond lattice (193]
Long V-thread Gyroid Triply Periodic Min- [194]

imal Surface (TPMS)

between 0.1 mm and 0.15 mm element sizes (refer to Figure 3.7). The ideal mesh size for a fully latticed
dental implant with a cell size of 333 is 0.1 mm, based on the precision required for finite element analysis
and the measured peak stress of 396 MPa.

Figure 3.6: Fully latticed implant with cell size of 333 mesh sensitivity analysis, showing maximum stress
against time with different element sizes.

3.3.3 Maximum Von Mises Stress in Dental Implant Assembly
Fully Latticed Dental Implant

Figure 3.8 presents the highest von Mises stresses that were found in three totally gyroid latticed dental
implants with different-sized cells. The smallest cell-size implant, FLI-111 (1x1x1), has the greatest stress,
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measured at 533.48 MPa. This degree of stress indicates a more concentrated load-bearing capability,
perhaps because of the narrower lattice structure, which may give less distribution room for stress. In
comparison, the FLI-222 implant, with a cell size of 2x2x2, showed a decrease in von Mises stress of
420.11 MPa. This suggests increased stress distribution capabilities, most likely due to the larger cell
size, which allows for more efficient mechanical force distribution over the implant structure. The biggest
cell size studied, FLI-333 (3x3x3), had the lowest von Mises stress of 394.24 MPa. This further decline
implies that the implant’s capacity to disperse mechanical stress increases with cell growth, leading to
reduced total stress levels. Stress concentrations were highest around the implant-bone contact areas,
especially near the holes in the cortical and cancellous bone, as well as the implant neck. Furthermore,
the highest stress was focused at important interfaces such as the crown-abutment, abutment-implant,
screw-retaining, and abutment-implant contact areas.

Figure 3.7: FEA Stress Contour Plots for von Mises stress distributions in assembled and cross-sectioned
views of three fully gyroid latticed dental implants with varying cell sizes: a) FI-111, b) FI-222, and c)
FI-333.

Hybrid Latticed Dental Implant

Figure 3.9 displays how the stresses behave under simulated biting forces for the highest von Mises stresses
in three hybrid gyroid latticed dental implants, whose cell sizes were varied. The HI-111 implant, with
a 1x1x1 cell size design, has a maximum stress of 512.58 MPa. However, HI-222 has a reduced stress
level (407.93 MPa) due to its larger cell size of 2x2x2. Likewise, the largest cell-size implant, HI-333
(3x3x3), had a lower stress value of 366.52 MPa. These findings indicate that among hybrid latticed
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designs, the implant with a smaller cell size suffered the most stress, while both smaller and larger cell
topologies resulted in lower stress levels. In contrast, in the case of completely latticed implants, as cell
size rose from FLI-111 to FLI-333, von Mises stress decreased consistently, demonstrating that larger
cell sizes result in better stress distribution. The hybrid latticed implants, on the other hand, showed a
non-linear pattern, with the largest stress recorded in the medium cell size (HI-222). This was different
from the trend seen in the fully latticed implants. This variation emphasizes the complicated relationship
between lattice structure and stress distribution in dental implants. Stress concentrations were highest
around the implant-bone contact areas, especially near the holes in the cortical and cancellous bone, as
well as the implant neck. Furthermore, the highest stress was focused at important interfaces such as the
crown-abutment, abutment-implant, screw-retaining, and abutment-implant contact areas.

Figure 3.8: FEA Stress Contour Plots for the von Mises stress distributions in assembled and cross-
sectioned views of three hybrid gyroid latticed dental implants, each with different cell sizes: a) HI-111,
b) HI-222, and ¢) HI-333.

3.3.4 Fully and Hybrid Latticed Dental Implant and Retaining Screw

Figure 3.10 and Figure 3.11 shows a comparison of the maximum von Mises stresses for completely gyroid
latticed and hybrid gyroid latticed dental implants, as well as their corresponding retention screws, across
various cell sizes. Fully latticed implants show a clear pattern in which von Mises stress reduces with
increasing cell size. The FLI_111 implant, with the smallest cell size of 1 x 1 x 1, exhibited the highest
stress at 460.25 MPa. This high stress level suggests that smaller lattice cells may concentrate stress
more than larger ones. The FLI_222 and FLI_333 implants, with cell sizes of 2 x 2 x 2 and 3 x 3 x 3,
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respectively, demonstrated reduced stress values of 410.86 MPa and 395.67 MPa. As the cell size increases,
the stress distribution over the implant structure improves, potentially enhancing implant endurance and
performance.

Figure 3.9: Maximum von Mises stress distribution for fully latticed implants: (a) FLI_111, (b) FLI_222,
(c) FLI_333; and for hybrid latticed implants: (d) HI_111, (e) HI_222, (f) HI_333.

The retention screws associated with these implants followed a similar stress pattern (refer to Figure
3.11), with the FLI_111 screw experiencing the maximum stress at 425.11 MPa, followed by 420.11 MPa
and 390.30 MPa for the FLI_222 and FLI_333 screws, respectively. This trend highlights the influence
of cell size not only on the implant body but also on critical components like screws, which play a vital
role in the overall mechanical stability of the implant system. In contrast, the hybrid latticed implants
exhibited a more variable stress distribution pattern. The HI_111, with a cell size of 1 x 1 x 1, had a
stress of 410.25 MPa, lower than its fully latticed counterpart but still significant. The HI 222 and HI_333
implants recorded stress values of 362.98 MPa and 341.60 MPa, respectively, showing a less consistent
decrease in stress with increasing cell size compared to the fully latticed designs. The stresses in the
retaining screws of these hybrid models also varied. The HI_111 screw exhibited significantly lower stress
at 312.58 MPa compared to its fully latticed counterpart, indicating that the hybrid design may influence
stress distribution differently. This difference could be attributed to structural integrity variations or
load-bearing pathways within the implant.
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Figure 3.10: Maximum von Mises stress distribution in retaining screws for various cell sizes: (a) FLI_111,
FLI_222, FLI_333 for fully latticed implants, and (b) HI_111, HI_222, HI_333 for hybrid latticed implants.
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3.3.5 Fully and Hybrid Lattices Dental Implant in Cortical and Cancellous
Region

Figure 3.12 and Figure 3.13 show in detail the highest von Mises stresses in the cortical and cancellous
region that are connected to fully hybrid latticed dental implants at various cell sizes.

Figure 3.11: Maximum von Mises stress distributions for fully gyroid latticed dental implants across
various cell sizes in the cortical region: (a) FLI_111, (b) FLI_.222, (¢) FLI_333; and in the cancellous
region: (d) FLI_111, (e) FLI_222, (f) FLI_333.

The von Mises stress results for the fully latticed implants (FLI-111, FLI-222, and FLI-333) show
considerable differences depending on cell size and bone type. FLI-111 had the maximum stress in the
cortical bone at 148.70 MPa, indicating a significant concentration of stress, especially in the implant-
bone interface around the neck, where the implant and bone are in close contact. This region is crucial
because it absorbs the majority of mechanical stresses during mastication. In contrast, FLI-333 exhibits
the lowest stress in cortical bone at 81.05 MPa, suggesting a more advantageous stress distribution that
may improve implant lifetime and lower the risk of bone resorption. In Figure 3.12d, the FLI-111 again
records increased stress at 9.89 MPa for the cancellous region. This is consistent with studies in cortical
bone and highlights a pattern in which smaller cell sizes could aggravate stress concentrations, particularly
around the implant neck and hole. Meanwhile, FLI-222 and FLI-333 exhibit lower stresses (7.64 MPa
and 4.72 MPa, respectively), suggesting that smaller cell sizes may reduce stress peaks in less dense
bone formations. The stress levels in the cortical and cancellous bones for hybrid gyroid latticed dental
implants with a solid neck (HI-111, HI-222, and HI-333) are shown in Figure 3.13. The HI-111 model
has the maximum stress level inside the cortical bone (118.64 MPa). The implant hole, a crucial area
where the implant closely contacts the bone, concentrates this peak stress. Such high stress concentration
is important because it shows places where the implant’s structure and overall therapeutic performance
could be damaged. This suggests that the HI-111 cell size and lattice design may not be as good at
distributing stress. In contrast, the HI-222 implant exhibits substantially lower stress levels, with 97.27
MPa in cortical bone and a remarkably low 6.12 MPa in cancellous bone. These results indicate that
the HI-222’s lattice structure and cell size are very efficient in distributing stress throughout the implant
structure. This optimum stress mitigation not only increases the implant’s longevity but also reduces the
likelihood of bone resorption and implant failure, suggesting better biomechanical performance compared
to its contenders.
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Figure 3.12: Maximum von Mises stress distributions for hybrid gyroid latticed dental implants across
various cell sizes in the cortical region: (a) HI_111, (b) HI_222, (c) HI_333; and in the cancellous region:
(d) HI_111, (e) HI_222, (f) HI_333.

3.3.6 Fully and Hybrid Latticed in Crown and Abutment

The highest von Mises stresses can be seen in Figures 3.14 and 3.15, which show the crown and abutment
parts of fully and hybrid latticed dental implants with three different cell sizes.

Figure 3.13: Maximum von Mises stress distributions for fully gyroid latticed dental implants across
various cell sizes in the crown: (a) FLI_111, (b) FLI_222, (¢) FLI_333; and in the abutment: (d) FLI_111,
(e) FLI_222, (f) FLI_333.

The crown components of fully latticed implants (refer to Figure 3.14) had relatively higher in FLI-
111, with 18.66 MPa, and lower stress values, with, FLI-222 at 5.18 MPa, and FLI-333 at 4.88 MPa. On
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the contrary, the abutment components in the same group experience notably higher stresses: FLI-111 at
741.15 MPa, FLI-222 at 641.13 MPa, and FLI-333 at 573.56 MPa. Conversely, the hybrid latticed implants
(refer to Figure 3.14) demonstrate comparatively lower stress levels in the crown compared to their fully
latticed counterparts, with HI-111 at 15.03 MPa, HI-222 at 4.88 MPa, and HI-333 at the lowest at 4.04
MPa.The abutment stresses in these hybrid models are much higher, resulting in a stiffer dental implant
for stress distribution: HI-111 672.38 MPa, HI-222 581.92 MPa, and HI-333 492.72 MPa. Compared to

Figure 3.14: Maximum von Mises stress distributions for hybrid gyroid latticed dental implants across
various cell sizes in the crown: (a) HI_111, (b) HI_222, (c) HI_333; and in the abutment: (d) HI_111, (e)
HI 222, (f) HI_333.

fully latticed designs, hybrid lattice implants show a more uniform distribution of stresses between the
crown and the abutment, as well as lower stress levels in the abutment. The hybrid arrangements provide
much lower stress in the abutment portion compared to their completely latticed counterparts, suggesting
possibly greater mechanical performance in clinical situations. Furthermore, within each configuration,
the crown consistently exhibits lower stresses than the abutment, indicating a significant difference in
stress management between these two key components of dental implants.

3.3.7 Strain in Assembled Dental Implant for Fully and Hybrid Latticed

Figure 3.16 shows the strain (ue) of fully latticed dental implant setups with different cell sizes (FLI-111,
FLI-222 and FLI-333) during a 1.5 sec oblique load cycle over three cycles. At first, strain in all three
designs was zero, indicating strong initial stability under load. However, after roughly 0.4 sec., the strain
shifts positively, reaching 450 pe for FLI-222 and 415 pe for FLI-333. The figure shows the behavior
of fully latticed implants (FLI-111, FLI-222, and FLI-333) under oblique dynamic stress during a three-
mastication cycle (1.5 sec. or 2 Hz). The strains steadily rise for all three lattice configurations over the
first 0.4 sec. of loading. Beyond this time, the curves exhibit substantial slope fluctuations, with more
stable behavior nearing 1.5 sec. The FLI-333 has the most strain, followed by the FLI-222 and the FLI-
111, which have the least movement, showing that mechanical responses vary across lattice configurations
under the same dynamic situation. These variances indicate that the implants have varying stiffness and
flexibility, which influences their mechanical performance under dynamic mastication stresses.

As the cycle progresses, the strain exhibits dynamic, cyclic behavior that is consistent with the loading
patterns observed during clinical mastication. Specifically, FLI-333 and FLI-222 show a large strain, peak-
ing at 1100 pue and 1095 pe, respectively. This implies that it is more flexible under stress, which could
affect the deformation at the bone-implant interface. In comparison, FLI-111 has more controlled strain
of 24 pm and 17 pm, respectively. These changes show the effect of cell size on implant biomechanical
performance, with smaller cell sizes (FLI-111) allowing for higher displacement and maybe more deforma-
tion, which may compromise osseointegration and stability. The bigger cell sizes (FLI-333 and FLI-222)
exhibit reduced displacement, suggesting a more stable interface under similar loading conditions.
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Figure 3.15: Strains within three cycles of mastication for fully latticed configurations at various cell sizes
(FI-111, FI-222, and FI-333).

Figure 3.16: Strains within three cycles of mastication for hybrid latticed configurations at various cell
sizes (HI-111, HI-222, and HI-333).
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These findings emphasize the importance of lattice structure and cell size in regulating dental implant
deformations and subsequent deformation. Such deformations are critical for determining the mechanical
integration of the implant into the surrounding bone structure, which influences both immediate post-
operative stability and long-term osseointegration success. In Figure 3.17, you can see in detail how the
deformation responses change in the cortical bone for hybrid latticed dental implants with different cell
sizes during the three cycles of 1.5 sec of mastication oblique loading. Initially, all configurations exhibit
zero strains at around 0.4 sec., indicating early stability. However, immediately after 0.4 sec., it peaks at
100 pe for HI-333, then further rises to 150 pue at 1.0 sec.. Strains shift negative, significantly rising to
200 pe for HI-333 at 1.17 sec and then to 225 pe for HI-333, 190 pe for HI-222, and 160 pe for HI-111 at
around 1.5 sec. This implies an initial inward movement under strain, similar to the compressive action
seen in masticatory activity.

The strain then enters a dynamic phase with cyclic fluctuations, including peaks and troughs. At
around 1.10 sec., HI-333 has the most significant minimal strain at 220 pe. The strain follows a cyclic
pattern with variable increments of amplitude, demonstrating the implant structure’s durability under
cyclic stresses. This cyclic action resembles the normal masticatory process, which is important for
determining the implants’ biomechanical compatibility and functional stability.

Comparing these findings to those from Figure 3.14 for fully latticed implants, it is noticeable that
hybrid latticed implants have lower peak displacements, demonstrating that hybrid arrangements may
better limit strains at the bone-implant interface. Smaller strains promote osseointegration by lowering
possible micromechanical instabilities that might jeopardize implant life and success. These nuanced
deformations in behavior in hybrid implants, characterized by lower peak values and more regulated
cyclic changes, highlight their potential for improved clinical performance, especially under dynamic
loading circumstances like normal masticatory activities.

3.4 Discussion

The results of our dynamic explicit finite element analyses provide compelling evidence supporting the
hypothesis outlined in the introduction: This study presents an innovative dental implant design that
incorporates gyroid TPMS lattice components precisely placed utilizing additive manufacturing. The gy-
roid lattice is positioned in the very middle region of the hybrid lattice design, whereas the fully latticed
design extends it to both the neck and middle sections. To assure initial stability, both designs have
a square-threaded section at the base. Our dynamic explicit finite element analysis demonstrates that
these improvements enhance stress distribution as osseointegration advances. The square-threaded region
increases implant stiffness, and the gyroid lattice decreases stress concentrations in key locations like the
implant neck and surrounding bone. Furthermore, it improves deformations under cyclic masticatory
stress. These improvements are critical for long-term implant success because they ensure mechanical
stability and optimal load distribution. Fully solid implants are frequently associated with increased
marginal bone loss and less bone-to-implant contact, which reduces their long-term stability. Hybrid
dental implants with lattice structures and screw threads optimize stress distribution, implant stability,
and bone integration [87, 192, 196].

Figure 3.6 shows the modeling of an oblique dynamic load of 118.2 N applied throughout three cycles of
masticatory loading at a frequency of 2 Hz for 1.5 sec. This technique is consistent with earlier studies
using comparable loading settings, verifying the accuracy of the results. Multi-point constraints (MPC)
properly mimic mesiodistal, buccal-lingual, and apical load orientations, resulting in a realistic replication
of masticatory scenarios. This innovative simulation accurately captures stress and strain distributions
under dynamic loading, giving reputable data on implant performance. The findings emphasize the im-
portance of dynamic loading models in connecting theoretical pre-dictions to clinical reality, providing a
reliable tool for preclinical evaluation and optimization of dental implant designs This demonstrates the
simulation tools’ ability to reliably predict clinical performance and validates their effectiveness. This
alignment emphasizes the importance of dynamic loading models in the preclinical evaluation of dental
implants, providing the groundwork for future breakthroughs in implant design and testing [53, 179,
180].The mesh sensitivity study reveals that element size has little to no impact on final outcomes be-
tween 0.1 mm and 0.15 mm. The highest stress values were essentially equal, demonstrating that finer
mesh sizes greater than 0.1 mm do not considerably enhance accuracy. As a result, a mesh size of 0.1
mm is adequate for accurate stress predictions, with a peak stress of 396 MPa. This option achieves the
perfect interaction between computational economy and accuracy, making it excellent for finite element
analysis of latticed dental implants with a 333-cell size.

Figure 3.8 and Figure 3.9 demonstrate the significance of medium cell sizes in maintaining biomechanical
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stability in dental implants. The FLI-222 fully latticed implant has an ideal stress distribution (422.34
MPa), but the HI-222 hybrid balances stress at 504.43 MPa. Non-linear designs, with HI-111 exhibiting
greater stress than HI-222 and HI-333, emphasize the intricate link between lattice structure and stress.
Medium cell sizes optimize deformations, increase osseointegration and stress distribution, and and lower-
ing potential risks associated with early healing. These designs increase the lifespan of the implant while
decreasing the danger of bone resorption and mechanical failure. The findings are consistent with past
studies, highlighting the significance of improved lattice geometries in enhancing stability and outcomes,
especially in situations of low bone quality or severe loading. Previous studies found that optimized lattice
structures increase stress distribution and implant lifetime [46, 48, 191, 193, 194]. These new results
support the idea that medium lattice topologies may improve mechanical stability. Furthermore, another
research reported that hybrid designs in dental implants had an advantage in terms of biomechanical
performance due to cell size optimization [46, 191]. The current research expands on this information by
revealing that the HI-222 is a clinically ideal option, notably for minimizing implant failure and improving
patient outcomes.

Figure 3.10 and Figure 3 11 shows a striking comparison of maximum von Mises stresses in fully and
hybrid gyroid latticed dental implants and their accompanying retention screws at various cell sizes. In
fully latticed implants, stress reduces consistently with increasing cell size: the smallest FLI-111 implant
has the maximum stress at 460.25 MPa, which reduces to 410.86 MPa for FLI-222 and 395.67 MPa for
FLI-333 (refer to Figure 3.10a). This pattern indicates that medium cell sizes improve stress distribution,
possibly increasing the implant’s mechanical stability and function. In the case of the hybrid gyroid
TPMS lattice design, there is a clear trend of decreasing maximum von Mises stress as the cell size in-
creases. Specifically, the HI-111 model has a maximum stress of 410.25 MPa, which reduces to 362.98
MPa for HI-222 and 341.60 MPa for HI-333 (refer to Figure 3.10d, 3.10e, and 3.10f). This pattern shows
a continuous decrease in stress with increasing cell size. Similarly, the accompanying retention screws
follow a similar pattern, with stress decreasing from 452.68 MPa in the FLI-111 to 387.22 MPa in the
FLI-333, demonstrating how cell size optimization may improve overall implant system integrity (refer to
Figure 3.11a, 3.11b, and 3.11c).This arrangement not only enhances the implant’s functional lifetime by
preventing mechanical failures, but it also protects accompanying components such as retaining screws
and surrounding bones. Hybrid latticed implants find the best balance between porosity and strength by
increasing cell size and adding solid structural elements. This leads to new implant designs that meet
both biomechanical and clinical standards. In contrast to prior studies that suggested lower stress at the
implant neck for porous designs [197], our data show that tension is highly concentrated in the lattice
and neck hole areas in both completely and hybrid latticed implants. This approach emphasizes the need
for improved design considerations in these crucial areas.

Figure 3.12 and Figure 3.13 show stress distribution at the bone-implant contact, which has significant
clinical outcomes. Among fully latticed designs, the FLI-333 model has the highest stress concentration
in cortical bone, increasing the possibility of mechanical failure in load-bearing locations. In contrast,
the FLI-222 design increases stress distribution, lowering biomechanical challenges like bone resorption
and implant instability. Hybrid designs improve performance even further, with HI-222 exhibiting the
greatest stiffness-to-flexibility ratio. By combining lattice structures with solid components, this arrange-
ment significantly reduces stress and enhances implant lifespan. Clinically, these findings highlight the
effectiveness of hybrid implants like HI-222 in minimizing localized bone loss and increasing outcomes
under difficult settings such as poor bone quality or heavy loading. These findings are consistent with
previous research highlighting the importance of optimal lattice and hybrid designs in ensuring long-term
biomechanical stability and implant success. This property effectively reduces peak stress concentrations
commonly found around the holes of cortical and cancellous bones, aligning with prior research that
pinpoints potential sites for bone resorption [46, 189, 197].

Figure 3.14 and Figure 3.15 depict stress distribution in the crowns and abutments of fully and hybrid
lattice implants, which have substantial medical outcomes. Fully latticed implants, such as the FLI-111,
have significant abutment stresses (504.43 MPa), which might cause mechanical fatigue under clinical
loads. In contrast, hybrid designs, notably HI-222, lower abutment stress to 251.17 MPa, increasing im-
plant longevity. Clinically, this stress decrease reduces the chance of abutment failure and boosts implant
life. Previous research has shown that integrating lattice systems with solid parts improves biomechanical
performance and reduces problems such as abutment loosening or fracture.

Figure 3.16 and Figure 3.17 show the strain responses of completely and hybrid Gyroid TPMS lattice im-
plants to cyclical masticatory stress for 1.5 sec. Fully latticed implants, especially FLI-333 and FLI-222,
have larger strains (1100 pm and 1095 pm, respectively), suggesting more flexibility but increased de-
formation, which could inhibit osseointegration. Hybrid designs lower strains substantially, with HI-333,
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HI-222, and HI-111 peaking at 225 ue, 190 pe, and 160 pe, respectively, exhibiting greater biomechanical
stability. With hybrid designs providing greater displacement control and enhanced potential for osseoin-
tegration during dynamic mastication, our findings emphasize the impact of lattice structure and cell size
on implant function, making them more appropriate for long-term clinical success.
We compared our results to prior research on lattice-based implants made using additive manufacturing
(AM). Barba et al. [198] emphasized the need of matching lattice mechanical propertiesto bone in order
to improve osseointegration and minimize stress shielding. Burton et al. [199] confirmed that optimized
lattice geometries make structures more mechanically stable. This fits with our results that gyroid lattice
implants make stress distribution better and reduce deformation. Similarly, Wang et al. [200] found that
60%—-70% porous lattices increase bone ingrowth, which supports our design’s pore connection for better
integration. These results support the biomechanical viability of gyroid lattice-based dental implants.
Additive fabrication of lattice-structured orthopedic implants reduces weight and improves mechanical
performance. However, the longevity of these implants under biological conditions such as corrosion and
fatigue, as well as the intricacy of their manufacture, present hurdles. Kladovasilakis et al. [91] state that
addressing these challenges will be critical to their effective clinical utilization. While additively made
implants, especially those with unique designs, have shown encouraging clinical results, questions remain
about their long-term biological function. Studies by Anitua et al. [201] reveal good implant survival
rates in the short term but emphasize the danger of problems such as soft tissue exposure and infection,
which might possibly be connected to the implant’s complicated design. According to Roy et al. [202],
the greater complexity of these designs may result in higher production costs, which may impact the
broad acceptance of these implants in clinical settings. Nonetheless, as progress is made and more data
is acquired, these issues may be addressed by new materials and production methods. As a result, more
long-term studies are required to establish the overall practicality of these implants in clinical settings.
The current work applies dynamic explicit finite element analysis to fully and hybrid-latticed dental im-
plants with a square-threaded design in the implant’s bottom area. While the findings are impressive and
provide important insights into clinical and customized dental implant design, further study is required
before use in clinical trials. Future research should focus on creating the implants utilizing metal additive
manufacturing techniques, such as powder bed fusion with titanium, to assess their fatigue resistance. In
vivo testing is also advised to confirm their performance under physiological settings. In summary, the
results underscore the critical role of lattice cell size and hybrid design in optimizing mechanical stability
and stress distribution. Hybrid latticed implants, particularly the HI-222 model, outperform other de-
signs by reducing mechanical stresses, minimizing deformations, and enhancing osseointegration. These
findings offer valuable insights for advancing implant designs to meet both biomechanical and clinical
requirements, paving the way for improved patient outcomes and long-term implant success.

3.5 Conclusions

This research investigates the biomechanical performance of dental implants, with an emphasis on the
effects of lattice structure and cell size on stress distribution, mechanical stiffness, and deformation
stability. The study’s goal is to improve clinical outcomes by comparing fully gyroid-latticed and hybrid
gyroid-latticed implants with a solid neck across various cell sizes. The investigation came to the following
key conclusions:

e Hybrid latticed implants, especially those with medium cell sizes (HI-222), exhibit excellent stress
distribution. These designs efficiently lower stress concentrations in crucial locations, possibly
improving implant lifetime and success.

e In comparison to fully latticed implants, hybrid designs provide higher mechanical rigidity. This
improvement is critical for preserving structural integrity under typical masticatory stresses, which
is necessary for the implants’ long-term durability.

e The researchers discovered that hybrid latticed implants with solid necks had significantly reduced
deformations at the bone-implant contact. This decrease is critical for improving osseointegration
and lowering the possibility of implant failure due to biomechanical instabilities.

e Tailored hybrid latticed designs with optimal cell sizes show promise in clinical applications, out-
performing standard fully latticed implants. The HI-222 arrangement is especially advantageous,
offering a mix of flexibility and load-bearing capability appropriate for a wide range of clinical
conditions.
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e Adding a solid neck to hybrid latticed implants makes stress distribution much better, managing
stress in a way that a fully latticed configuration can’t. Medium-sized cells, particularly in hybrid
topologies like HI-222, function optimally, establishing new standards in dental implant design by
combining light weight with high mechanical propertys.

e This research demonstrates the efficacy of additive manufacturing for producing biomechanically
optimized dental implants. These improved manufacturing procedures substantially enhance patient
outcomes by precisely matching bone’s inherent biomechanical propertys, indicating an optimistic
future for dental implant technology. These findings emphasize the need for rigorous design and
material selection in the creation of dental implants to fulfill the stringent demands of clinical
application.

e The study’s results provide a basis for future research and development in dental implant technolo-
gies, with the goal of achieving optimum biomechanical compatibility and performance.
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Chapter 4

ADVANCING 3D DENTAL
IMPLANT FEA:
INCORPORATING BIOMIMETIC
VORONOI LATTICES WITH
VARIED PORE SIZES FOR
CANCELLOUS BONE

This chapter explores the use of biomimetic Voronoi lattice models in finite element analysis of
dental implants to accurately depict the porosity and mechanical properties of human mandibular
cancellous bone.

4.1 Introduction

The complex structure of human bone, particularly the cancellous or spongy bone in the jaw, is a signif-
icant challenge to dental implant design and biomimetic engineering. As a result, the field of study has
implemented advanced modeling techniques, with Voronoi lattice structures being widely preferred [203,
204]. Notorious for their distinct open-cell structure that sets them apart from other lattice families
like TPMS gyroid and sheet-type lattices, Voronoi lattices are recognized for their remarkable ability
to precisely resemble the intricate and porous properties of human bone [104, 145, 156, 205—208].
Voronoi lattices are made up of a network of irregular, mathematically determined cell shapes that are
very different in how they change shape and how well they can handle mechanical forces. Thus, making
them extremely advantageous for scaffolding applications in the field of biomedical engineering. These
scaffolds improve osseointegration and tissue ingrowth in addition to mimicking the natural porosity of
bone, which usually varies from 60% to 90% [86, 209—212]. Because of this, Voronoi lattices are neces-
sary for making biomimetic implants because they offer a customized method that is better at copying the
complex anatomical and functional details of human bone than other types of lattices [152, 213—216].
Similar to composite materials, bone has directional dependency under external loads [83, 217—221],
which is crucial yet challenging to accurately simulate using traditional computer-aided design (CAD)
models [222—224]. These conventional models, which frequently assume isotropic or orthotropic features,
considerably simplify the complex behavior of human cancellous bone. When compared to actual clinical
dental scenarios, this simplification significantly reduces the accuracy of computational simulations [222].
The majority of earlier research has resorted to replacing human cancellous bone in finite element analysis
with solid cross-section block CAD models, a technique that severely reduces the precision of numerical
approximations [53, 224—228]. Voronoi lattice structures provide a remedy to this problem due to their
capacity for customized design. They make it possible to adjust Young’s modulus such that it more nearly
resembles the modulus of common implant materials, including titanium and its alloys. This tailoring
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facilitates the mechanical synergy that is necessary for dental implants to integrate effortlessly and re-
main stable over time inside the human mandible. By strategically using Voronoi lattices, researchers can
potentially guarantee a better level of accuracy and clinical relevance in implant design by bridging the
gap between simplified assumptions and the complicated nature of biomechanical behavior. The focus of
this work is to study biomimetic Voronoi lattice structures, which are unique in that they can mimic the
porous properties of cancellous bone, which is an important part of human cancellous bone. The porosity
of human cancellous bone, which usually ranges from 30% to 90%, is noteworthy and significant for its
biomechanical function [156, 170, 212, 229]. The Gibson-Ashby theory demonstrates the significance
of porosity and relative density in defining the mechanical strength and stiffness of cancellous bone by
relating the mechanical properties and physical structure of porous materials [165, 205, 230, 231]. This
theory demonstrates how the relative density of cancellous bone, which is a measure of its structural so-
lidity against porosity, directly affects its biomechanical properties. This is how Voronoi lattice structures
are different from other types of lattices, like sheet-type lattices, because they can perfectly replicate the
unevenly distributed, networked porosity of cancellous bone. This feature improves the biomechanical re-
liability of finite element analysis (FEA) simulations in addition to promoting osseointegration. The finite
element method (FEM) is used in this study to improve the mechanobiology analysis of dental implants
[232—235]. FEM is a well-known computer method for modeling and analyzing complex physical events
by breaking a continuum into a few discrete parts. The use of FEM in biomechanics and biomimetics
has transformed the study of cancellous bone structures by providing a comprehensive understanding
of how they behave under different stress scenarios [236—239]. This work uses finite element modeling
(FEM) to simulate dynamic, slow loading conditions that are precisely designed to mimic the cyclic biting
forces applied to dental implants during mastication. This robust approach differs from earlier research
that mostly relied on static loading assumptions, ignoring the dynamic and cyclical nature of mandibular
stress during chewing [20, 200, 223, 238, 240-243]. By using smooth step-time convergence, this
study is more like the explicit dynamic loading that happens in clinical settings. It gives a more accurate
and complete look at the stress, strain, and displacement that happen in dental implants. This improved
modeling method provides insight into the mechanical behavior of the implants over time, which is a
major advancement over previous static loading assumptions. Previous studies that have highlighted
the shortcomings of static models in representing the complex biomechanical environment of the jaw
[53, 227]. These studies have advocated for the incorporation of dynamic loading parameters to more
accurately simulate the physiological conditions of mastication. This study carefully assesses how differ-
ences in pore size in biomimetic Voronoi lattice structures affect their capacity to bear external stresses,
with particular emphasis on improving dental implant biomechanics. An adequate pore size not only
increases the load-bearing capacity of the implant but also promotes an ideal biomechanical environment
by reducing stress shielding effects and enabling uniform stress distribution [185]. In order to acquire
mechanical properties that match those of natural bone, pore size modifications are strategically used
to control porosity and relative density [244—246]. This promotes osseointegration and improves the
long-term durability of the implant. The mechanical integrity and biological performance of implants are
greatly influenced by pore sizes within a certain range [60, 200, 247]. These studies show that increased
porosity often results in decreased mechanical strength, even if it is advantageous for biological integra-
tion. Nonetheless, a tailored approach that maximizes the strength-to-weight ratio while maintaining
biological functioning is made possible using Voronoi lattice structures, which are in line with cancellous
bone’s inherent properties [248]. By using finite element analysis (FEA), the main goal of this study is
to improve the comprehension of the biomechanical properties of dental implants. It focuses on using
biomimetic Voronoi lattice structures with different pore diameters to effectively mimic human cancellous
bone properties. To precisely replicate masticatory conditions seen in real life, every component of the
dental implant is thoroughly examined in the present study. It also explores the effects on the implant
parts and the cancellous bone mimic when the pore size changes in the Voronoi lattice. Thus, this work
anticipates that the biomimetic Voronoi lattice pore size changes will have a significant impact on the
lattice’s relative density and porosity, which are required to replicate the integrity and strength of real
cancellous bone. This work clarifies the crucial role that structural changes play in varying the overall
biomechanical effectiveness of dental implant systems through a thorough investigation of biomechanical
parameters—displacements, stresses, and strains—derived from FEA.
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4.2 Materials and Methods

4.2.1 2D CAD Drawing and Dimensions

The dental implant system’s main parts—cancellous and cortical bone structures—were designed using
Creo Parametric software.As seen in Figure 4.1, this method constructed both two-dimensional sketches
and three-dimensional designed models with precise dimensions.

Figure 4.1: 2D drawing of dental implant assembly in Creo parametric: front, side, and top views with
detailed dimensions (mm).

4.2.2 Pore Sizes and Voronoi Latticed Bone

Compact bone is defined by a relatively low porosity, usually less than 15%, while certain instances
show a porosity range of around 5-30% [248]. On the other hand, cancellous bone, has much greater
porosity; it often exceeds 70%; however, there are variances ranging from around 30% to over 90% [249].
This cancellous structure has a relative density that varies between 0.05 and 0.3, indicating that it is
very cellular [250]. Building on the earlier reported information about the natural porosity of human
cancellous bone, this study utilizes the nTopology software to design four biomimetic Voronoi lattice
models with 1.0 mm, 1.5 mm, 2.0 mm, and 2.5 mm distinct pore diameters. The four biomimetic Voronoi
lattice structures with pore sizes are designated as VIB10, VITB15, VIB20, and VTB25, respectively.
Figure 4.2 shows these four models with different pore sizes. Using finite element analysis (FEA), the
study precisely investigates the impact of these various pore sizes in the Voronoi lattice structure on the
stresses and strains that bones and other dental implant components experience. The objective of this
methodology is to better understand the biomechanical effects of pore size variations on implant stability
and bone stability.
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Figure 4.2: Comparative analysis of biomimetic Voronoi latticed spongy bone structures with four distinct
pore sizes, a)1.0 mm, b) 1.5 mm, ¢) 2.0 mm, and d) 2.5 mm, designed using nTopology software.

Figure 4.3: Bio-mimetic Voronoi latticed for cancellous bone constructed in nTopology featuring a) open
cell randomized lattice graph, b) truncated thicken lattice graph, c) finite element (FE) volume mesh, d)
FE boundary configuration utilizing body nodes.

4.2.3 Building, FE Volume Meshing, and Boundary Condition of Voronoi
Lattice

Building, FE Volume Meshing, and Boundary Condition of Voronoi Lattice A solid 3D CAD model
saved as a Standard ACIS Text (SAT) file is imported and used as the design area to create Voronoi-
latticed models that resemble cancellous bone structure. Then, using a randomization seed of 250 and four
different pore sizes as shown in Figure 4.2, a randomized lattice structure is produced (as shown in Figure
4.3a). The lattice structure is thickened with a beam diameter of 0.3 mm to strengthen the structure.
To reduce structural complexity and remove unnecessary overhangs, a lattice trimming procedure is used
with a feature tolerance of 10. Through exercising precision, a biomimetic scaffold that closely mimics
the structure of cancellous bone could be designed, allowing for possible exploration of its biomechanical
properties.
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4.2.4 Oblique Loading and FE Boundary Conditions

As shown in Figure 4.4a, the occlusal crown surface was loaded with three different directions: mesiodistal,
buccal-lingual, and apical. This is to show the biomechanical response of the dental implant under multi-
axial dynamic oblique loading. There were three different specific force magnitudes applied: 23.4 N,
17.1 N, and 114.6 N. By using a multi-point constraint (MPC) approach, these forces converged at a
dummy reference point that was 3 mm from the occlusal surface. This method replicated the complex
forces encountered during clinical mastication by generating an equivalent force of 118.2 N, tilted at
75.8 degrees with respect to the occlusal plane [53, 174, 226, 227].To be more specific, the simulation
method included explicit dynamic loading at a slower rate to mimic the cyclic mastication stress seen in
real life. Notably, to accurately mimic in vivo situations, the load was applied over a 0.5-second period in
the dynamic scenario, representing the typical mastication frequency of 2 Hz [172, 220, 222]. Specially
designed boundary conditions were used to mimic real-life constraints. At the implant-mandible interface,
a six-degree-of-freedom (DoF') Encastre boundary condition was used to fix the implant in all three spatial
dimensions (X, Y, and Z) (refer to Figure 4.4b). The objective of this configuration was to accurately
replicate the distribution of combined stress in the mesiodistal, buccal-lingual, and apical directions.

Figure 4.4: Components of the dental implant system, a) application of dynamic explicit oblique loading
at load reference point with multi-point constraint, b) 3d model components designed for finite element
analysis.

Finite element (FE) boundary by Body Modeling was used to represent the biomimetic Voronoi
lattice for cancellous bone structure. As shown in Figure 4.3d, this technique made it easier to accurately
export nodes from nTop for boundary condition assignment in the ABAQUS software environment. All
dental implant constituents were investigated, including the Voronoi lattice for cancellous bone (Figure
4.3b). The study accurately measured the compressive and tensile stresses in the implant system using
finite element analysis with ABAQUS. This makes progress in the study of implant biomechanics under
physiologically important loading scenarios.

4.2.5 Physical Properties and FE Mesh

It is very important to mesh the model properly so that there are fewer numerical errors, and the results
of finite element analysis (FEA) are more reliable when compared to real-world events. Using nTopology
software, the Voronoi cancellous bone meshing was done consecutively in the present study. First, an
implicit body was constructed as shown in Figure 4.5. Detailed meshing of dental implant components and
Voronoi lattice biomimetic bone, with emphasis on mesh configuration as shown in the zoomed section.
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From a traditional 3D solid CAD model of spongy bone that was imported from Creo Parametric software
to utilize it as a design space. This implicit design area was then used for building a Voronoi lattice,
which was then utilized for lattice meshing. Robust tetrahedral meshing was used after surface re-meshing
steps to address the structure’s complexity. Figure 4.5 show the choice of an edge length of 1.0 mm and
a feature tolerance of 0.25 mm for this purpose. To prepare the model to use finite element analysis, the
last step was performing FE volume meshing. To be more precise, several element sizes were used to mesh
the dental implant components: 0.2 mm for the implant, 0.15 mm for the screw-retaining components,
and 0.35 mm for the remaining components [53]. The meshing procedure was carried out using ABAQUS
software (see Figure 4.5). The FE mesh statistics for all the implant system components are presented
in Table 4.2. The physical properties of the implant and bone materials are presented in Table 4.1.
It is assumed that the components of the implant, comprising the screw, abutment, and crown, have
homogeneous, elastic properties.

Figure 4.5: Detailed meshing of dental implant components and Voronoi lattice biomimetic bone, with
emphasis on mesh configuration as shown in the zoomed section.
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Table 4.1: Physical properties of materials for the FEA [222, 227, 228, 235].

Material Young’s Modu- Poisson’s Ratio v Density (g/cm?3) Strength
lus £ (MPa) (MPa)
Cortical bone E,. =12,600 Vgy = 0.3 1.79 190
E, = 12,600 vy, = 0.253
E, =19,400 Vg, = 0.253
Vyr = 0.3
Vyy = 0.39
Ve = 0.39
Cancellous bone E, =1148 Vgy = 0.055 0.45 10
E, =210 vy = 0.01
E, =1148 Vg, = 0.322
vy = 0.01
Vyy = 0.055
Vo = 0.322
Gold abutment * 136,000 0.37 17.5 765
Porcelain 68,900 0.28 2.44 145
Titanium grade 4 * 110,000 0.34 4.5 550

Table 4.2: FE Mesh statistics of different biomimetic lattices for cancellous bone and implant component

models.

Component VTB10 VTB15 VTB20 VTB25
Crown: No. Elements 107,954 107,954 107,954 107,954
Crown: No. Nodes 20,670 20,670 20,670 20,670
Abutment: No. Elements 85,243 85,243 85,243 85,243
Abutment: No. Nodes 17,463 17,463 17,463 17,463
Screw: No. Elements 627,098 627,098 627,098 627,098
Screw: No. Nodes 121,624 121,624 121,624 121,624
Implant: No. Elements 160,676 160,676 160,676 160,676
Implant: No. Nodes 31,737 31,737 31,737 31,737
Cortical Bone: No. Ele- 146,767 146,767 146,767 146,767
ments

Cortical Bone: No. Nodes 31,180 31,180 31,180 31,180
Cancellous Bone: No. Ele- 1,936,663 1,187,637 791,391 591,166
ments

Cancellous  Bone: No. 584,049 363,867 248,917 186,214
Nodes

Total: No. Elements 3,064,401 2,315,375 1,919,129 1,718,904
Total: No. Nodes 806,723 586,541 471,591 408,888
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4.2.6 Relative Density and Porosity of Biomimetic Voronoi Lattice

The nTopology (nTop) program is used to make a Voronoi-latticed biomimetic bone structure, which
is different from traditional modeling methods. With this method, the surface area-to-volume ratio,
relative density, and porosity of the lattice structure can all be accurately calculated. Understanding the
mechanical properties and potential for osteointegration of biomimetic bones requires knowledge of these
analyses. The following equations provide a mathematical basis for these key parameters: The Relative
Density (pre1) of a Biomimetic Bone is defined as:

MLa
rel = 4.1
Prel Mg (4.1)
The Surface Area-to-Volume Ratio (SA/V') of a Voronoi lattice is calculated as:
SA A,
—_— 4.2
Vv Wa (42)
The Porosity (®) relating to relative density is given by:
D=1 pea (4.3)

Where:
e Mji,,: Mass of the lattice structure,

e Mso: Mass of the solid (CAD model) volume,

Ar,.: Total surface area of the lattice,

Via: Total volume of the lattice.

4.3 Results

4.3.1 Voronoi Lattice Pore Size

Models with four different pore sizes ( 1 mm, 1.5 mm, 2 mm, and 2.5 mm )were created using nTopology
software, all of which had a constant 0.4 mm beam thickness. The influence of these variations in pore
size on a variety of essential lattice structure parameters, such as average beam length, number of beams,
number of nodes, relative density, and surface area to volume ratio, was well established by our analysis
(see Table 4.3). The study found a significant pattern associated with increasing pore size. Notably, the
average beam length rose as pore size increased, from 0.4614 mm at 1 mm to 0.9203 mm at 2.5 mm,
showing the need for longer beams to cross the increasing distances between nodes. From the smallest
to the biggest pore diameters, the lattice beam and node counts significantly decreased simultaneously
with increasing pores, falling from 25809 to 3024 and 15186 to 2058, respectively. This reduction allows
for bigger spaces of voids by signaling a decline in lattice complexity and density. Additionally, a clear
decrease in relative density was seen, decreasing from 22.21% for the 1 mm pore size to 6.27% for the 2.5
mm pore size. This indicates that pore size and lattice density are inversely related.

4.3.2 Pore Size Versus Relative Density and Porosity

The range of pore sizes in biomimetic Voronoi lattice structures, shown in Figure 4.6, from 1.0 mm
(VTB10) to 2.5 mm (VTB25), is an important factor for describing the pore scale and has a direct
impact on the relative density and porosity of the scaffold. The relative density, which measures the
lattice structure’s compactness in comparison to its solid equivalent, steadily drops with increasing pore
size; it declines from 22.21% at 1.0 mm to 6.27% at 2.5 mm. This trend represents a gradual decline
toward a structure that is less dense. On the other hand, porosity measures the volume percentage of
empty space within the lattice and has an inverse relationship with relative density. With increasing
pore sizes, Figure 6 shows an increasing porosity trend that ranges from 77.79% for VTB10 to 93.73%
for VTB25.
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Figure 4.6: Relative density and porosity of biomimetic Voronoi lattice for cancellous bone across various
pore sizes.

Table 4.3: Effects of pore size variation on structural parameters of biomimetic Voronoi lattice for can-
cellous bone.

Component VTB10 VTB15 VTB20 VTB25
Pore Size (mm) 1.0 1.5 2.0 2.5
Beam Thickness (mm) 0.4 0.4 04 04
Randomization Seed 250 250 250 250
Average Beam Length (mm) 0.4614 0.5681 0.7532 0.9203
Lattice Beam Count 25,809 13,286 5,438 3,024
Lattice Node Count 15,186 8,182 3,535 2,058
Relative Density (%) 22.21 15.19 8.84 6.27
Surface Area-to-Volume Ratio 10.49 11.58 12.21 12.4
(o)

4.3.3 Dynamic Oblique Loading

Figure 4.7 displays the application of an oblique dynamic load of 118.2 N to the occlusal surface of
the crown. The load is directed in the buccal-lingual, axial, and mesiodistal directions, simulating a
2 Hz mastication cycle with a plane of mastication load. The figure shows the smooth change in load
on the crown’s occlusal surface across mesiodistal, buccal-lingual, and apical orientations throughout a
0.5-second mastication cycle. The goals of this study were met by using multi-point constraints (MPC)
and a reference point as the master control to create a smooth step amplitude on the occlusal surface of
the crown. The load distribution was in the three designated directions, which matches the findings of a
previous study [222]. This proves that the masticatory forces on dental implants that were simulated in
this research method are accurate.
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Figure 4.7: An equivalent oblique dynamic load distribution on dental implant crown during mastication,
a multidirectional analysis over 0.5s cycle.

4.3.4 Von Mises Stress in Dental Implant Assembly

Figure 4.8 depicts the maximum von Mises stress values for a doubly sliced assembly of dental implant
components, exhibiting stress distributions across four different biomimetic Voronoi lattice cancellous
bone designs. The findings show a decreasing trend in von Mises stress with increasing pore size. The
stress values are reported as 305.93 MPa for a 1 mm pore size (VITB10), subsequently decreasing to 220.96
MPa for 1.5 mm (VTBI15), 186.01 MPa for 2 mm (VTB20), and ultimately to 161.16 MPa for 2.5 mm
(VTB25).

4.3.5 Von Mises Stress in Dental Implant and Retaining Screw

The Von Mises stress analysis, shown in Figures 4.9a through 4.9h, shows the effect of various pore sizes
inside biomimetic Voronoi lattice for cancellous bones on stress distribution in both the dental implant and
the retaining screw. The Von Mises stress for the dental implant consistently decreases as the pore size
increases, from 1 mm (VTB10) to 2.5 mm (VTB25), falling from 233.84 MPa to 173.48 MPa, respectively.
The retaining screw has an identical trend but a less noticeable decline from 220.96 MPa to 184.11 MPa.
Interestingly, the 2 mm pore size (VIB20) indicates a key threshold where the implant’s Von Mises stress
significantly decreases to 179.69 MPa, which is in close alignment with the retaining screw’s stress levels
(182.09 MPa).

4.3.6 Von Mises Stress in Cortical and Voronoi Lattices for Cancellous Bone

The results from Figures 4.10a through 4.10d, combined with observed stress concentration patterns,
provide a comprehensive understanding of maximum von Mises stress behavior in both cortical and
biomimetic. Voronoi lattice cancellous bones under a mastication frequency of 2Hz, corresponding to a
cycle time of 0.5 sec. Notably, regions of possible mechanical risk are indicated by the concentration of
the highest stress around the hole where the cortical bone contacts the implant. Stress distribution inside
the Voronoi lattice cancellous bone is consistent throughout different pore sizes, ranging from 12.83 MPa
at 1.0 mm (VTBI10) to 25.55 MPa at 2.5 mm (VTB25). Likewise, stress in the cortical bone increases
from 35.67 MPa (VIB10) to 106.42 MPa (VIB25) ascancellous structure pore size increases, indicating
a clear relationship between pore size and stress effect on both types of bone. Stress levels peak at about
0.35 sec. into the mastication cycle, remaining constant even as cycles continue.
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Figure 4.8: Maximum von mises stress distribution in double-sliced assembled implant parts for four
biomimetic Voronoi lattices for cancellous bones: a) VTB10, b) VIB15, ¢) VTB20, and d) VTB25.
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Figure 4.9: Contour von Mises stress distribution in dental implants and retaining screws across
biomimetic Voronoi lattices for cancellous bone pore sizes: a) VIB10, b) VTB15, ¢) VIB20, d) VTB25
for implants, and e) VITB10, f) VIB15, g) VIB20, h) VTB25 for retaining screws.

4.3.7 Deformation in Voronoi Lattices for Cancellous Bone

Figure 4.11, which depicts contour plots of the magnitude of deformation inside the biomimetic Voronoi
lattice for cancellous bone subjected to finite element analysis, shows a clear relationship between pore
size and deformation magnitude. Specifically, deformation values inside the biomimetic Voronoi for
cancellous bone increased gradually as pore diameters increased. For a pore size of 1.0 mm (VTB10),
the displacement was 8.00 pum. This deformation increased progressively with pore size; at 1.5 mm
(VTB15), it was reported at 10 pm, rising to 13.00 pm at 2.0 mm (VTB20), and reaching 17.00 pm at
the maximum pore size of 2.5 mm (VTB25). These results show how important pore size is when studying
the biomechanical behavior of the biomimetic Voronoi for cancellous bone, especially deformation when
dynamic mastication stresses are present.
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Figure 4.10: Maximum von Mises stresses in biomimetic Voronoi lattice for cancellous and cortical bones
for a) VTB10, b) VIB15, ¢) VTB20, and d) VTB25.

Figure 4.11: Contour plots of magnitude of displacements in biomimetic Voronoi lattice for cancellous
bone for pore sizes: a) VIB10, b) VIB15, ¢) VTB20, d) VTB25.
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4.3.8 Displacement in Dental Implant Assembly

Figures 4.12a through 4.12d show the maximum displacement found in the axial, mesiodistal, and buc-
colingual directions for various pore sizes of biomimetic Voronoi lattice for cancellous bone. The findings
show that biomimetic Voronoi lattice for cancellous bones with varied pore sizes (VIB10, VIB15, VTB20,
and VTB25) exhibit maximal displacements in the axial, mesiodistal, and buccolingual directions. The
displacements in the axial direction range from 111.76 pm for VIB10 to 117.73 um for VTB25. VTB20
has a mesiodistal displacement peak of 256.55 um, whereas VTB25 has the largest buccolingual displace-
ment at 310.07 pm.

Figure 4.12: Maximum displacement response in axial, mesiodistal, and buccolingual directions for
biomimetic Voronoi lattice for cancellous bones: a) VIBI10, b) VIB15, ¢) VIB20, and d) VIB25.

4.3.9 Reaction Forces in Dental Implant Assembly

Figures 4.13a through 4.13d show the dynamic response forces for biomimetic Voronoi lattices for cancel-
lous bones with various pore sizes (VITB10, VTB15, VTB20, and VTB25) in the axial, mesiodistal, and
buccolingual directions. Initially, response forces are zero across all models until 0.23 sec., after which
they increase in line with the dynamic loading amplitude. After 0.23 sec., the maximum response forces
are observed: VITB10 has forces of 529.41 KN axially, 858.6 KN mesiodistally, and 530.86 KN buccolin-
gually; VI'B15 has 465.09 KN, 927.27 KN, and 316.98 KN, respectively; VIB20 has 215.25 KN, 717.68
KN, and 259.8 KN; and VTB25 has 224.21 KN, 788.69 KN, and 329.24 KN in the respective directions.
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Figure 4.13: Dynamic reaction forces in dental implant assemblies across biomimetic Voronoi lattices for
cancellous bone pore sizes: a) VIB10, b) VIB15, ¢) VITB20, and d) VTB25.

4.4 Discussion

This study investigated the biomechanical design of dental implant systems in detail. It used cutting-
edge software like Creo Parametric and nTopology to accurately model both cancellous and cortical bone
structures. We used advanced modeling techniques to make biomimetic Voronoi lattice structures with
different pore sizes that are very similar to the natural porosity and mechanical properties of human
bone. We used Finite Element Analysis (FEA) to assess the impact of these pore sizes on stress and
strain distributions within the bone and implant components, aiming to enhance implant stability and
osseointegration. The main results showed that holes with an intermediate size, especially those with
a diameter of 2.0 mm, made the implants much more biomechanically compatible. This suggests that
dental implant designs and clinical uses could be improved in this way. The findings we obtained support
the argument that was proposed in the study’s introduction. It is suggested that the variation in pore
size inside biomimetic Voronoi lattice structures affects the stress distribution and deformation across the
dental implant components as well as the surrounding cancellous bone. According to our investigation,
a pore size of 1.5 mm provides optimum equilibrium and closely mimics the dynamic loading response
observed in human cancellous bone. This pore size makes the stress distribution significantly uniform at
the implant-bone contact (BIC) by balancing structural factors like beam length and node count with the
biomechanical needs of dental implants. With a relative density of 15.19% and a surface area-to-volume
ratio that promotes cell attachment and nutrient transport, this option maintains structural strength
while also facilitating osteointegration. The design effectively mimics the porosity structure of real bone,
improving both mechanical stability and biological compatibility. Because it distributes stress analo-
gously to naturally occurring cancellous bone, it can sustain physiological loads and lower the likelihood
of stress shielding and implant failure. Our present findings show that the lattice structure has a porosity
of around 84.81%, which closely matches the porosity range of 75% to 90% seen in real human cancellous
bone. This discovery is consistent with previous research, which has repeatedly established that that
cancellous bone has porosity greater than 70% [212, 249-253], highlighting the biomimetic accuracy of
our lattice design. This shows that the chosen pore size worked well. This congruence verifies our study’s
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biomimetic methodology and supports the integration and vascularization that are essential to dental
implants’ long-term effectiveness. As such, it highlights the possibility of tailored biomimetic Voronoi
lattices to augment the lifetime and efficacy of dental implants. Thus, making them a model option
for mimicking the intricate interplay between strength and porosity that characterizes human cancellous
bone. Our findings, which show that a 2.0 mm pore size (VIB20) is better for distributing stress and
making dental implants last longer, are in line with what other studies have found. Our findings support
previous research showing the efficiency of biomimetic implants in distributing stress to neighboring bone
structures, ensuring safety and structural integrity under normal loading scenarios [252]. This agreement
underlines the need for regulating pore size to enhance the biomechanical compatibility and performance
of dental implants, establishing the foundations for future advances in implant design and application.
Figure 4.6 depicts the study’s findings, which show a significant relationship between pore size and the
mechanical integrity of biomimetic Voronoi lattice cancellous bone, particularly in the context of dental
implants. Pore diameters increased from 1.0 mm to 2.5 mm, resulting in a decrease in relative density and
an increase in porosity. These variations have an immediate influence on the implant’s stress distribution
properties under dynamic loading conditions. A lower relative density, which means bigger pores, is more
like the natural structure of human cancellous bone. This makes it easier for the dental implant system
to spread stress evenly. By mimicking the natural load-bearing function, this advancement promotes
osseointegration and lowers the possibility of implant failure. The 2.0 mm (VTB20) configuration stands
out as the best candidate among the assessed pore sizes as it maintains a compromise between preserving
adequate structural strength with a relative density of 8.84% and having sufficient porosity (91.16%)
for biological integration. This pore size successfully mimics the mechanical and structural properties of
natural cancellous bone, which optimizes stress distribution and ensures the scaffold’s endurance under
physiological loading conditions [252], thereby extending the lifespan and functionality of dental im-
plants.

Figure 4.8 shows that pore size variations in biomimetic Voronoi lattice cancellous bones have a signifi-
cant impact on stress distribution across dental implant assemblies. particularly around critical interfaces
consisting of implant-bone, implant-abutment, abutment-screw retaining, abutment-crown, and implant-
retaining screw contacts. Stress concentrations are significantly reduced when the pore size is increased
from 1.0 mm (VTB10) to 2.0 mm (VTB20), which allows for a more uniform stress distribution that
is more consistent with the behavior of natural bones. Despite its intended purpose of mimicking hu-
man cancellous bone, the stiffness inherent in the smaller pore size (VTB10) assembly hinders stress
homogeneity, boosting the possibility of localized failure. The larger pore size (VIB20) assembly makes
the implant system more stable and helps it fit together better by improving its mechanical response
and closely matching the load bearing and stress-dissipation properties of natural cancellous bone. This
optimization shows how important it is to change the size of the pores in Voronoi lattice structures to
find the right balance between stiffness and porosity when trying to make a design that can withstand
mechanical loads and mimic the biological activity of bone tissue.

Figures 4.9a through 4.9h shows that the maximum von Mises stress inside dental implants and their
retaining screws is significantly influenced by pore size in biomimetic Voronoi lattice for cancellous bone
designs. As the pore size increases from 1 mm (VTB10) to 2.5 mm (VTB25), the research shows a steady
drop in von Mises stress values in both the implant and the retaining screw. Notably, the stress in the
retaining screw decreased from 220.96 MPa to 184.11 MPa, and the stress in the dental implant decreased
from 233.84 MPa for VTB10 to 173.48 MPa for VIB25. According to this trend, larger pores may help
distribute stress uniformly, which could prolong the implant system’s lifespan and improve its mechanical
stability. Notably, the ideal stress distribution, defined by a compromise between mechanical integrity
and biomimetic porosity, was seen for VI'B20, demonstrating that a pore size of 2.0 mm is the best
for imitating the mechanical properties of human cancellous bone. Stress concentration at the implant’s
neck and the screw’s mid-region—areas that are often prone to failure or fracture under cyclic dynamic
loading—is significantly reduced by this improved design. This adaptation mimics human bone’s inherent
load-bearing properties, with the potential to increase implant lifetime and function in clinical conditions.
This work strongly corresponds with previous research aims, highlighting the importance of mechanical
strength and biological properties in titanium materials for biomedical applications [166].

Figures 4.10a through 4.10d show the maximum von Mises stress across cortical and biomimetic Voronoi
lattice cancellous bones, emphasizing the critical role of pore size in the biomechanical response of differ-
ent bone types under masticatory stress. As shown, the pore size directly affects the structural integrity
and mechanical behavior of the bone-implant system. Even stress distribution inside the Voronoi for
cancellous structure and the stress concentration at the cortical bone-implant interface serve as evidence
for this. The fact that von Mises stress goes up as pore sizes get bigger and stays the same after 0.35
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sec. shows that structural design and dynamic loading response are complicatedly linked. Changing the
size of the pores in the Voronoi lattice cancellous bone creates a biomechanical environment that is like
how bones naturally behave. This makes the stress distribution better and reduces stress concentrations
in certain areas that could cause failure. This optimized distribution pattern not only demonstrates the
biomimetic structure’s capacity to imitate the physiological stress of human bones, but it also represents
a major improvement in finite element analysis (FEA) results. The biomimetic Voronoi lattice is a better
way to predict how bone-implant assemblies will act in real life. This is because it changes the size of the
pores to find a balance between biological activity and mechanical support. This study uses biomimetic
Voronoi latticed cancellous bone for finite element analysis, which is very different from earlier studies
that used solid CAD blocks to model bone structures. By adding the Voronoi lattice’s detailed, porous
design, this study provides a more physiologically realistic description of bone mechanics, improving the
predictability of stress distribution patterns under masticatory stresses. This method not only improves
biomechanical modeling of bone-implant interfaces, but it also gives a more nuanced knowledge of the
effect of pore size on structural integrity and mechanical behavior. In line with what other studies have
found [254], this discovery opens the door to the creation of bone scaffolds and implants that improve
healing by closely imitating the properties of natural bone.

Figure 4.11 shows the sizes of deformation in biomimetic Voronoi lattice for cancellous bones with four
different pore sizes. This shows how important deformation is in the biomechanics of dental implants.
Larger pore diameters are linked with increased displacement, which increases the risk of bone resorption
at the bone-implant interface and fractures in dental implant components, particularly the retaining screw
and the implant itself. Additionally, deformation increase the likelihood of corrosion, especially when the
implant works in a biofluid environment. Despite these difficulties, the research finds that a pore size of
2.0 mm (VTB20) with a deformation of 13 pm provides an ideal compromise between reducing unfavor-
able biomechanical consequences and providing a satisfactory degree of mechanical rigidity. This pore size
facilitates the structural and functional integration of the implant into the biological system while also
reducing the chance of implant system failure. As such, these deformation optimization insights provide
an in-depth understanding of the relationship between pore size and implant function, which considerably
advances the field of biomechanical dentistry research.

Incorporating the observed displacement patterns from Figures 4.12a to 4.12d, the axial and buccolin-
gual directions show both negative and positive peak displacement amplitudes, indicating that the dental
implant can withstand cyclic masticatory stress. The scenario demonstrates the implant’s flexibility and
mechanical resilience, which are essential for enduring numerous stress cycles while maintaining structural
integrity. Such displacement patterns indicate that VITB20, with its nuanced response in all measured
directions, not only mimics the normal biomechanical behavior of human bone, but also guarantees the
implant’s capacity to tolerate dynamic stresses experienced in vivo. This modification emphasizes just
how essential it is to choose the right pore size in the Voronoi lattice cancellous bone to maximize the
performance of dental implants. VTB20 offers an excellent balance between mechanical rigidity and flex-
ibility, which is crucial for long-term clinical success.

Figures 4.13a through 4.13d show the dynamic reaction forces across different pore sizes of biomimetic
Voronoi lattice for cancellous bone (VIB10, VTB15, VTB20, and VITB25), providing significant insight
into the biomechanical performance of dental implant assemblies. The consistent lack of response forces
for up to 0.23 sec., followed by a rise in alignment with dynamic loading amplitudes, demonstrates the
implants’ mechanical flexibility to masticatory stresses. Specifically, the research shows that VITB20 out-
performs the other models due to its lower axial and buccolingual reaction forces and optimum mesiodistal
response. This research implies that a pore size of 2.0 mm promotes a compromise between structural
support and flexibility, allowing the implant to efficiently distribute stresses while maintaining its biome-
chanical integrity. The distinct mechanical responses observed at the 0.5 sec, mark across all models
highlight the importance of pore size in tailoring the biomechanical properties of dental implants to
mimic natural bone behavior, thereby improving the overall effective-ness and longevity of dental im-
plant systems. This work advances the biomechanical knowledge of bone-implant interactions by using
advanced finite element analysis (FEA) that extends beyond typical unrealistic models. Our technique
provides a more realistic representation of bone behavior in physiological settings by replicating the non-
linear, and anisotropic features of biological tissues, as well as including dynamic loading conditions that
replicate real-world pressures. This technique not only eliminates past shortcomings, but it also gives
more in-depth insights into the performance and stability of biomimetic Voronoi lattice implants, making
a substantial contribution to biomechanical engineering.

In summary, our results show that larger hole sizes result in a less dense, more open scaffold structure,
boosting surface complexity and perhaps improving osteointegration and mechanical bonding with bone
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tissue. Increased pore size increases the scaffold’s structural mimicry of natural bone porosity, which has a
major impact on the stress distribution and mechanical endurance of dental implants under dynamic con-
ditions. A 2 mm pore size emerges as the best dimension, achieving a balance in stress distribution while
also strengthening the structural integrity of both dental implants and retention screws. This adaptation
emphasizes the importance of pore size in optimizing the biomechanical responses of biomimeticcancellous
bone and dental implant assemblies to masticatory stresses, hence improving performance and durability.

4.5 Conclusions

This work sought to understand the biomechanical behavior of biomimetic Voronoi lattice for cancellous
bone structures. Using finite element analysis (FEA) to evaluate the effect of altering pore sizes on
stresses and deformation magnitudes. Hence, the following are significant inferences from the present
study:

e A direct relationship was discovered between pore size and deformation magnitude. This high-
lights the impact of pore size on the biomechanical behavior of biomimetic Voronoi for cancellous
bone. This relationship has significance during dental implant designs that optimize biomechanical
performance.

e The research shows that the biomimetic Voronoi lattice for cancellous bone used in FEA has prop-
erties that are like real human cancellous bone when subjected to applied external dynamic masti-
cation stresses.

e The use of anisotropic properties in these novel biomimetic cancellous bones, as well as the sim-
ulation of dynamic mastication stresses, greatly improved the FEA findings. This method gives a
more precise description of biomechanical interactions in the oral environment, resulting in more
reliable implant designs.

e The study found that a 2.0 mm (VTB20) pore size presents an optimal integration of mechanical
rigidity and minimum deformation, making it a better option to further enhance implant lifespan
and performance.

e Deformation optimization considerably reduces the chances of implant failure, such as fractures in
implant components, bone resorption, and corrosion in a biofluid environment.

e The research gives a significant insight into the biomechanical optimization of dental implant designs
by studying biomimetic Voronoi lattices for cancellous bones. This study expands possibilities for
the design of dental implants that enhance biomechanical compatibility and performance by using
modern FEA methods and considering the anisotropic properties of bone and dynamic loading
scenarios.

e These results demonstrate the significance of using biomimetic approaches for developing and eval-
uating the performance of dental implants, in addition to making advancements in the fields of
biomechanical engineering in dentistry.
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Chapter 5

CONCLUSION AND
RECOMMENDATION

This chapter summarizes the findings and suggestions from a detailed investigation of the me-
chanical and biomechanical behavior of lattice structures, with a focus on their use in automobile
crash boxes and dental implants. It finishes with critical results and suggestions for refining
lattice designs to improve energy absorption and biomechanical performance, as well as potential
future research topics.

5.1 Conclusions

This study explores the mechanical and biomechanical behavior of different lattice structures, with an
emphasis on their use in automobile crash boxes and dental implants. The researchers use a combination
of mechanical compression testing and finite element analysis (FEA) to improve the energy absorption and
biomechanical performance of composite TPMS gyroid lattices and biomimetic Voronoi lattice structures.
The study on composite TPMS gyroid lattices includes creating five distinct types of lattices by mixing
walled-TPMS and regular TPMS gyroid lattices using Boolean subtraction. We created the structures
by 3D printing PLA using fused deposition modeling (FDM). We tested the mechanical properties and
energy absorption capacities under dynamic mechanical compression loading. The findings showed that
the 54% relative density crash box had a substantially shorter densification phase and a higher strain
energy storage capacity than the 33% and 38% relative density crash boxes, which had optimal energy
absorption prior to densification. The research also discovered that composite TPMS gyroid lattices
with lower relative densities, especially at 25%, offered the best balance of displacement capacity and
mechanical stiffness, indicating increased crashworthiness for vehicle safety applications. Using FEA, this
research investigated the biomechanical behavior of dental implants with various lattice designs and cell
sizes. The study investigated the distribution of stress in the implants and surrounding bone tissue using
complete and hybrid lattice designs in the cancellous and cortical bones. The study found that completely
latticed implants with the smallest cell size had the largest concentration of stress, indicating vulnerability
to substantial biomechanical stressors. On the other hand, hybrid lattice designs with cell sizes of 2x2x2
mm showed more optimal stress distribution, lowering the risk of mechanical stress-related implant failure.
The research also underscored the significance of careful design considerations for retention screws, since
smaller cell-sized implants exhibited greater stress levels in these parts. Furthermore, the study on
biomimetic Voronoi latticed cancellous bone structures using FEA examined the impact of varying pore
sizes on stresses and deformation magnitudes. The research showed a clear correlation between pore size
and deformation amplitude, emphasizing the importance of pore size in biomechanical activity. When
dynamic mastication loads were applied to biomimetic Voronoi latticed cancellous bones in FEA, they
were discovered to have qualities comparable to actual human cancellous bone. The research found
that a 2.0 mm pore size provided the best combination of mechanical stiffness and little deformation,
making it a better alternative for increasing implant lifetime and performance. These extensive studies
provide major contributions to the disciplines of automotive and biomedical engineering by expanding
our knowledge of the behavior of lattice structures under stress. The results emphasize the significance
of optimizing lattice design for applications, such as increasing energy absorption in automobile crash
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boxes and improving biomechanical compatibility and performance in dental implants. This study gives
important insights for creating more effective and long-lasting engineering solutions, resulting in safer
and more robust structures in both automotive and biomedical applications

5.2 Future Work

We propose the following future work to enhance the understanding and application of lattice structures
in the automotive and biomedical domains, based on the research findings:

Investigate Other Lattice Geometries: To improve mechanical and biomechanical performance,
investigate lattice geometries other than the TPMS gyroid and Voronoi structures.

Integrate Multi-Material Printing: By mixing materials with different strengths, multi-material 3D
printing can improve the properties of lattice structures.

Long-Term Biological Testing: In vivo, test biomimetic lattice structures to better understand their
interaction with biological tissues over time.

Dynamic Loading Scenarios: To more closely mimic real-world situations, implement more intricate
dynamic loading scenarios in FEA to more closely mimic real-world situations.

Clinical Trials: Begin clinical trials of dental implants with improved lattice structures to confirm
their performance in real-world conditions.

Promote interdisciplinary research that combines biomechanics, materials science, and computer
modeling to provide novel solutions for biomedical and automotive applications.

Investigate Torque and Twisting Loads: Investigate the effects of torque and twisting loads on
dental implants to assure their stability and longevity under varied loading circumstances.

Determine the effect of pre-loading on the mechanical performance and lifespan of dental implants
by replicating situations encountered before and after insertion.
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