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Introduction
The field of engineering artificial tissue substitutes is at the forefront of innovative med-ical research, offering the promise of regenerating damaged bone. In this context, bone tissue engineering (BTE) holds a distinctive position as it strives to address the formidable challenges posed by critical-sized bone defects, fractures, and bone disorders. The engi-neered structures of bone scaffolds and/or implants should serve as temporary or per-manent templates for new bone formation and/or damaged bone replacements. While numerous factors contribute to these scaffolds/implants’ success, some are pivotal deter-minants such as morphology, porosity, distributions, and the number of pores.

Surgical scaffolds and implants provide remarkable advantages in restoring and augur-ing bodily tissues in orthopedic surgery. Scaffolds serve as temporary three-dimensional structures designed to guide tissue growth and regeneration. They provide mechanical support, encourage cell adhesion and proliferation, and ultimately degrade as new tissue forms, leaving behind a fully integrated, functional replacement. Conversely, implants are permanent or long-term fixtures, often fabricated from biocompatible materials like met-als or polymers. They are used to replace, support, or enhance the function of biological structures. The advantages of scaffolds and implants lie in their ability to restore or aug-ment bodily tissues, mitigate pain and dysfunction, and improve patients’ overall quality of life. These biomedical marvels enable the reconstruction of damaged bone, joints, and organs, facilitate tissue regeneration, and offer solutions for various medical conditions, from traumatic injuries to degenerative diseases. Their versatility, biocompatibility, and capacity to promote healing make scaffolds and implants indispensable tools in modern medicine, ushering in new possibilities for patient recovery and well-being.
The selection of such factors within the design of bone scaffolds represents a critical facet of this multidisciplinary field. This concept embraces the principle that the shape and structure of individual cells within the scaffold wield profound influence over its per-formance and, consequently, the outcome of tissue regeneration. The mimicry of natural bone microenvironments through tailored morphology allows guiding cellular responses, from initial adhesion and proliferation to the intricate processes of differentiation and tis-sue remodeling. As such, this doctoral thesis explores the significance of lattice morphol-ogy in bone scaffold design, revealing the intricate interplay between structural morphol-ogy, mechanical performance, and geometrical attributes, a crucial aspect of successful bone regeneration.
In the context of bone application, TPMS has remarkable structural advantages. Sev-eral noteworthy benefits can be derived from these surfaces due to their intricate, pre-cisely ordered structural morphology. The unique geometric features of these surfaces, including their SA and SA/VR, facilitate enhanced bone formation by encouraging cellular adhesion and tissue growth. Furthermore, the inherent complexity and diverse inclina-tions of TPMS structures stimulate intricate interactions with cells and biological molecules, enhancing the scaffold’s bioactivity. The Gaussian curvature of TPMS promotes a diverse range of local curvatures, supporting cell attachment and migration across the scaffold. Together, these structural advantages of TPMS play a pivotal role in fostering an environ-ment conducive to bone regeneration, making them a particularly promising choice for load-bearing implants and bone tissue engineering applications.
Voronoi tessellation lattice scaffolds offer a promising approach for bone tissue engi-neering applications, providing several key benefits that enhance morphology and biolog-ical performance. These lattice structures are characterized by their intricate network of irregular unit cells, with each unit cell uniquely shaped and interconnected, closely mir-roring the complex interconnectivity of natural bone. This geometric diversity allows for
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tailoring design parameters to optimize mechanical properties and cell infiltration. Ad-ditionally, the irregular Voronoi-based lattice scaffold’s gradual variations in design pa-rameters influence mechanical strength, stiffness, and overall performance, making themhighly adaptable for specific load-bearing requirements. Furthermore, their biomimeticnature facilitates enhanced cell attachment, proliferation, and vascularization, which isvital for tissue integration and regeneration. With their unique morphological and biolog-ical advantages, the irregular Voronoi tessellation lattice scaffolds represent a promisingsolution for advancing bone tissue engineering and regenerative medicine.A key component of bone substitution designs is the selection of scaffold and implantmorphology, which provides new avenues for BTE to extend the frontiers of orthopedicsurgery and enhance the quality of life for patients facing critical bone defects. In thefollowing chapters, this thesis will explore the intricate correlation between different bio-materials, scaffold/implant design, andmechanical behavior, offering ideas for addressingcritical bone defects with other applications.The overall objective of this doctoral thesis is to advance the field of bio-medical ap-plications by exploring innovative approaches to the design, fabrication, and optimizationof bone implants/scaffolds. The research aims to address the specific goals in the contextof:
• Designing different latticemorphology like triply periodicminimal surfaces (TPMS), andVoronoi-based structures.
• Using both ceramic and metal biomaterials such as Ti6Al4V and Hydroxyapatite (HA)to analyze numerically/manufacture the designed lattices.
• Integrating finite element analysis (FEA) with statistical methods and selective lasermelting (SLM) to predict the mechanical performance of the designed scaffolds/implants.
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1 Review of the literature

1.1 Bone architecture and models
Biomedical research and regenerative medicine have converged on BTE - an innovativefield inwhich adequate bone replacements are being developed [1]. Innovative approachesare being developed for repairing and regenerating damaged or lost bone tissue acquiredfrom trauma, congenital defects, cancer resections, and age-related conditions like os-teoporosis [2]. Due to the risks of donor site morbidity and immune rejection associatedwith traditional treatments, such as autografts and allografts, the demand for safe andeffective bone substitutes has escalated [3]. To overcome these challenges, BTE circum-vents these issues by integrating biomaterials, cells, growth factors, and scaffold designsto fabricate bone substitutes that restore injured bone tissue [4].A human skeleton is made up of hard and rigid bones that are capable of regenerationand self-repair [5]. 60% of bone is composed of inorganic components (HA), 10% water,and 30% organic components (proteins) [6]. Inorganicmineralsmainly regulate bone stiff-ness and compressive strength whereas organic proteins are responsible for bone flexi-bility and toughness [7]. However, diseases, sex, and age can affect bone composition.Bone’s structure is hierarchical, porous, interconnected, anisotropic, and nonhomoge-neous [8]. Depending on its porosity, bone can be divided into two types: cortical orcompact bone, which has a porosity of 5-30% includes longitudinal haversian canals andtransverse Volkmann canals passing through the center of osteons, and trabecular bonewith highly interconnected pores containing several types of cells and blood vessels withthe porosity of 30-90% [9, 10]. Human bone morphology decipated in Fig. 1.

Figure 1: Illustration of human bone structure showing cortical and trabecular bone vascularized by
blood vessels.

In micro-level damages, the body goes into instant healing mode immediately. In con-trast, in the case of the critical-sized bone defect (> 10mm), the healing process fails andremains a clinical problem [11, 12]. Traditionally, bone loss has been replaced with autol-ogous implants, allogeneic banked bone, or xenogeneic bone. These methods, however,
12



produce limited structural and functional recovery, depending on the availability of donortissues, infection at the donor site, and immune rejection. To address these issues in thetreatment of critical-sized bone defects, bone substitutes can be used to accelerate thehealing process.
The term "bone substitute" broadly refers to materials that are used to treat bonedefects as a replacement for autologous (from the same individual) or allogeneic (froma different individual of the same species) bone. Bone substitutes can include syntheticmaterials (organic or inorganic), and biologically organic materials that treat bone defectsinstead of autologous or allogenous bone [13]. For this purpose, implants and scaffoldsare being developed in BTE to support osteogenesis, vascularization, and tissue replace-ment and encourage bone regeneration[14]. A scaffold is not a permanent substitute forbone since it resorbs over time in contrast to bone implants that remain in the body per-manently to provide long-term structural support [15]. Therefore, more focus should beplaced on developing scaffolds withmechanical properties and architectural features sim-ilar to the host bone.

1.2 The choice of material

The choice of biomaterial in BTE is a critical decision, as it profoundly influences the appli-cation, the success and longevity of bone substitutes, and patient’s long-term well-being[16]. The ideal material must possess a delicate balance of biocompatibility, mechanicalstrength, and osteoconductivity to effectively support bone regeneration [17]. Biocom-patibility guarantees non-toxicity and no immune response, allowing seamless integrationwith the host tissue [18]. Mechanical strength enables the implant to withstand the forcesimposed during daily activities. Tominimize the effects of stress shielding and ensure suffi-cient toughness towithstand fatigue fracture caused by cyclic loading, thematerial shouldhave a modulus of elasticity similar to bone’s. Osteoconductivity also encourages bone-forming cells to recruit and deposit new bone [19]. Additionally, biodegradability is a keycharacteristic of bone replacement instead of the material used on the defect site, whichmaterial degrades at the same rate as new bone formation leading to a gradual transferof the load to the regenerating bone [20]. Therefore, selecting of the suitable material isa pivotal decision in BTE, as it directly impacts patient outcomes, implant longevity, andlife quality.
Among the materials that have gained prominence in this field, metal and ceramicmaterials stand out for their advantages, which make them suitable for specific bone re-placement applications [21, 14]. Metals like Ti6Al4V are highly regarded for their outstand-ing biocompatibility and mechanical strength, making them ideal for orthopedic applica-tions. Its corrosion resistance and ability to integrate with surrounding bone tissue havemade it a preferred material for hip and knee replacements, spinal implants, and dentalimplants[22, 23]. Their high strength and durability make them well-suited for dealingwith the mechanical stresses in these areas. As a result of their high strength and dura-bility, they are ideal for these areas, where mechanical stresses are common. [14, 23].Asa bio-ceramic, HA closely resembles natural bone in its mineral composition, enhancingosseointegration and bone growth, making it ideal for applications requiring bone-likeproperties. HA is often used in bone cement, femoral plugs in total hip replacement, andcoatings for orthopedic implants due to its exceptional bioactivity and resemblance tonatural bone minerals [24, 21]. Its biocompatibility and osteoconductivity also make itideal for dental implants, craniofacial reconstructions, and spinal fusion procedures[21].
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Clinical applications of bioceramics are limited to non-load-bearing sites [25]. Figure 2shows metals’ different applications, especially Ti6Al4V and ceramics specifically HA inthe human body.Depending on the specific clinical context, themechanical demands of the implant site,and the desired biological response, selecting metals and ceramics enables healthcareprofessionals to tailor the choice to the patient’s needs. The versatility of these biomate-rials underscores their significance in BTE and scaffold design, offering tailored solutionsfor optimal patient outcomes.

Figure 2: Application of a)ceramic (HA) and b)metallic (Ti6Al4V) bone substitutions in the human
body [26, 27, 28, 29, 30, 31, 32].

1.3 The importance of scaffold/implant design in BTE

The design of lattice structures relies heavily on biomimicry. The employed lattice struc-tures should mimic the network of human bone in either cortical or trabecular bone, ora combination of the two depending on its application in the body [33]. Scaffold/implantdesign parameters include the combination of struts and void spaces, porosity, pore size,interconnectivity, mechanical properties, and the amount of surface area for nutrient dif-fusion, cell attachment, and the ingrowth of newbone tissue. These parameters should becarefully considered when designing lattice scaffolds to perform balanced physical and bi-ological properties [34, 35]. A scaffold/implant can be tailored to suit the specific require-ments of the implant site such as facilitating optimal bone regeneration, integration, andcell migration, as well as optimizing mechanical performance by customizing the lattice’ssize, shape, and density/porosity [36]. Therefore, themorphology or shape of the scaffoldsignificantly influences the scaffold’s effectiveness and its regeneration ability [37]. Thiscontrol over morphology within the scaffold can be instrumental in achieving optimal in-tegration, vascularization, and mechanical stability as well as the optimum therapeuticresults, enhancement of bone healing, and pain relief, thereby emphasizing the criticalrole of designing scaffolds for successful clinical applications. Therefore, research effortsare devoted to finding the most optimum structural morphology.
14



Responding to this, several studies explored how topology affects mechanical and bi-ological response. Cellular structures with mathematically defined architectures, such asTPMS, have recently attracted attention [38, 39, 40, 41, 42, 43]. Complex geometry ofTPMS that locally minimize surface area for a given boundary, is achievable by repeatingthe unit cell in three perpendicular directions periodically [44]. Their novel topologicalfeatures, enable them to be used in many engineering disciplines like tissue engineer-ing [45, 43]. By thickening the minimal surface, sheet-based TPMS cellular structures willbe created while solidifying the volumes enclosed by the minimal surfaces, resulting inskeletal-based TPMS structures [43].Numerous studies also have been conducted on strut-based cell topologies [39, 46,47, 48, 49, 50, 51]. Among strut-based lattices, newly developing randomized structures(irregular structures) gained attention in orthopedic applications due to their uniquemor-phology and intimating to the bone structure [52]. Bionics and mechanical properties ofVoronoi are the most similar designs for cancellous bone [53]. However, it is still plaguedwith the common problem of cross-structure, leading to stress concentration on the in-tersection of the struts [54] which can simply be solved by flatting the connection areasin the design process. The internal Voronoi structure can be homogeneous and hetero-geneous [55], and their irregularity may enhance some mechanical properties, includinganisotropic stiffness against certain forces [56]. Aside from these excellent properties ofirregular Voronoi-based lattices (IVL), the Voronoi structure also allows for better cell ad-hesion and migration, which leads to better bone implantation [57]. Compared to somecommon regular beam lattices, it is found that Voronoi Scaffolds are more effective inlighter weight and stress reductions than beam lattices which opens new applications inBTE and even in additive manufacturing (AM) [58]. Figure 3 shows the classification oflattices in bone substitution designs.

Figure 3: BTE lattice structure classification [59].

Accordingly, the selection of the lattice morphology is fundamental to the bone re-placement design due to their unique geometric and mechanical properties, which alignwith the requirements for effective bone implants and scaffolds. Therefore, algorithm-based structures such as TPMS and Voronoi-based lattice structures due to their advan-
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tages are both considered in this thesis. There are several reasons why TPMS structures are commonly selected, such as structural mimicry of natural bone, optimized mechanical properties with tailoring the implant to match the mechanical requirements of the sur-rounding bone, uniform distribution of stress due to periodic nature of TPMS structures, and customization of porosity and permeability to promote a favorable environment for cell growth and tissue regeneration [60]. The selection of Voronoi-based structures is also influenced by several factors, including: mimicking natural bone architecture espe-cially trabecular bone, tailored porosity which is essential for vascularization within the implants/scaffolds, enhanced mechanical properties due to customization of the specific design parameters, and adaptability to different materials including ceramics and metals causing the versatility of Voronoi structures in bone tissue engineering [61].

1.3.1 Architectural features

Architectural features such as interconnectivity, pore size, surface area (SA), and surface area-to-volume ratio (SA/VR) of scaffolds/implants in bone substitutions play pivotal roles in the success of BTE [62]. These parameters collectively influence the scaffold’s ability to support cell attachment, proliferation, and differentiation. An optimal pore size allows for nutrient and oxygen diffusion while facilitating the ingrowth of new bone tissue and more protein absorption [63, 64]. A larger surface area promotes more extensive cell-scaffold interactions, aiding in cell adhesion and important signaling processes for bone regener-ation. Additionally, a high SA/VR enhances the scaffold’s bioactivity by providing more sites for biomolecule adsorption and cellular response [65]. In the case of biodegradable biomaterials, larger surfaces usually result in faster biodegradation [62]. Therefore, turning carefully of these factors ensures that the scaffold provides an environment conducive to bone cell activity, ultimately leading to improved osseointegration and the successful restoration of bone function.
TPMS lattice structures are good candidates for tissue growth due to providing high SA/VR [66]. Periodic repetition of interconnected pores in TPMS can optimize bone re-generation very effectively, besides being mechanically strong enough [67] to withstand mechanical forces, provide stable support for bone regeneration, and integrate effectively into the existing skeletal structure. They also have the capability to mimic the biological characteristics of natural bone in order to integrate well with surrounding tissues[68] promote oxygen diffusion, ion exchange, and nutrient transport [69]. Due to this combination of mechanical and morphological properties, TPMS structure-based scaffolds have attracted significant attention in regenerative medicine for their ability to provide optimal growth environments for bone cells [70].
In the case of irregular lattice structures such as Voronoi tessellation scaffolds, the importance of pore size variety cannot be overstated in the realm of tissue engineering and bone substitutions. Voronoi tessellations create a network of interconnected poly-gons, resulting in a diverse range of pore sizes and shapes within a single scaffold. Larger pores facilitate nutrient and oxygen diffusion, supporting cell viability, while smaller ones encourage cell adhesion and proliferation [63] and formation of blood vessels [71]. The variety in pore sizes accommodates various stages of tissue regeneration, from initial cell colonization to mature tissue formation [71]. By providing this adaptable microenvironment, Voronoi tessellation scaffolds promote comprehensive tissue integration, enhancing the effectiveness of BTE strategies.
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Figure 4: A comparison of a)TPMSand b)Voronoi-based lattice structures pores and their differences.

1.3.2 Mechanical compliance
There is an importance to studying themechanical properties of trabecular/cortical bone.In general, trabecular bone provides strength and transfers away the external loads fromthe joint to the cortical bone [72]. In vertebral bodies, the main load-bearing part of thebone is the trabecular bone which has the main role of transferring load from the joint tothe cortical part [73]. Providing the necessary support and facilitating bone regenerationrequires scaffolds that conform to the mechanical properties of natural bone (cortical ortrabecular). In determining the location of an implant/scaffold, compressive strength andelastic modulus are vital variables. As a result of a stiffness mismatch between bone sub-stitutions and the host bone, stress shielding is a problematic phenomenon that inhibitsthe healing of fractures [74]. This problem can be avoided by designing implants/scaffoldswith an appropriate harmony between elastic modulus and compressive strength of de-sign lattice with human bone depending on the fracture site.

The utilization of numerical methods in predicting the mechanical properties of boneimplants and scaffolds holds paramount importance in the field of BTE [75, 76, 77, 78].By employing numerical simulations, researchers and engineers can optimize the designof implants and scaffolds, ensuring they meet the stringent mechanical requirements forbone replacements [79, 80]. These predictions offer valuable insights into stress distri-butions, deformation patterns, and potential failure points, helping to refine the designfor enhanced performance and longevity. Furthermore, numerical methods allow for therapid evaluation of numerous design iterations, saving time and resources compared toexperimental testing alone. Ultimately, the application of numerical methods not onlyaccelerates the development of safer and more efficient bone implants and scaffolds butalso contributes significantly to the overall success and reliability of BTE applications.
Advanced additive manufacturing technologies and more specifically, selective lasermelting (SLM), offer profound advantages in the fabrication of intricate and customizedlattice morphologies for bone replacements. Within the field of bone tissue engineeringand orthopedics, SLM’s capacity to fabricate intricate lattice designs is of particular sig-nificance [81]. This novel approach holds immense promise for fabricating these latticestructures, where traditional implant solutions fall short. By leveraging SLM, researcherscan advance the development of patient-specific implants/scaffolds that align with theunique requirements of individual patients, advancing orthopedic surgery and bone tis-sue engineering [82, 83]
Integrating numerical methods, either separately or in conjunction with SLM, in pre-dicting the mechanical properties of bone implants and scaffolds is paramount in advanc-
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ing the field of BTE [84, 85]. Numerical simulations, particularly FEA, enable researchersto model and evaluate the structural behavior of complex, patient-specific implants andscaffolds. When combinedwith SLM, a state-of-the-art additivemanufacturing technique,these simulations allow for the precise customization of implant designs to achieve de-sired mechanical properties. The ability to predict and optimize the structural perfor-mance of implants prior to fabrication not only ensures their biomechanical compatibilitybut also reduces material waste and production costs.
1.4 Objectives of the study
Recent advancements in AM have shown potential in enabling the fabrication of intricatecellular structures including porous architectures, which can successfully serve as implantsand/or scaffolds required by personalizedmedicine. Therefore, the role of design is one ofthemost profound as it helps to tackle complex challenges in BTE and to generate effectivesolutions for bone substitutions.The overall objective of this study is the design of bioinspired bone implants consid-ering metal and ceramics material, and the evaluation of the most suitable and printablearchitectures using FEA, statistical methods and SLM approaches. The aims of this studyinclude analysis of the mechanical behavior of implants/scaffolds, optimization of theirdesign for better mechanical and morphological performance, and evaluation of the po-tential of SLM in producing complex-structured implantswith customized geometries. Thespecific objectives of this work are as follows:

(i) Design of the anatomically matched hybrid implants composed of both cortical andtrabecular bones with mechanical parameters compatible with the characteristicsof human bone.
(ii) Design, optimization, and printing of TPMS lattices for bone tissue engineering.
(iii) Experimental and numerical evaluation of Spilt-P TPMS lattices produced by SLM.
(iv) Design and numerically optimization of mechanical properties of irregular gradientVoronoi-based scaffolds for bone applications.

The following research questions are addressed in this work:
1. How does the design of bone implants affect their mechanical performance?
2. How can the Taguchi method be utilized to explore new insights into the interac-tion of geometric factors, including structure type, number of unit cells, and wallthickness.
3. What is the optimal design of bone implants for required and biomimicking me-chanical properties?
4. How is the printability of the designed architectures?
5. What design parameters are the most influential on the mechanical properties ofthe implants?
6. What kind of design can be applied for biomimetic load-bearing implants to treatlong bone critical-sized defects in different regions of the human body?
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To achieve the goals, Taguchi method was employed to optimize themechanical prop-erties ofmetallic TPMS cellular structureswith analyzing the effect of geometric character-istics like TPMS type, wall thickness, and number of unit cells for enhanced performancein bone-related applications. Furthermore, this study investigates the creation of a Haver-sian bone-mimicking strategy for cortical bone, optimizing the arrangement of Haversianand Volkmann canals within hollow cylinders to mirror the mechanical properties of hu-man cortical bone has beenworked out. Subsequently, the selected optimal structure hasbeen merged with the trabecular bone component represented by TPMS-based lattices(Diamond, Primitive, Split-P, and Gyroid) in order to fabricate a pioneering biomimeticimplant design that seamlessly amalgamates cortical and trabecular bone qualities. In ad-dition, this research has been focused on SLM-fabricated Ti6Al4V Split-P TPMS structures,which unveil the potential of SLM to manufacture Split-P architectures. From quasi-staticmechanical behavior to stress-strain attributes and plateau stress responses, this dimen-sion systematically has examined the mechanical properties of these innovative latticestructures. Moreover, FEM has offered a deeper insight into the elastoplastic behavior ofthe Split-P structures, while unit cell homogenization elucidated the equivalent stiffnesstensor. Irregular Voronoi tessellation scaffolds, with a particular focus on those designedby HA, has been studied. These irregular Voronoi-based lattice (IVL) structures are de-signed to closely mimic the interconnectivity of natural human trabecular bone. The re-search scrutinizes the influence of design parameters, including strut thickness and pointspace, on mechanical properties (stiffness and strength) and geometrical features (poresize, pores distribution, pore numbers, SA, and SA/VR). Four distinct IVL scaffold typeswere examined, each characterized by its unique attributes. The research emphasizes thesignificance of irregularity and morphology in governing geometrical features and me-chanical performance, illuminating novel avenues for bone substitution therapies.The significance and contribution of this research are highlighted by a novel bone-mimicking implant design with cortical and trabecular bone components for reconstruc-tion of critical-sized defects in a long bone. For the first time, the design of Split-P lat-tices, SLM manufacturability of biocompatible Ti6Al4V alloy, and the evaluation of theirmechanical efficiency have been performed. Moreover, the effect of design parameterson implants durability have been demonstrated based on numerical studies. An improve-ment in the suitability of Voronoi lattices has been recorded by considering gradient pointspace and strut thickness in the lattices. The findings of this study may lead to the devel-opment of more efficient and reliable bone implants with reduced failure rates, which canultimately improve the quality of life for patients in need of bone replacement or repair.Moreover, this research contributes to the growing body of knowledge on the applicationsof FEA and SLM in biomedical engineering, paving the way for the further advancementsin the field.According to Table 1, the following goals and objectives were formed:
Table 1: Correlation between the objectives, implants/scaffold’s designs, and solutions proposed in
publications (Pub.).

Objectives Pub. I Pub. II Pub. III Pub. IV

1 ✓2 ✓ ✓ ✓ ✓3 ✓4 ✓
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2 Materials and methods

2.1 Scaffold design

2.1.1 Taguchi-based design of Ti6Al4V TPMS structures

This study investigated the mechanical properties of metallic cellular structures inspiredby TPMS. Taguchi method was employed to design experiments, incorporating three fac-tors and three levels for each factor. The research focused on three distinct TPMS struc-tures, namely IWP, Neovius, and the Primitive. Two additional factors, unit cell’s numberin each X , Y , and Z direction (with values of 2, 3, and 4) and the thickness of 0.3, 0.4,and 0.5, were considered. The initial surface of TPMS was generated using MATLAB soft-ware, followed by the thickening and creation of 3D models using SolidWorks. The studyutilizes a cube as a bulk sample with a constant length of 25 mm in X ,Y , and Z directions,defined by a multiple of unit cell size and the number of unit cells in each direction asillustrated in Fig.5. Taguchi’s orthogonal array L9 is used to estimate the influence of fac-tors on mechanical properties, determining which factors are more significant. Total of 9tests as presented in Table 2. It should be noted that the name of final lattice structure,Pri030-3, refers to the Primitive lattice with a thickness of 0.30 mm and 3 unit cells ineach direction. Other typologies are named similarly.
Table 2: Factor influence matrix according to Taguchi L9

Topologies Type of TPMS Wall thickness
(mm)

Cell numbers (L/l)

IWP050-2 I-WP 0.50 2IWP040-3 I-WP 0.40 3IWP030-4 I-WP 0.30 4Neo050-3 Neovius 0.50 2Neo040-4 Neovius 0.40 3Neo030-2 Neovius 0.30 4Pri050-4 Primitive 0.50 2Pri040-2 Primitive 0.40 3Pri030-3 Primitive 0.30 4

Figure 5: TPMS lattice structures, (a) I-WP, (b) Neovius, and (c) Primitive. - (adopted frompublication
I).

The Taguchimethod presents several advantages in experimental design and optimiza-tion. One notable advantage is its efficiency in conducting experiments with a relatively
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small number of trials compared to full factorial designs, resulting in significant time andcost savings. Additionally, the method excels in identifying influential factors and their in-teractions, contributing to a more focused understanding of the system under study. Theemphasis on robust design makes it particularly effective in minimizing the impact of vari-ations and external factors, leading to increased reliability and stability in the designedsystem. However, the Taguchi method is not without its limitations. Its assumption of lin-ear relationships between factors and responsesmay not accurately capture the complex-ities of some real-world systems that exhibit nonlinear behavior. Themethod’s reliance onorthogonal arrays and the assumption of factor independence may also be restrictive insituations where factors are interrelated. Despite the limitations, Taguchi method contin-ues to be a valuable and effective tool for experimental design and optimization in diversefields. As a result, in this study, Taguchi method was applied in order to determine the ef-fect of design parameters on themechanical performance of generated lattice structures.

2.1.2 Haversian bone mimicking Ti6Al4V porous structure

In the design of this part, a comprehensive approach was employed to investigate theintricate design of bone mimicry implants. The study encompassed both cortical and tra-becular bone structures, with a particular focus on their geometrical characteristics andmechanical properties. For the cortical component, a diverse array of structures was cre-ated using CAD software SolidWorks (Dassault Systems SolidWorks Corporation,Waltham,Massachusetts, USA), varying in terms of Haversian and Volkmann canal arrangements,cross-sectional shapes, sizes, numbers, and orientation of canals within a hollow cylinderconfiguration as shown in Table 3.
Table 3: Design parameters of various combinations of Haversian and Volkmann canals resulting 9
different topologies; (Num.: Number, Dia.:Diameter (mm), Ver.:Vertical, Hor.:Horizontal)

Designs Num./Dia.
of

Haversian
canals

Cross
section of
Haversian
canals

Num./Dia.
of

Volkmann
canals

Cross
section of
Volkmann
canals

Sahpe of
Haverasian

and
Volkmann
canals

D1 16/0.6 Circular 5/0.8 Circular Ver./Hor.D2 8/0.6 Circular 4/0.7 Circular Ver./Hor.D3 20/0.6 Circular 4/0.4 Circular Ver./Hor.D4 20/0.6 Circular 5/0.65 Circular Ver./Hor.D5 20/0.6 Circular 5/0.65 Circular Helix/HelixD6 20/0.6 Circular 5/0.65 Circular Helix/Hor.D7 20/0.6 Circular 5/0.65 Circular Ver./HelixD8 20/0.6 Circular 5/0.55, 1.4 Elliptical Ver./Hor.D9 20/0.6 Circular 5/0.55, 1.4 Elliptical Ver./Helix

An inner diameter of 8 mm, an outer diameter of 10 mm, and a height of 11 mm wereconsidered for the design of the hollow cylinder. The number of Haversian canals was con-sidered as 8, 16, and 20 with a constant diameter of 0.6 mm with a circular cross-section.Similarly, Volkmann canals were designed with 4 and 5 in number in both circular and el-liptical cross-sections. The diameter of circular Haversian canals ranges from 0.4-0.65 mm
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and for the elliptical cross-sections type 0.55 and 1.44 mm denoting the minor semi-axisandmajor semi-axis, respectively. In terms of the orientation of each canal horizontal andhelical were considered for the Haversain canals, and vertical and helical, were chosen forthe Volkmann canals. The results of the combination of these factors were 9 topologiesfor cortical part structure as shown in Fig. 6.In parallel, the trabecular component was developed using four distinct TPMS lat-tice structures – Gyroid, Diamond, Split-P, and Primitive using nTopology software (3.13.4,nTopology, New York, NY, USA). Each of these structures was merged with the optimizedcortical designs. To ensure uniformity, all trabecular structures were set at a 15% relativedensity (RD) and 85% porosity. The ultimate goal of this methodology was to identify howimplant architectures affect mechanical and morphological properties of implants to en-hance the potential for bone tissue regeneration and structural support. Fig. 6 illustratesthe process design of Haversian bone mimicking implant:

Figure 6: The design process of Haversian bone-mimicking lattice structure.

This approach, combining the principles of biomimicry and computational analysis, fa-cilitated the comprehensive exploration of innovative designs for load-bearing bone im-plants, crucial to addressing critical-sized bone defects.

2.1.3 Split-P Ti6Al4V TPMS cellular lattice structure

This part, the design of lattice-based implants, focuses on the utilization of TPMS, partic-ularly the Split-P structure. The design process began by selecting two distinct cell sizes,measuring 12.5 and 14 mm, to occupy a defined design space of 25 × 25 × 25 mm3. Iso-values of 0 and 1 were strategically employed to manipulate the structural morphology,resulting in the creation of five unique cellular lattices. With an isovalue of 0, variationsin the sheet thickness of the Split-P TPMS, ranging from 0.25 to 0.6 mm and maintaining aconstant unit cell size of 12.5 mm were led to generate a spectrum of porosity levels span-ning from 75% to 90%, ultimately achieving target RD of 10.47%, 16.74%, and 25.19%. Inorder to further diversify the design, a specific target RD of 21% was targeted, leading tothe development of two additional cellular lattices. One was configured with an isovalueof 0 and a unit cell size of 14 mm, while the other featured an isovalue of 1 with a unitcell size of 12.5 mm. nTopology software package (3.35.2, nTopology, New York, NY, USA)was used to create computer-aided design files (CAD) of the Split-P lattices. As a result of
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this design approach, laid the foundation for the creation of innovative and tailored latticeimplants, offering a broad range of porosities and RDs to cater to diverse orthopedic andbone tissue engineering applications. Figure 7 depicts the designs and changeable pa-rameters (Isovalue, thickness, and unit cell size) to create different morphology of Split-Plattice structures. It should be noted that SP05U140 refers to a Split-P morphology with0.50 mm thickness and a unit cell size of 140 mm. Other morphologies are also named inthis manner in the following.

Figure 7: Changeable design parameters in generation of Split-P lattice structures.

2.1.4 Voronoi-based HA scaffold

In this section, an innovative approach is employed to develop scaffolds for bone tissueengineering, specifically utilizing irregular Voronoi tessellation as a structural foundation.The design, known as IVL, was generated with features gradually changing in strut thick-ness (ST) and seed point spacing (PS), closely mirroring the intricate interconnectivityfound in human bone morphology. This tailored transition within the scaffold was metic-ulously designed to provide an influence on both mechanical and biological performance,thereby enhancing its potential for bone regeneration. This section goes into great detailabout how the design parameters can have a significant impact., specifically the ST andPS, within the HA Voronoi-based lattice structure. The focus of this study is on assessingcritical factors, including stiffness, strength, pore size, pore distribution, pore numbers,SA, and SA/VR. To comprehensively explore the design space, four distinct IVL scaffoldtypes were meticulously engineered: PC-TC (Constant PS-Constant ST), PC-TG (ConstantPS-Gradient ST), PG-TC (Gradient PS-Constant ST), and PG-TG (Gradient PS-Gradient ST).Applying this novel design methodology sets the stage for the creation of tailored scaf-folds with the potential to revolutionize bone tissue engineering, offering a diverse arrayof structural variations to address a spectrum of orthopedic and regenerative medicine.
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Figure 8: Interconnectivity of human bone and the designed IVL structures.

2.2 Lattice structure fabrication by SLM

2.2.1 Taguchi-based design of Ti6Al4V TPMS structures

The Realizer SLM50 metal printer was utilized to print Ti6Al4V Primitive TPMS lattice with particle sizes ranging from 20 to 63 µm. The fabrication process employed with the print parameters defined in Table 4 based on the optimization process. The calculated laser energy density is determined to be 31.11 J/mm3.
Table 4: 3D-printed parameters used for SLM-ed Ti6Al4V-based TPMS

Parameter Value

Laser power (W ) 84Scanning speed (mm/s) 750Hatch distance (mm) 120Layer thickness (mm) 30Rotation between the consecutivelayer(degree)
60

2.2.2 Split-P Ti6Al4V TPMS cellular lattice structure

In the fabrication phase of Split-P lattice structures and solid tensile specimens, the SLM process was used employing a gas-atomized Ti6Al4V powder characterized by rounded particles falling within a size range spanning from 15 to 37 µm. The execution of this intricate process adhered to established processing parameters summarized in Table 5.
High-purity argon gas was carefully used throughout the manufacturing procedure to prevent oxidation, preserving the integrity of the material. Following the completion of the manufacturing process, the fabricated samples were wire cut from the substrate, fol-lowed by ultrasonic cleaning with pure alcohol. Fig 9 shows a schematic representation of SLM process.
This methodology underpins the fabrication of intricate lattice structures, contribut-ing to developing biomaterials with potential applications in bone tissue engineering and load-bearing implants.
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Figure 9: Schematic representation of the SLM chamber, adapted from [86].

Table 5: 3D-printed parameters used for SLM-ed Ti6Al4V Split-P cellular lattices [87]

Parameter Value

Laser power (W ) 275Scanning speed (mm/s) 1100Hatch distance (mm) 110Layer thickness (mm) 30Rotation between the consecutivelayer(degree)
57

2.3 Characterization of the designed scaffolds/implants

2.3.1 Taguchi-based design of Ti6Al4V TPMS structures

The Taguchi method utilizes the signal-to-noise ratio (SNR) to establish the relationshipbetween calculated data and error. In statistical analysis, the main effect factor repre-sents the impact of varying levels of each factor on outcomes when they are in contrast.Consistency between the trends observed in SNR and main effect analyses ensures accu-racy of the obtained and designed data. The’ larger is better’ criterion was selected tomaximize the modulus of elasticity and compressive strength.A non-linear FEA was conducted to validate the experimental compression test resultsfor Ti6Al4V SLM printed Pri030-2, featuring 91% porosity. The results for elastic modulusand maximum stress reveal a minimal deviation of 3% and 1.9%, respectively, betweenthe numerical and experimental findings. Scanning electron microscope (SEM) analysiswas conducted on lattice using Hitachi TM1000. This analysis specifically focuses on thetop surface of the printed structure, aiming to assess any dimensional differences be-tween the designed model and the actual 3D-printed structure. The lattice structure, asproduced, closely adheres to the CAD model. However, residual particles were observedadhering to the fabricated structures. The presence of these residual particles could po-tentially contribute to thickness variations in the structure. More detail has been providedin Publication. II.
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2.3.2 Haversian bone mimicking Ti6Al4V porous structure

To study the compressive behavior of the designed implants, the non-linear elastic-plasticFE analysis was conducted using Bilinear Isotropic Hardening (BISO). ANSYS R2 19.4 soft-ware was used to predict the behavior of the implants under compressive load. Two cylin-drical plates were placed on the top and bottom of the structures as rigid bodies. Thebottom plate was subjected to the fixed displacement boundary conditions (BC) in all di-rections while the top plate was allowed to move in the z-direction the fully constrainedmovements in the X - and Y -directions.

2.3.3 Split-P Ti6Al4V TPMS cellular lattice structure

SEM analysis (SEM, HR-SEM Zeiss Merlin) was used to morphologically examine the man-ufacturability in the case of SLM-fabricated Split-P TPMS lattice structure.Geometrical parameters of fabricated Ti6Al4V Split-P lattices such as RDwere assessedby Archimedes method and dry weighing was used to calculate the weight.Quasi-static compression tests were conducted experimentally and numerically. Anexperimental compression test was performed at the strain rate of 1 mm/min up to thedensification region at the ambient temperature by an Instron 8802 machine equippedwith a 250 KN load cell.FEM compression test was performed using ANSYS software by applying an elastoplas-tic material model with multi-linear isotropic hardening (MISO) using both shell and solidelements depending on the lattice morphology. Lattices were placed between two platesand the top plate was subjected to a velocity of 2 m/s while keeping the kinetic energybelow 2% of the total internal energy.To study the relationship between RD of the periodic cellular structures and theirmechanical properties, the Gibson-Ashby model was employed, and the relationship be-tween modulus of elasticity and yield strength of the structures was calculated. The en-ergy absorption of the lattice structures was investigated carefully to represent the ma-terial’s resistance to load without severe failure, which is an important property in thedesign of orthopedic structures.Finally to accurately estimate the effective elastic properties of lattice structures, a pe-riodic homogenization method was performed for the Split-P unit cells using the nTopol-ogy software, and a lattice anisotropy comparison was performed.

2.3.4 Voronoi-based HA scaffold

To study the effect of the uniform and gradient on the design parameters such as PS andST on the mechanical properties of IVL structures, linear static structural analysis was em-ployed, and maximum stress criteria were applied. ABAQUS (6.19) software incorporatedwith a UMAT code was used to assess the compressive behavior and investigate two im-portant parameters including elastic modulus (E) and compressive strength (σc). Tworigid plates were placed on the top and the bottom of all scaffolds. Apart from the loadingdirection, the top plate was fixed in all directions, while the bottom plate was subjectedto the fixed displacement in all directions, and finally, a load of 1 KN was applied at thereference point of the top plate in the Y-direction. Mechanical properties of a 4 GPa elas-tic modulus, an 8 MPa breaking strength, and a 0.27 Poisson’s ratio was considered forHA used in FEA. More detail about material was provided in Publication IV.
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3 Results and discussion

3.1 Taguchi-based design of Ti6Al4V TPMS structures

3.1.1 Taguchi analysis results

Figure 10presents themain effect and SNR for both elasticity and compressive strength.Thealignment of trends in these figures confirms the results’ correctness. Table 6 and 7 out-line the ranking of three factors for elastic modulus and compressive strength respec-tively. Mean of SN ratio is in maximum value for type of structure followed by L/l and wallthickness. Accordingly, the type of structure was identified as the most influential factor.Notably, Neovius structure emerges as the most influential for maximizing both elasticmodulus and compressive strength. This is due to increased numbers of unit cells andwall thickness contributing to reduced porosity and increase the densification, resultingin higher structural weight and mechanical properties.

Table 6: SNR and mean values for elastic modulus

Response Table for Signal to Noise Ratios Response Table for Means
Level Lattice type wall thickness (L /l) Level Lattice type wall thickness L /l
1 10.69 11.27 3.34 1 3.45 4.06 1.81
2 13.58 7.86 8.52 2 5.50 3.94 3.77
3 0.06 5.20 12.47 3 1.27 2.23 4.653
Delta 13.52 9.12 8.14 Delta 4.22 1.83 2.83
Rank 1 3 2 Rank 1 3 2

Table 7: SNR and mean values for compressive strength

Response Table for Signal to Noise Ratios Response Table for Means
Level Lattice type wall thickness (L /l) Level Lattice type wall thickness L /l
1 32.27 33.20 25.90 1 41.38 48.03 22.23
2 33.72 30.17 31.04 2 55.17 42.94 43.32
3 24.99 27.62 34.04 3 21.26 26.84 52.26
Delta 8.73 5.58 8.14 Delta 33.91 21.19 30.03
Rank 1 3 2 Rank 1 3 2
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Figure 10: SNR and mean values for (a):elastic modulus and (b): compressive strength - (adopted
from publication I).

3.2 Haversian bone mimicking Ti6Al4V porous structure

3.2.1 Morphology effects on Geometrical features

3.2.1.1 Cortical bone component: Nine combinations of Haversian and Volkmann canalswere considered when designing the cortical part. The combinations are shown in Fig. 11and the corresponding geometric features of each combination are provided in the table8.
Table 8: Surface area, Volume, RD and porosity of various combinations of Haversian and Volkmann
canals

Designs SA (mm2) V (mm3) RD Porosity

D1 696.11 120.82 66.39 33.61D2 419.11 68.41 79.83 20.17D3 674.71 105.73 77.25 22.75D4 714.69 109.11 70.10 29.90D5 722.37 109.11 70.11 29.89D6 721.44 109.11 70.10 29.90D7 715.61 109.11 70.10 29.90D8 881.49 149.26 62.79 37.21D9 881.13 147.69 62.75 37.26
Table 8 provides details about the different designs of Haversian and Volkmann canals.As it is clear, the combination of canals significantly affect all parameters. Figure 11 visually
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presents the volume, SA, and various combinations generated by intersecting canals. Theminimum SA, V, and porosity can be seen in D2 with the lowest number of canals whilethe maximum value of these parameters was recorded by designs D8 and D9, It should benoted that the information regarding the design parameters is available in Section 2.1.2and Table 3.

Figure 11: Geometrical features of Haversian and Volkmann canals designed in cortical component;
(a) SA and V provided by the various combinations of canals; (b) different combinations of Haversian
and Volkmann canals - (unpublished images).

3.2.1.2 Trabecular bone component: Four selected morphology of TPMS were chosento combine with cortical component as shown in Fig. 12. Geometrical feature of eachmorphology like SA and SA/VR are presented in Table 9.
Table 9: Geometrical features on different TPMP morphologies

TPMS SA (mm2) SA/VR (1/mm)

Gyroid 888.17 10.66Split-P 1462.71 17.56Diamond 1087.66 13.06primitive 681.71 8.19

Figure 12: Four TPMS morphology selected for trabecular part and their combination with cortical
part creating whole bone implants - (adopted from publication II).
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    According to Table 9, Primitive lattice structure provided the minimum values for both parameters and the maximum were recorded for Split-P design followed by Diamond and Gyroid.
3.2.2 Morphology effects on mechanical performance

3.2.2.1 Cortical bone component’s mechanical properties: FE analysis was conducted to explore the relationship between the elastic modulus, strength, and porosity of cortical bone in various designs. The goal was to identify the optimal design for the mechanical properties of cortical bone by taking into account different factors like the number, di-ameter, shape, and orientation of vertical (Haversian) and horizontal (Volkmann) canals. The details about FEA analysis, validation, and mesh convergence study are provided in publication II. Table 10 presents FEA results for nine geometrical designs, highlighting the impact of porosity and cross-section shape on the elastic modulus and yield strengths.
Table 10: Mechanical properties of cortical bone component obtained from FEA

Designs E (GPa) Yield stress (MPa)

D1 13.33 198.20D2 20.27 184.00D3 26.38 109.20D4 19.55 125.60D5 19.43 125.60D6 19.46 125.60D7 19.74 125.60D8 19.86 144.40D9 20.18 144.40
Figure 11, Table 8, and Table 10 provide evidence that altering the shape of VolkmannandHaversian canals, anddifferent combinations of them, can substantially affect porosityand influence mechanical properties. The comparison of two groups of D1-D3, D2-D4, D2-D3, and D1-D4 showed that changing Haversian and Volkmann canals and the diameter ofVolkmann canals leads to noticeable changes in both mechanical properties.When D1 and D3 are compared, it becomes apparent that increasing the number ofHaversian canals, decreasing the number of Volkmann canals, and changing diameter, canreduce porosity by as much as 23%. This leads to an increase in the elastic modulus reach-ing 26.38 GPa and representing about 50% growth. These two models highlight that thenumber and diameter of Volkmann canals exert a more pronounced influence on the finalelastic modulus showing that Volkmann canals have a more significant effect than Haver-sian canals. In the group D2-D4 decreasing Haversian canals and increasing Volkmanncanals lead to changes in mechanical properties. in the D2-D3 group, Changes in mechan-ical properties are caused by increasing Haversian canals and decreasing Volkmann canaldiameters, and in the group D1-D4, mechanical properties change as Haversian canalsincrease and Volkmann canal diameters decrease. As a result, the most influential pa-rameters leading to a change in mechanical properties are changing the Haversian canalsand decreasing the diameter of the Volkmann canals. comparison between two groupsof D1-D3 and D2-D4 revealed that decreasing/increasing Volkmann canals also affect me-chanical properties.Consequently, the optimal configuration to consider elastic modulus in the range of
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human cortical bone for subsequent steps involves 20 Haversian canals and 5 Volkmanncanals. The Haversian canals were considered circular cross-sections with diameters of0.6 mm, while Volkmann canals come in two varieties: circular cross-sections with a 0.65mmdiameter and elliptical cross-sectionswithminor andmajor semi-axesmeasuring 0.55mm and 1.4 mm, respectively. The analysis was conducted under the assumption of RD ofabout 70% for the following designs (D4, D5, D6, and D7) to investigate the influence ofthe Volkmann and Haversian canal’s shape on the mechanical properties.
The lowest elastic modulus, at 19.43 GPa, was observed when both Haversian andVolkmann canals exhibited a helical orientation. The highest elastic modulus, at 19.74GPa, was found in models with Haversian canals oriented vertically and Volkmann canalsof the helical type. All four structures exhibited the same yield strength of 125.6 MPa, butthe elastic modulus varied across the structural designs. Figure 13 illustrates the trend ofincreasing porosity and elastic modulus in the seven suitable models within the range ofcortical bone elasticity.

Figure 13: Porosity vs elastic modulus of various cortical component designs - (adopted from publi-
cation II).

All the geometries are shown with their stress distribution and plastic strain in Fig 14.A change from a circular to an elliptical cross-section has a notable impact on stress con-centration. Stress concentration is significantly reducedwhen the ellipse is flattened alongthe y-axis, parallel to the direction of the applied load. This transition from a circular toan elliptical cross-section results in lower stress concentrations compared to the circularcounterpart, thus delaying failure around the pores [88] . In the case of two models, D4and D8, changing the cross-section of Volkmann canals from circular to elliptical led to a1.5% increase in the modulus of elasticity and a significant 24.59% rise in porosity. Thisoutcome underscores that selecting an elliptical cross-section in the helical orientationresults in a structure that is both lighter and stiffer, as noted by Schultz in 2019. It’s im-portant to note that the orientation of the elliptical cross-section was considered with thedirection of the applied force for all the mentioned designs.
A similar pattern was observed in D7 and D9, where vertical Haversian canals and he-lical Volkmann canals with circular and elliptical cross-sections were employed. In these
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two models, after the cross-section change, porosity increased from 30% to 37%, and theelastic modulus rose from 19.74 GPa to 20.18 GPa, which represents the highest elasticmodulus value among all nine structures and closely approximates the maximum elastic-ity of human cortical bone (20.7 GPa). Based on the computational results for the ninedesigns, the D9 implant was deemed themost suitable choice for integration with the tra-becular part, aiming to mimic bone architecture and investigate the impact of trabecularmorphology on controlling stress distribution, plasticity, stiffness, and strength.

Figure 14: vonMises stress and plastic strain of nine designs of cortical component - (adopted from
publication II).

Finally, D9 was chosen as the best design for the cortical component due to its idealcombination of stiffness, strength, and optimal pore size, SA, and volume that can providefor vascularization and bone growth. Accordingly, in Strategy II, D9 will be integrated withfour different minimal surface implants to examine the overall mechanical performanceof the entire bone structure and assess how the interior architecture influences stress andstrain distribution.
3.2.2.2 Mechanical properties of whole bone implant: The numerical results derivedfrom compressive strength, depicted in Fig. 15. The findings reveal that the Diamond im-plant exhibits the highest elastic modulus and yield strength when compared to the otherthree structural types. Conversely, the Primitive implant displays the lowest elastic modu-lus and yield strength. The stress-strain curves obtained from the FEA for all configurationsare depicted in Fig. 16. Fig. 15 shows the elastic-plastic behavior of four different corticalcomponent designs when trabecular parts are added. All the configurations exhibit plas-tic deformation. Upon an initial examination of the vonMises stress contour, it becomesevident that the interior design featuring Split P has a substantial stress reduction effecton both the outer and inner layers of the cortical component when compared to the otherthree implant types.The highest stress value, reaching 1132MPa, is primarily concentrated in the boundaryregions. Notably, the stress in the outer and inner layers of the cortical part remains belowthe yield point, and it is evenly distributed throughout the entire structure, signifying adesirable load transfer. Diamond design exhibits a relatively high-stress level of 1040MPa,similarly concentrated in the boundary region. In contrast, Gyroid and Primitive structures
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Figure 15: FEA results; (a) elastic modulus and yield strength of four implant designs, (b) stress-strain
curve of corresponding implant designs - (adopted from publication II).

show lower stress values of 977 and 947 MPa, respectively, but they still exhibit areas ofstress concentration, particularly in the outer layer of the cortical component and thetrabecular part. Primitive architecture displays more pronounced concentration. For alldesigns, regions near the boundary conditions exhibit areas with high-stress levels. Stresstransitions appear smoother in the Diamond and Split-P designs, with the Gyroid showingsome stress concentration, and the Primitive structure displaying more regions of highstress.
The smoother stress transition across the entire model corresponds to the desiredload transfer and can enhance load-bearing capacity. Among the four designs, the Dia-mond and Split P designs demonstrate superior efficiency, higher stiffness, and strength,followed by Gyroid. Primitive design displays the least uniformity in stress distribution.The structure with Gyroid interior design, stress concentration is observed in certain ar-eas of the outer layer of the cortical part and the layers within the trabecular part. In thePrimitive design, most stress concentration occurs in the neck and the connection regionof unit cells. This phenomenon don not observe in the other designs. Within the TPMSstructures, stress transfer tends to be smoother than in strut-based lattice structures dueto the absence of sharp edges. In all structures, certain areas do not contribute signifi-cantly in load-bearing, and these regions are more pronounced in the Split-P, Diamond,and Gyroid designs than in Primitive one. High-stress areas are usually more susceptibleto crack initiation or debonding. Split-P and Diamond designs exhibits better propertiesin terms of fracture or yield, while the Primitive design shows lower efficiency.

3.3 Split-P lattices and their structural advantages

Split-P is one of the TPMS structures. This lattice structure was found as a structure withmaximum energy absorption capacity and higher mechanical strength [89], maintaininga high strength to flexibility ratio [90]. Optimized Split-P lattices are also found to beeffective in providing the greatest cell growth and can be one of the best candidates forbone scaffolding among other types of TPMS due to its pore size, high SA/VR, and highlocal curvature [66]. In terms of SA and SA/VR, Split-P lattice provides the largest amount
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Figure 16: von Mises stress and plastic strain distribution in the four whole implant designs - (adopted 
from publication II).

among other TPMS with the same CAD parameters like design space of 25 mm in X , Y , and Z directions, the unit cell size of 12.5 mm, and an isovalue of 0 resulting in the same RD of 20% for all lattice. Figure 17 shows a comparison between these two parameters for four types of TPMS.
An extensive SA encourages cell attachment and growth, while a larger pore size en-hances the implant’s permeability, influencing the ingrowth of bone. Hence, the SA and pore size of implants constitute vital biological factors [91]. A reduced porosity hampers bone development, whereas higher porosity promotes it. The optimal pore size for foster-ing new bone formation falls within the range of 100–300 µm [92]. In comparison to other TPMS, Split-P lattices, as indicated in Fig. 17, exhibit notably higher SA and exhibit a wide range of pore sizes and shapes, exemplified in Fig. 18, offering different cross-sectional views of the SP05U140 lattice structure.
Adjusting the pore size can be achieved by scaling the unit cell size and thickness, allowing it to fall within the desired range for promoting bone growth. Consequently, the fine-tuning of structural parameters, such as unit cell size and isovalue, plays a pivotal role in managing SA while preserving mechanical integrity.

3.3.1 Geometrical analysis of fabricated lattices

Detailed specifications regarding the geometrical aspects of the manufactured samples and CAD models can be found in Table 11.
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Figure 17: Comparison of SA and SA/VR of four types of TMPS with constant design spaces of 25 mm
in X , Y , Z directions, unit cell sizes of 12.5 mm, and in the same RD of 20% - (unpublished image).

Figure 18: Diverse pore shapes and sizes along the Z-axis observed at various cross-sectional views
of the Split-P lattice with the specific SP05U140 morphology developed in this study-(adopted from
publication III).

Table 11: Comparison of the geometrical parameters such as weight and RD of the fabricated Split-P
lattices with CAD models.

Weight (gr) RD (%) SA (mm2) SA/VR (1/mm) Porosity (%)
Design Actual CAD Relativeerror(%) Actual CAD Relativeerror(%) CAD CAD CAD

SP025U125 9.72± 0.00 6.91 25.90 14.13 10.48 34.89 12823.17 7.83 89.52
SP04U125 13.99± 0.01 11.04 26.72 20.33 16.74 21.44 13115.03 5.01 83.26
SP06U125 18.02± 0.04 16.61 8.53 26.00 25.19 3.22 13144.44 3.34 74.81
SP06U125Iso1 16.42± 0.02 13.84 18.64 23.86 21.00 13.67 11548.69 3.52 79.00
SP05U140 16.55± 0.10 13.16 20.48 23.00 21.00 9.25 12018.47 3.85 79.00

The present investigation highlights variations in RD between the Split-P lattice struc-tures as built and their corresponding CAD models. As-built Split-P lattices were weighedusing a dry weighing method and their solid density was measured using an Archimedes
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method. Table 11 compares the geometrical parameters such as weight and RD betweenthe fabricated Split-P lattices and CAD models. The observed variations are possibly dueto the presence of un-melted powder particles that have adhered to the lattice surfaces,leading to an increase in surface roughness. It’s worth noting that the Split-P lattice, as de-picted in Fig. 17, possesses themost extensive SA amongother TPMS likeGyroid, Diamond,and Primitive TPMS structures. This enlarged SA intensifies the interactions between theunconsolidated powder particles and the solidifying base materials [93]. Consequently,in Split-P structures, partially molten metal powder particles clinging to the specimen’ssurface may influence the RD measurements, as reported in a prior study [91]. Blockage-free samples affirm the SLM process’s competence in fabricating Split-P TPMS lattices.With considering three lattices with the same morphology and different RD (SPo6U125,SP04U125, and SP025U125) from Table11, the relationship between the intended and ob-served RD can be established as illustrated in Fig. 19.

Figure 19: CAD to actual (fabricated) RD correlation of Split-P lattices at an isovalue of 0 - (adopted
from publication III).

Empirical findings demonstrate that there is a strong alignment between the actualRD values and the CAD designs, with a high coefficient of determination (R2) of 0.98. Thiscorrelation can thus serve as a valuable guideline for designing Split-P lattice structures.
3.3.2 Manufacturability of Split-P TPMS
Split-P structures inherently incorporate overhanging sections, which can potentially re-sult in issues such as layer collapse, dross formation, and printing challenges. Therefore, itmay be necessary to employ support structures to ensure successful printing and reducedisparities in shape between the manufactured samples and the CAD models [94]. Withproviding support structures the printability of Split-P TPMS lattice can be guaranteed asFig. 20 illustrates.

As can be seen, large dimensions of the unit cell, minimizing wall thickness, and in thespecific porosity of the lattice, there’s an elevated concern about unsupported regions inthe air, potentially leading to a failed 3D printing process. Hence, it is essential to incor-porate suitable support structures into the lattice design. another approach to addressthis issue is by increasing the lattice’s thickness reaching the desired RD, which effectivelybridges the suspended sections, allowing the Split-P lattice to become self-supporting.Nevertheless, the SLM-ed Ti6Al4V structures in this study exhibited a discrepancy in RDwith CAD models ranging from 9% to 34% higher than their corresponding CAD models.
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Figure 20: The CAD models of the Split-P lattices and the specific areas requiring additional sup-
port to prevent deformation during the additive manufacturing (AM) processes are depicted in (a)
SP025U125, (b) SP04U125, (c) SP06U1256-Iso1, and (d) SP06U125. (e) a sectional view of the Split-P
lattice structure, highlighting regions that do not necessitate self-support. (f) illustration of the over-
hang area giving rise the possiblity of distortion and structural collapse. - (adopted frompublication
III).

3.3.3 Surface morphology of fabricated lattices
The 3D-printed SP04U125 Split-P lattice, produced using SLM, was examined in terms ofits surface morphology illustrated in Fig. 21. Multiple locations were chosen to captureimages of both the upper and lower surfaces, each designated by distinct colors. Theseimages reveal robust interconnectivity within the manufactured porous lattice. The pre-cision of pore and strut dimensions in the as-built sample is showcased in the sectionscolored cyan and orange. In comparison to other TPMS or strut-based structures, Split-Pprovides the largest SA, as indicated in Fig. 17. Moreover, certain areas, marked in green,exhibit partially melted or unmelted powder particles adhering to the surfaces. Publica-tion II provides more details about the other colors.

Figure 21: Surface features of SLM-ed Ti6Al4V SP04U125 lattice captured by SEM, representing dis-
tinct regions by various colors; Green: the lower surface on the lattice side, Orange: the dimensions
of the pores and struts on the top surface, Cyan: lateral surface displaying dross formation and the
staircase effect- (adopted from publication III).
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3.3.4 Morphology effects on the mechanical performance - Experimental results

It is noteworthy that the response characteristics of Split-P lattice structures appear to beconsistent with those observed in a majority of other lattice configurations, commonlycategorized into four deformation zones as illustrated in Fig. 22 with specifying regions indistinct colors. In the first zone (Region I), there’s an initial nonlinear phase at low strain,mainly resulting from the initialmisalignment between the lattice and compressive plates.Region II marks the onset of a linear elastic phase, where the slope signifies the material’selastic modulus. This is followed by a post-yield hardening phase, showcasing nonlinearbehavior, leading to the attainment of maximum stress (σl,U ). Region III portrays theplateau stage, characterized by multiple instances of layer collapse and failure. Finally, inRegion IV, the densification phase commences, where the compressive response rapidlyincreases due to the unit cell surfaces coming into contact and the full collapse of unitcells. Fluctuations in stress become noticeable within the plateau region, owing to thecollapse of layers and localized densification.For Split-P lattices with the same RD of 21% and different cell morphology (CM) suchas SP05U140 and SP06U125Iso1, marked disparities are visible in the stress-strain pro-files of the two lattices after reaching their ultimate strength, underscoring the significantinfluence of CM on their compressive behavior. In the plateau phase of each lattice, fluc-tuations occur due to layer collapse and localized densification. Both lattice types exhibithardening behavior during the plateau phase, followed by rapid increases in stress-straincurves as they approach the end of the plateau stage. For SP05U140, this transition oc-curs at a compressive strain of approximately 80%, while for SP06U125Iso1, it takes placeat around 70%. Figure 22 shows the result of the experimental compression test for alllattice structures under compression test at a strain rate of 1 mm/min.

Figure 22: The experimental stress-strain curves of all lattice structures under quasi-static compres-
sion at 1 mm/min - (adopted from publication III).

In the case of the same lattice configuration with different RD (SP06U125, SP04U125,and SP025U125), the deformation responses in experimental tests from 0% to 50% illus-trated the initiation of failure at the uppermost layers of the SP06U125 and SP04U125lattices, whereas, for SP025U125, failure commences in the lower layers. During the ini-tial elastic stage, the specimens undergo uniform deformation. As the compressive load
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increases, the stress-strain curves ascend until they reach their peak strength, typicallyaround 10% strain. Subsequently, cracks begin to emerge, giving way to the formationof shear bands, and these continue to propagate until eventual failure. In the cases ofSP06U125 and SP04U125, shear band failure is conspicuous, extending from the upperright corner to the middle of the lower left side, and this failure mode becomesmore pro-nounced with higher RD. SP025U125, on the other hand, exhibits a layer-by-layer failurepattern, starting with the last layer. After the last layer’s failure, subsequent layers grad-ually make contact. Notably, SP025U125 does not demonstrate a strain-hardening effectthroughout the deformation process. The initial collapse of each lattice structure occurswithin the strain range of 10% to 13%.

Figure 23: Illustration of failuremodes of SLM-ed Ti6Al4V Split-P lattice structure under compression
test up to 50% strain at a strain rate of 1 mm/min - (adopted from publication III).

Distinct deformation patterns can be observed from the experimental tests for all sam-ples in Fig. 23. The first failure instances corresponded to the initial layer collapses. Eachlattice exhibits different failure behaviors: SP06U125, SP04U125 shows shear failure andlayer by layer failure is observed for SP025U125 and SP05U140 staring from lowermost anduppermost layers respectively. And finally, SP06U125Iso1 demonstrates complete shearfailure, occurring at an angle of 45 degrees to the load direction. This behavior is linked tothe observable interconnected pores and connection points within the lattice structure.These connection sites exhibit high levels of normal and shear stress concentration, thusincreasing the likelihood of failure.Table 12, listed all mechanical properties of tested Split-P lattices such as the modulusof elasticity (E), yield strength (σl,Y ), ultimate strength (σl,U ), the first lowest stress valueafter the first plastic failure (σmin), the load-bearing capacity (K), collapse strain (εC), anddensification strain(εD) under compression tests.
Table 12: Parameters of 3D-printed Split-P cellular lattice by SLM

Lattices E(GPa) σl,Y (MPa) σl,U (MPa) σl,P(MPa) σmin(MPa) K(%) εC(%) εD(%)

SP06U125 3.48±0.14 152.74±0.01 170.47±0.67 30.16±2.4 15.14±4.9 0.08±0.02 11.22±0.99 70.19±0.65SP04U125 2.50±0.12 83.19±1.26 117.32±0.48 59.93±1.50 20.65±3.76 0.17±0.03 13.29±0.38 70.70±0.96SP025U125 1.55±0.18 57.95±3.60 93.93±2.26 61.32±8.84 13.25±0.96 0.16±0.00 13.87±0.05 68.03±2.15SP05U140 3.48±0.07 116.02±2.05 137.15±0.79 63.21±0.21 12.81±8.05 0.09±0.05 10.44±1.15 62.38±1.87SP06U125Iso1 2.63±0.00 100.88±5.03 129.59±0.19 50.31±7.55 5.6±0.14 0.04±0.00 9.76±0.16 77.91±0.67

As a result, Porous scaffolds exhibit distinct responses to compressive loads, and their
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behavior depends on various morphological factors, including porosity and the shapes oftheir pores [95]. The stress-strain reactions of cellular lattices experience a pronounceddecline following the initial peak strength, attributed to the collapse of wall elements andthe fracture of load-bearing struts. This behavior is typically associated with a brittle fail-ure of struts in Ti6Al4V lattices manufactured through SLM [96]. The substantial drop instress is observable for all lattice structures upon reaching the ultimate strength, an occur-rence influenced by the RD. These initial sharp reductions take place at approximately 7%,10%, and 6% compressive strains for SP06U125, SP04U125, and SP025U125, respectively.

Figure 24: Evaluating the mechanical characteristics of Split-P lattices relative to porosity; includ-
ing SP06 (SP06U125), SP04 (SP04U125), SP025 (SP025U125), SPIso1 (SP06U125Iso1), and SP140
(SP05U145), considering aspects such as (a) Elastic modulus, (b) Yield, ultimate, and plateau stress,
(c) Load-bearing capacity (K), and (d) Collapse and densification strain. - (adopted from publication
III).

The load-bearing capacity (referred asK) of lattice structures is significantly influencedby their morphology and RD [97]. It hinges on the first recorded minimum stress valuefollowing the initial plastic failure and the ultimate stress. Among the lattice configura-tions, SP06U125 exhibited the minimum load-bearing capacity. In contrast, SP025U125and SP04U125 showcased thehighest load-bearing capacities, surpassing that of SP06U125by nearly 50%. The compressive behavior of Split-P lattices suggests that lattices withlower porosity can mimic the properties of a solid block, resulting in heightened shear
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stresses and a reduced load-bearing capacity, according to findings in [97]. Consequently,the lattice’s RD can significantly influence its load-bearing performance. Table 12 revealsthe considerable impact of CM onmechanical properties. Despite having a lower RD thanSP06U125, SP06U125Iso1 displays a higher elastic modulus and strain collapse, with nearlyidentical load-bearing capacity. SP05U140 and SP04U125 exhibit nearly identical elasticmoduli, despite a 13% RD difference, with SP04U125 exhibiting lower RD. SP06U125Iso1surpasses SP04U125 in terms of yield strength, ultimate strength, and load-bearing capac-ity. Among the five lattices, SP025U125 and SP06U125 showcase the lowest and highestelastic moduli, yield strengths, and ultimate strengths. The load-bearing capacity is at itspeak for SP04U125 and is the lowest for SP05U140.
Within the plateau region, all lattice structures display stress values below the ulti-mate strength, signifying that themajority of energy is dissipated during the initial failure.However, comparing the stress-strain profiles of different lattices reveals that the plateauregion exhibits strain hardening, featuring an undulating growth of stress attributable tothe densification stage. The layer-by-layer failure mode, observed in lattices with lowerRD, introduces noticeable stress fluctuations during the plateau phase. These fluctua-tions are primarily caused by individual layer failures and the buckling of local unit cells.For SP06U125 and SP04U125, the plateau region exhibits some strain hardening, withstress displaying undulating growth up to the densification stage. Conversely, SP025U125demonstrates substantial fluctuations, marked by four distinct stress fluctuations. Thedeformation behavior of SP025U125 highlights layer-by-layer collapse. However, all spec-imens reach densification at the end of the plateau stage, resulting in an upward trendin stress-strain profiles and reaching their initial peaks. As the lattice structure becomesdenser by the end of the plateau, the stress-strain behavior displays a rising trend. Adenser lattice structure exhibits a sharp increase in the elastic region, indicative of a highelastic modulus, substantial yield strength, and an extensive plateau region.
It can be concluded that unit cell morphology, thickness, and thus, RD exert a stronginfluence on failure mechanisms, with denser structures displaying reduced fluctuationsin stress-strain profiles and a more uniform response, behaving akin to compact materi-als. Consequently, the lattice’s architectural design determines the failure mechanisms itundergoes [98]. Low RD leads to layer-by-layer failure, while high RD structures exhibitshear band formation, as reported in [99]. Additionally, it was observed that Split-P TPMSlattices exhibit both stretching and shearing in certain areas due to their intricate shapes,and the designed RD also affects the failure behavior. Figure 24 illustrated a comparisonof mechanical properties of Split-P lattice structures versus porosity.
As it is obvious in Fig 24, SP025U125 displays the lower mechanical characteristics,encompassing the elastic modulus, yield stress, ultimate stress, and plateau stress whilesurprisingly, its load-bearing capacity ranks among the highest. Altering unit cell size andisovalue induces substantial shifts in mechanical properties [96]. A comparison betweenSP06U125 and SP06U125Iso1 reveals that amere 5% increase in porosity for SP06U125Iso1yields an identical elasticmodulus but results in diminished yield stress andultimate stress.Both lattices exhibit almost identical plateau stress values.
Moving to SP04U125 and SP05U140, these two possess nearly the same elastic mod-ulus, although the porosity of SP04U125 exceeds that of SP05U140 by 4%. However, theyield stress and ultimate stress of SP05U140 surpass those of SP04U125. As a result,SP05U140 features the lowest plateau stress value, whereas SP04U125 demonstrates thehighest load-bearing capacity within the entire spectrum of Split-P lattices. On the con-trary, SP05U140 exhibits the lowest load-bearing capacity. The maximum collapse strainsare evident in SP025U125, which can also be attributed to its exceptional load-bearing ca-

41



pacity. In summary, unit cellmorphology possesses a significant influence overmechanicalproperties.At last, from the results obtained from the mechanical tests of three fabricated latticestructures of SP06U125, SP04U125, and SP025U125. The Gibson-Ashby model applied tothe tested samples illustrating the relationship between RD and the predictedmechanicalproperties such as modulus of elasticity and yield strength of the structures in Fig. 25. Therelative modulus of elasticity and relative yield strength exhibit a positive correlation withthe actual RD of the Split-P lattices. The Gibson-Ashby model’s characteristic parametersand their corresponding correlation coefficient R2 are as follows: C1 = 0.04, n1 = 1.32, R2

= 0.99 for the modulus of elasticity, andC2 = 0.91, n2 = 1.54, R2 = 0.99 for yield strength.Notably, both the modulus of elasticity and the strength of these structures experienceexponential growth as RD increases. The robust fitting coefficients, represented by thehigh R2 values, underscore the precision and accuracy of this adaptation. Consequently,it is possible to directly anticipate the realmechanical characteristics of 3D printed Ti6Al4VSplit-P TPMS lattices based on their structural parameters(C,n). For Split-P lattices, whenthe modulus is represented as a function of RD, the stretching deformation behavior be-comes increasingly conspicuous as the curve approaches a linear trend [100]. For latticeswith identical RD, those featuring stretching-dominated deformationmodes demonstrateelevated elastic modulus and strength, rendering them particularly attractive for applica-tions requiring lightweight structures, such as orthopedic implants [101].

Figure 25: TheGibsonAshbymodel fitted as a function of the relative elasticmodulus and the relative
yield strength of SLM-ed SP06U125, SP04U125, and SP025U125 lattices - (adopted from publication
III).

3.3.5 Morphology effects on the mechanical performance - Numerical results

3.3.5.1 Unit cell analysis: In all Split-P unit cells, effective load-bearing capacity andstress transfer were found due to uniform stress distribution across their surfaces. How-ever, in the case of SP05U125Iso1, stress levels increase at the strut connection pointsaligned with the load direction, highlighting the potential effectiveness of solid networkSplit-P lattices in bearing loads. Unit cells with varying RD and morphologies exhibit yieldbehavior at different levels of strain. The contour map of equivalent plastic strain, de-picted in Figure 26, reveals regions with a heightened potential for failure. SP05U125Isodemonstrates the most localized plastic deformation at the strut connection sites. ForSP025U125, areas of substantial plastic deformation are observed in the uppermost and
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Figure 26: Illustration of numerical simulation of a)von Mises stress and b) equivalent plastic strain,
c)demonstration of equivalent plastic strain versus time of the unit cells of proposed Split-P lattices
under compression test at a strain of 24%. -(adopted from publication III).

lowermost layers. At a strain of 2%, the connection regions of SP06U125, SP04U125, andSP025U125 exhibit signs of plasticity, while no significant plastic deformation is evident inthe middle layers. Similarly, SP05U140 displays plastic deformation commencing in theuppermost layers.As evident from the strain-time curves depicted in Fig. 26, all lattices exhibit a pro-gressive increase in plastic behavior up to a strain of 2%. At this 2% strain point, a dis-tinctive failure mode is observed in SP025U125, signifying that the first layer (the bottomlayer) reaches its yield point. Subsequently, plastic strain uniformly spreads within theunit cell, encompassing the second layer. For all lattices, there is a continuous rise in plas-tic strain within the range of 2% to 8%, with the exception of SP05U140. In the case ofSP05U140, there is a noticeable dip in the curve, indicating the failure of the first layer(the top layer). Among all the lattices, SP05U125Iso displays the shallowest slope at an8% strain, implying that it requires a longer duration to reach the yield point. Notably,SP04U125 attains a high level of plastic strain at approximately 3.75e-4 seconds, closelyfollowed by SP025U125. Meanwhile, SP06U125 reaches a high level of plasticity around15e-4 seconds, and SP05U140 and SP06U125Iso1 exhibit their maximum plasticity at ap-proximately 6e-4 and 8e-4 seconds, respectively.
3.3.5.2 Lattice structure analysis: Figure 27 and 28 present the outcomes of numericalsimulations for Split-P TPMS lattice structures representing VonMises stress distributionsand equivalent plastic strains at overall strains of 0%, 16%, and 20% are showcased. Thedistributions of vonMises stress display significant stress concentrations in the layers andconnection sites, contingent on the lattice type. The ultimate stress is more prominentlyconcentrated in the upper and lower layers of SP025U125 and SP04U125.In SP06U125,the upper layers exhibit higher stress levels than the lower layers, ultimately leading tothe primary failure. Within SP05U140, regions of stress concentration in both the top andbottom layers are unmistakably visible, with additional stress concentration observed inthe middle layers as shown in Fig. 28.For SP06U125Iso1, heightened stress levels are detected in the middle of connectionstruts. As the strain increases during compression, more stress concentrates within thelattice, ultimately resulting in fractures. The fracturemay propagate between layers as thestress concentration region shifts from one layer to the next. In terms of equivalent plastic
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strain distributions, as shown in Figures 13 and 14, the majority of plastic deformationsoccur in the uppermost layers, contributing to the initial collapse of SP06U125, SP04U125,and the lower layers in SP025U125.

Figure 27: Distributed equivalent stress and plastic strain of Split-P lattices for strain levels of 0%,
160%, and 20%, and depictions of vonMises stress distributions at 20% strain; (a) SP06U125, (b)
SP04U125, (c) SP025U125 -(adopted from publication III).

Nonetheless, several indications of plasticity are also observed in the middle layers ofSP05U140 lattices. For SP025U125, the bottom layer reaches plasticity first, followed by auniform increase in plastic strain within the lattices, extending to the second layer.
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Figure 28: Distributed equivalent stress and plastic strain of Split-P lattices in strain levels of 0%,
16%, and 20%, and depictions of vonMises stress distributions at 20% strain; (a) SP05U140, and (b)
SP06U125Iso1 -(adopted from publication III).

Figure 29: Illustration of the numerical and experimental stress-strain behaviors of all Split-P lattice
structures at 16% strain. -(adopted from publication III).
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In the case of SP06U125Iso1, most strut joints exhibit localized deformation, heighten-ing the potential for collapse. Shell elements were employed for numerical simulationsin all lattices except SP06U125Iso1. The use of shell elements in numerical simulations of-fers time-saving advantages, primarily due to a reduced number of elements [102]. Thereliability of the FE method in predicting mechanical properties, specifically the elasticmodulus and yield strength, was evaluated through the relative error between numericalsimulations and experimental results, as depicted in Fig. 29.

3.3.6 Morphology effects on the energy absorption capacity

Figure 30 displays a comparison of energy absorption concerning RD and compressivestrain for various Split-P lattice configurations. Notably, the SP06U125 lattice shows thehighest value at 61.41±2.52MJ/m3, while SP025U12 records the lowest one at 22.82±0.86
MJ/m3. In Fig. 30, it is evident that SP06U125 exhibits roughly 2.7 times the energy ab-sorption capacity compared to SP025U125. This underscores the pronounced impact ofRD on the lattices’ energy absorption capacities. A comparison between SP05U140 andSP06U125Iso1 demonstrates that, with comparable RD values, SP05U140 displays a higherenergy absorption (57.35± 2.52 MJ/m3), nearly matching that of SP04U125 (58.22± 0.69
MJ/m3), which has an RD of approximately 26%. This suggests that the unit CM signifi-cantly influences the energy absorption potential. Interestingly, SP05U140 exhibits nearlyequivalent energy absorption to SP06U125Iso1, despite its lower density. In Fig. 30, theenergy absorption curves for all Split-P lattices are depicted versus strain. These curvesdisplay a consistent and linear growth pattern, except for SP025U125, which shows fluc-tuations attributable to layer collapse.

Figure 30: Split-P lattices’ energy absorption in response to compression load in different RD and
strains; (a) Total energy absorption at various RD; (b) Strain-dependent energy absorption - (adopted
from publication III).

Energy absorption capacity is a crucial characteristic in the design of orthopedic struc-tures [66]. Several parameters, including RD, pore size, unit cell size, and unit cell type,influence this property. Among all of these factors, RD showed a significant role [20]. Aneffective lattice structure for energy absorption should be capable of enduring substantialdeformations under relatively constant stress, thereby preventing the lattice from being
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subjected to excessive strain [67]. This endurance ensures the structure’s long-term re-silience and its ability towithstand impact loads [68]. As demonstrated in the comparativemechanical responses shown in Fig. 22 illustrates a gradual increase in energy absorptioncapacity with rising RD. The primary factors influencing a lattice structure’s energy ab-sorption characteristics are its plateau stress and densification strain; higher and moreprolonged plateau stress enhances energy absorption [69].In the current study, it was observed that SP06U125, SP04U125, and SP06U125Iso1exhibited high energy absorption, attributed to their substantial densification strain andplateau stress. Consequently, these lattices exhibit potential for applications requiringenergy absorption. Energy absorption capacity of the lattice structures falls within a rangeof 22.82 to 61.41 MJ/m3.

3.3.7 Anisotropy comparison of Split-P lattices

In various applications, it is crucial to grasp the anisotropic nature of a structure andpinpoint its most rigid and flexible orientations. Particularly in structural uses like load-bearing implants, this anisotropy significantly influences the lattice’s performance in di-verse orientations [103].

Figure 31: (a) Comparison of Zener anisotropy index of Split-P lattices with TPMS unit cells with 
different RDs, (b) Split-P 3-dimensional elastic modulus surface - (adopted from publication III).

Therefore, achieving a precise assessment of the effective elastic properties is of paramount importance. The Zener ratio (Z) describes isotropic material behavior and 
Z = 1 indicates an isotropic material behavior [104, 105]. 3D elastic modulus surface is visually illustrated in Fig. 31 and represents the degree of anisotropy. Notably, SP06U125Iso1 exhibits the most pronounced anisotropy, evident in its conspicuous protrusion in X, Y, and Z directions. Conversely, the remaining Split-P lattice configurations display nearly isotropic moduli. The illustration in Fig. 31 Zener ratio of SP06U125, SP04U125, SP025U125, and SP05U140 lattices exhibited corresponding Zener ratios at 0.97, 0.99, and 0.98 respectively, suggesting a uniformity in their 
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elastic characteristics. However, the Zener ratio for SP06U125Iso1 is notably lower at 0.75, indicating a degree of anisotropy in the lattice’s mechanical properties. Among all, the SP04U125 lattice stands out with the highest Zener ratio, indicating a remarkable degree of isotropy, closely approaching unity.

3.4 Voronoi-based HA scaffold

3.4.1 Morphology effects on architectural features

SA and SA/VR represent pivotal geometric characteristics, particularly in the context of applications such as bone replacements, where they exert significant influence over both the scaffold’s biological and mechanical performance [106]. These two factors directly impact various essential aspects, including growth factors, nutrient exchange, and the interactions among cells and the scaffold. Additionally, the SA/VR plays a key role in en-hancing fluid permeability [65]. A higher SA/VR indicates more favorable conditions for cell growth and attachment, as well as enhancing collisions between oxygen molecules and cells, leading to better transportation within the scaffold and improving delivery to cells [69]. A gradient mode’s impact on SA and SA/VR for IVL scaffolds cannot be ignored in their design. The highest percentage enhancements compared to the PC-TC lattice were observed in the PG-TG lattice for both SA and SA/VR about 38.49% and 40.00% followed by PG-TC with the values of 36.28% and 36.40% respectively. The minimum percentage enhancements recorded for PC-TG lattice. Figure 32 shows the values of SA and SA/VR and the percentage improvements for four designed HA IVL scaffolds.

Figure 32: Graphical representation of a)SA and b)SA/VR of four designed IVL scaffolds and their
percentage improvements in comparison with TC-PC lattice scaffold - (Adopted from publication
IV).

The results showed that in lattices with constant PS, transitioning from a constant STto a gradient mode (GT) yields relatively modest increases in SA and SA/VR. Conversely,when switching froma constant PS to the gradientmode, scaffoldswith constant ST exhibitsubstantially greater enhancements of a remarkable increase in SA and a boost in SA/VR.Furthermore, with gradient ST, these enhancements escalate. The results, as depictedin 32, clearly indicated that the scaffold featuring both gradient PS and ST experiencesthe most significant improvements in SA and SA/VR, while the scaffold with constant PSand gradient ST registers the smallest enhancements. An exploration into the effect of
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irregularity on the pore size, shape, and distribution, studies show that the largest poresize promoted an increased in vitro cell proliferation and in the trabecular part of bonebased on an IVL structure design, pore size would be in the range of 458.80 - 989.10 µm isdesirable [107] and also ideal pore size for simulating cell proliferation and differentiationlying within the span of 20-1200 µmwas reported in [57, 108].

Figure 33: Assembly of point maps and indicator spheres, as well as the number of pores within four
designed IVL scaffolds- (adopted from publication IV).

Consequently, it is imperative that pore size distributions encompass a variety of ranges.As illustrated in Fig. 33, the scaffolds in this study exhibit a diverse range of sizes, numbers,and distributions, rendering them suitable for bone replacement applications. Figure 34revealed the range of pore size within each scaffold. The PG-TG scaffold boasts the highestpore count at 847, characterized by gradient PS and ST, closely followed by the PG-TC scaf-fold with 780 pores. In contrast, the PC-TG lattice exhibits the lowest pore count at 320,with the PC-TC lattice not far behind at 322 pores. Interestingly, both Fig. 33 and Fig. 34reveal that the incorporation of a gradient approach in IVL structure design results in anaugmentation of the number of pores, particularly those falling within the desirable sizerange akin to human bone. It becomes evident that applying a gradient approach to bothPS and ST contributes to an increased prevalence of pores within the desired size range,
49



consequently enhancing both SA and SA/VR, critical factors for promoting bone growthand cell adhesion.

Figure 34: An illustration showing the two lower and upper bands of pore size in IVL scaffolds; Di-
mensions in (mm) - (adopted from publication IV).

3.4.2 Morphology effects on mechanical performance

HA Voronoi scaffolds showed consistent von Mises stress distribution across connectionsites with no indication of regional stress concentrations. Notably, the PC-TC and PC-TGscaffolds displayed extensive stress distribution throughout a significant portion of theirstructures, while the PG-TC and PG-TG scaffolds exhibited less intense and more stabledistributions of stress. These results underscore the substantial influence of geometricfactors on the load distributionwithin Voronoi porous scaffolds. Among all VTL structures,the PC-TC and PC-TG scaffolds pose a higher risk of failure due to the presence of elevatedstress concentrations at the connection sites. Figure 35 illustrates von Misses stress dis-tributions of VTL structures. When considering the impact of irregularity on stress distri-bution, it becomes evident that the PG-TC lattice displays a smaller region experiencingstress, followed by PG-TG. In contrast, PC-TC and PC-TG exhibited less favorable perfor-mance, as they experienced a higher concentration of stress in their struts and curves.As compared to other Voronoi porous scaffolds, PC-TC displayed the least displacementalong the load direction, while the highest displacement was observed in PC-TG, followedby PG-TC and PG-TG. The displacement of VTL structures is depicted in Fig. 35.Mechanical characteristics of the designed porous scaffold, including the elastic mod-ulus and maximum compressive strength showed in Fig. 36 and can be summarized asfollows: PG-TC displayed the highest stiffness and strength, reaching 271.23 MPa and 1.61
MPa, respectively, positioning it as the top performer in terms of mechanical properties.Subsequently, PG-TG exhibited the second-highest stiffness at 241.02 MPa, followed byPC-TC, which recorded a stiffness value of 238.58 MPa. while PC-TG recorded a stiffnessvalue of 212.24 MPa with a higher strength value of 1.41 MPa in comparison with PC-TCand PG-TG. The strength of PG-TG is slightly lower with a value of 1.07 MPa while PC-TC ismuch lower at the value of 0.60 MPa. Lastly, the PC-TC lattice exhibited the lowest valuesfor both stiffness and strength with a value of 238 MPa.
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Figure 35: von Mises stress distributions and displacement of HA VTL scaffolds under compression
test - (adopted from publication IV).

Figure 36: Stress-Strain curve for Voronoi lattices under compression test - (adopted from publica-
tion IV).
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3.5 Human bone and TPMS/Voronoi-based lattices

Human cancellous and cortical bone exhibits an elastic modulus ranging from 0.1 to 4.5 
GPa and 3 to 20 GPa, respectively, along with yield strengths within the ranges of 2 to 17 
MPa and 33 to 193 MPa [64]. The elastic modulus of the human skull falls between 2 and 6 GPa [109, 110]. In other literature, the elastic modulus of cancellous bone was reported in the range of 0.4 to 4.5 GPa, and the yield strength of the spine, tibia, and proximal femur was reported in the range of 0.56 to 55.3 MPa [111].As compared to human bones, TPMS designed lattices using Taguchi optimization method showed good agreement with elastic modulus and compressive strength with high porosity level which is important factor in bone substitutions. A Neovius lattice structure with 0.40 mm wall thickness and 4 unit cells in each direction showed the highest values of compressive strength and elastic modulus, while Primitive TPMS with 0.40 mm wall thickness and 2 unit cells in each direction recorded the lowest values.Between nine hybrid topologies, D1 to D9 designed with Volkmann and Haversian canals, the results suggested that D9 out of nine designs shows mechanical properties ()elastic modulus and yield strength of 20.18 GPa and 144.40 MPa, respectively) in the range of human bone while providing the maximum porosity of 37.25% with considering elliptical cross-section and helical orientation for Volkmann canals and retaining circular cross-section for Haversian in the vertical direction. Related surface area also increased up to 881.1 mm2 in the cortical component. when it comes to the hybrid design including cortical and trabecular parts, Diamond had the highest stiffness and yield strength at 23.81 GPa and 185.85 MPa followed by Split-P lattice with a stiffness value of 23.67 GPa and 180.85 MPa of yield strength respectively. Gyroid ranked third with 22.99 GPa of elastic modulus and 179.45 MPa yield strength followed by Primitive with the lowest stiffness and yield strength at 21.84 GPa 166.44 MPa. All lattices showed the potential for bone replacement while Split-P and Diamond were reported as the best lattice structures. these hybrid-designed lattices can be used in the proximal diaphysis region to treat long bone critical-size defects.The 3D-printed Ti6Al4V Split-P lattices display elastic modulus raging from 1.55 to 3.48 
GPa, which is lower than the values for human cortical bone. However, they exhibit yield strengths around 57 to 152 MPa, comparable to those of cortical bone. Notably, among all the Split-P lattices, SP025u125 boasts an elastic modulus and yield stress within the range and surpassing those of cancellous bone, while the remaining lattices are better suited for applications involving cortical bone and the cortical segment of skull bone. Consequently, the SLM Ti6Al4V Split-P lattices prove to be apt structures for load-bearing purposes, given their combination of high yield strength and low elastic modulus, minimizing stress shield-ing concerns [112].In the case of Voronoi lattice structures, all the scaffolds showed mechanical properties in the range of human bone. The elastic modulus was reported from 2.12 to 2.71 GPA and maximum strength also ranged from 0.60 to 1.61 MPa. All lattices showed the possibility of application in bone substitution while among them PG-TC scaffold with gradient PS and constant ST showed the best performance in terms of strength and stiffness. These types of lattices can be used in the cancellous bone of the spine, tibia, and proximal femur.
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4 Conclusions
This doctoral thesis has provided a multifaceted exploration of cutting-edge advance-ments in the realm of biomimetic load-bearing implants/scaffolds and lattice structuresfor bone engineering applications with a specific focus on mechanical properties and ge-ometrical attributes.In this work, the design of bioinspired bone implants considering metal and ceramicsmaterial, and evaluation of the most suitable and printable architectures using FEA andSLM approaches have been performed. Furthermore, analysis of themechanical behaviorof the implants/scaffolds, optimization of its design for better performance, and evalua-tion of the potential of SLM in producing complex-structured implants with customizedgeometries have demonstrated a promising potential for the application of the designedstructures, which can be introduced into the industrial process of personalized medicinein the field of bone regeneration, substitution, and treatment.Based on the outcomes of the work, the following conclusions can be drawn:

1. The application of the Taguchi method has proven in the optimization of metalliccellular structures inspired by TPMS for bone-related applications.
2. The innovative design of anatomically tailored and personalized implants consist-ing of cortical bone mimicking Haversian and Volkmann canals combined withtrabecular-bone-simulating parts has been developed.
3. A novel approach to design of biomimetic load-bearing implants by introducing twocomplementary strategies has been presented. The integration of these strategieshas resulted in the creation of a hybrid implant with remarkable mechanical prop-erties closely resembling those of natural bone. The outcomes have highlightedthe significance of not only material selection but also the internal architecture ofthe implant, demonstrating potential for the treatment of long bone critical-sizeddefects.
4. For the first time, design and printing by SLM of Ti6Al4V Split-P TPMS structures hasbeen performed. Among other TPMS, Split-P lattices with the largest SA and SA/VRcan also achieve mechanical properties close to those of trabecular and corticalbones, making them suitable for load-bearing bone implants.
5. The size of unit cells and the walls’ thickness significantly affect themanufacturabil-ity of Split-P structures. The large unit cell and small wall thickness, together withthe specific porosity, have increased the risk of failure of 3D printing process. Byincreasing the thickness of the lattice’ walls, it is possible to connect the zone sus-pended in the air and make the Split-P lattice a self-supporting structure.
6. Gibson-Ashby model has indicated stretching-dominated deformation mechanismsof failure in Split-P TPMS. The study of the effect of CM and RD onmechanical prop-erties of lattices has shown that these two parameters significantly influence themechanical response of the structures. The von Mises stress and equivalent plasticstrain distributions has demonstrated that Split-P lattices designed with dissimilarRD and CM possess different stress and plastic strain concentrations. For the solid-based lattice, the greatest von Mises stress was concentrated around the connec-tion sites. In other Split-P lattices, the stress concentration mostly appears aroundthe top and/or bottom layers. The study on the homogenization of the unit cellshas revealed a dependence between the Zener ratio and the cell morphology.
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7. A comprehensive study on the effect of design parameters, including ST and seedPS, on HA-based Voronoi-based lattice for BTE based on static structural FEA andmaximum stress criteria has been performed. The outcomes of this study providevaluable insights into the potential for enhancing the scaffolds’ mechanical prop-erties and geometrical characteristics. Results demonstrated that the morphologyand irregularity of the Voronoi-based scaffolds can directly affect the architecturalfeatures, such as pore sizes, their distribution, and amounts, as well as SA, andSA/VR, and mechanical characteristics such as modulus of elasticity and maximumcompressive strength.
8. The gradient PS was found to be more effective than the gradually altering ST inimproving mechanical performance and structural stability. However, the most sig-nificant improvements were achieved when both PS and ST were subjected to gra-dient changes. The PS and ST play a key role in optimization of geometry, resultingin better bone regeneration.
9. The study of porosity level and pore distribution within the scaffolds has revealedthat constructs, such as the Gradient PS-Gradient ST lattice, provided the largestnumber of pores and a variety pore sizes and their distributions. These results high-lighted the capacity to customize scaffold porosity to mimic the interconnected na-ture of natural bone.
10. In terms of mechanical properties, changing from constant PS to gradient PS re-duced the modulus of elasticity, noticeably improving MCS. The PG-TC structure of-fered an excellent performance considering both geometrical andmechanical prop-erties. This demonstrated the importance of introducing gradients to accomplishbetter geometrical and mechanical characteristics.

The results of the research work are presented in four publications:The first study proved successfully the application of Taguchi method in the designmetallic TPMS cellular structures for bone-related applications . Through systematic ex-perimentation, statistical analysis and FEA, influential factors like TPMS type, number ofcells, and wall thickness were identified, impacting both elastic modulus and compres-sive strength. Taguchi strategy enhances TPMS lattice development, providing valuableinsights into geometric factors’ interplay for precise control of structural parameters. Thiscontributes to improved mechanical performance in biomedical applications, advancingTPMS structure design in biomedical engineering.The second paper presented a novel approach to design of hybrid biomimetic load-bearing implants by introducing two complementary strategies, one mimicking the struc-tural characteristics of cortical bone and the other one representing a trabecular bone.The integration of these strategies resulted in a hybrid implant with remarkable mechani-cal properties closely resembling those of natural bone. This research work addresses theresearch question of 1, 2, 4, and 5.In the third research paper, the focus shifted to the use of Ti6Al4V Split-P TPMS struc-tures manufactured through SLM. This study investigated the mechanical characteristicsof these structures, taking into account different RD and CM. The findings highlighted theversatility and potential of these structures, revealing their capacity to achieve mechani-cal properties comparable to those of cortical and trabecular bone. This research opensnew possibilities for the development of load-bearing bone implants with enhanced me-chanical performance. Research questions 1, 2, 3, 4, and 5 are addressed in this study.
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The forth research paper introduced IVL structures for tissue engineering applications.By varying ST and PS, the IVL structures were designed to closely mimic the natural in-terconnectivity of human bone. This investigation explored how design parameters influ-ence both the geometrical andmechanical properties of the lattice structures. The resultsdemonstrated that through the strategic manipulation of design parameters, it is possibleto enhance both themechanical and biological performance of these scaffolds, thus offer-ing potential solutions for bone regeneration therapies. In this study research questions1, 2, 4, and 5 are addressed.
Scientific novelty and practical importance: The novelty of this work lies in their pio-neering contributions to the field of load-bearing implants/scaffolds and lattice structuresfor tissue engineering. In the first paper, Taguchi method is applied to the design latticestructure in order to determine the most consequential design parameters for the me-chanical properties such as elastic modulus and yield strength. The second study intro-duces a hybrid implant design that combines the biomimicry of both cortical and trabecu-lar bone structures, representing a significant departure from traditional implant designs.This innovative approach underscores the importance of the internal architecture of load-bearing implants andhas the potential to improve the treatment of long bone critical-sizeddefects. In the third paper, the utilization of Ti6Al4V Split-P TPMS structures produced bySLM introduces an entirely new level of mechanical properties, offering a range of me-chanical properties that closely approximate those of natural bone, marking a substantialstep forward in the development of load-bearing implants. The fourth paper introducesirregular Voronoi-based lattice structures with varying ST and PS, offering a unique and bi-ologically inspired approach to tissue engineering. Themanipulation of design parametersin this manner presents a novel method for achieving enhanced mechanical and biologi-cal performance, positioning these lattices as innovative solutions for bone regeneration.Collectively, these papers contribute fresh perspectives and novel methodologies to thefield, offering promising directions for improving the design of load-bearing implants andbone tissue engineering. Through the examination of three distinct research papers, thisresearch has significantly contributed to the understanding of the design, manufacturing,and mechanical characterization of load-bearing implants, showcasing their potential forcritical-sized defect treatment and bone substitution therapies.

55



5 Future work
The future directions propose remarkable opportunities to advance thefield of biomimeticload-bearing implants and lattice structures for tissue engineering.
• Exploring the biocompatibility and bone integration of designed lattice structures rep-resents a critical step toward clinical application, ensuring the safety and effective-ness of these implants.
• The investigation of functionally graded TPMS, with a specific focus on Split-P lattices,provides an opportunity to enhance the mechanical performance of these struc-tures.
• The integration of artificial intelligence (AI) in lattice design andoptimization is a forward-looking approach that promises to revolutionize the design process, allowing fortailored structures with superior mechanical properties.
• The exploration of multi-morphology TPMS and their combination effects on mechan-ical properties, (aided by AI or without it), offers a deeper understanding of thepotential of these structures.
• Incorporating failure criteria for numerical analysis will provide insights into the struc-tural robustness of these lattices.
• Investigating permeability with fluid dynamics brings a new dimension to the research,considering their interaction with bodily fluids.
• The development of functionally gradedmaterial lattice structures, combining Ti6Al4Vand hydroxyapatite, offers a new approach for advanced implant designs. Thesefuture works collectively promise to expand the horizons of load-bearing implantsand contribute significantly to the field of tissue engineering. performance of thedesigned scaffolds/implants.
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Abstract
Biomimicry and novel structures: Advancing the design 
paradigm of bone implants
This doctoral thesis embarks on a multifaceted exploration of innovative strategies in bone tissue engineering, with the overarching objective of refining the design and manufacturing of load-bearing bone implants and scaffolds. The research is organized in four interrelated dimensions:

• Dimension I: Taguchi-based optimization of Ti6Al4V TPMS structures The purposeof the first research is to optimize themechanical properties of metallic TPMS cellu-lar structures using the Taguchi method. SLM was used to generate the lattices andfinite element analysis employed to evaluate the mechanical properties of metal-based Neovious, Schoen I-WP, and Schwarz Primitive structures. Geometric factorssuch as wall thickness, number of unit cells, and type of TPMS were consideredto create the design of experiments to investigate the impact of geometric charac-teristics on the mechanical responses, including elastic modulus and compressivestrength. According to the findings, Neovius demonstrates superior elastic modulusand compressive strength compared to other structures. This shows that the TPMStype is the first potential factor that strongly affects both elastic modulus and com-pressive strength. The number of cells andwall thickness emerge as the second andthird significant factors directly affecting structural response.
• Dimension II: Biomimetic Load-Bearing Implants The second research delves intothe creation of biomimetic load-bearing implants tailored to address critical-sizeddefects in the proximal diaphysis of long bones. Drawing inspiration from the intri-cate structure of natural bone, this dimension employs a dual-pronged approach.Firstly, a Haversian bone-mimicking strategy is devised for cortical bone, aimed atreplicating themechanical properties of human cortical bone. This involves the gen-eration of various hollow cylinder topologies, and strategically arranging Haversianand Volkmann canals. Subsequently, an optimal structure is selected from this arrayand merged with the trabecular bone part, represented by triply periodic minimalsurface (TPMS)-based lattices (Diamond, Primitive, Split-P, and Gyroid). The out-come is a groundbreaking biomimetic implant design, harmonizing the qualities ofboth cortical and trabecular bone, poised to address long bone critical-sized defectseffectively.
• Dimension III: Novel Ti6Al4V Split-P TPMS Structures The third dimension consistsof Ti6Al4V Split-P TPMS structures produced through selective laser melting (SLM).Unveiling the potential of this novelmanufacturing technique, the research dissectsthe mechanical responses of these structures, from quasi-static mechanical behav-ior to stress-strain attributes and plateau stress responses. Finite element analysisprovides further insight into the elasto-plastic behavior of the Split-P structures,while unit cell homogenization elucidates the equivalent stiffness tensor. Findingsreveal a range of mechanical properties, including elastic modulus, yield strength,and ultimate strength, showcasing the versatility of Ti6Al4V Split-P lattices for load-bearing applications in bone implants.
• Dimension IV: Irregular HAVoronoi Tessellation Scaffolds for Bone Regeneration Thefourth study explores the potential of irregular Voronoi tessellation scaffolds, with aparticular focus on those constructed fromHydroxyapatite (HA). Designed tomimic

68



the interconnectivity of natural human bone, these irregular Voronoi-based lattice(IVL) structures offer a tailored transition that significantly impacts bothmechanicaland biological performance. Investigating design parameters such as strut thicknessand point space, this research scrutinizes the influence on mechanical properties(stiffness and strength) and geometrical features (pore size, distribution, numbers,surface area, and surface area-to-volume ratio). Four distinct IVL scaffold types areexamined, each with its unique attributes. The study underscores the importanceof irregularity and morphology in dictating geometrical features and mechanicalperformance, opening new avenues for bone substitution therapies.
In summary, this doctoral thesis constitutes a comprehensive journey through therealms of biomimetic load-bearing implants, novel Ti6Al4V Split-P TPMS structures,and irregular Voronoi tessellation scaffolds. The culmination of these dimensionsoffers a promising convergence of innovation in bone tissue engineering, poised toredefine the landscape of bone implant and scaffold design, ultimately enhancingthe prospects for critical bone defect treatments and bone regeneration therapies.
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Kokkuvõte
Biomimikri ja uudsed struktuurid: luuimplantaatide disaini-
paradigma edendamine
See doktoritöö alustab luukoetehnoloogia valdkonna uuenduslike strateegiate mitmekülgset uurimist, mille üldeesmärk on täiustada kandvate luuimplantaatide ja -tellingute disaini ja tootmist. Uuring areneb läbi kolme omavahel seotud mõõtme:

• mõõde I: Taguchi-põhine Ti6Al4V TPMS-struktuuride optimeerimine Esimese uuri-mistöö eesmärgiks on Taguchi meetodi abil optimeerida metalliliste TPMS-i rakust-ruktuuride mehaanilisi omadusi. SLM-i kasutati võre ja lõplike elementide analüüsiloomiseks, mida kasutati metallipõhiste Neovious, Schoen I-WP ja Schwarz Primi-tive struktuuride mehaaniliste omaduste hindamiseks. Katsete kavandamisel võetiarvesse geomeetrilisi tegureid, nagu seina paksus, ühikurakkude arv ja TPMS-i tüüp,et uurida geomeetriliste omadustemõjumehaanilistele reaktsioonidele, sealhulgaselastsusmoodulile ja survetugevusele. Taguchi meetodit rakendatakse süstemaati-liselt nende mõjude uurimiseks ning elastsusmooduli ja survetugevuse optimee-rimiseks. Tulemuste kohaselt on Neoviusel teiste struktuuridega võrreldes paremelastsusmoodul ja survetugevus. See näitab, et TPMS tüüp on esimene potentsiaal-ne tegur, mis mõjutab tugevalt nii elastsusmoodulit kui ka survetugevust. Rakkudearv ja seina paksus on teine ja kolmas oluline struktuurset reaktsiooni otseselt mõ-jutav tegur.
• mõõdeII: biomimeetilised koormust kandvad implantaadid Teises uuringus käsitle-takse biomimeetiliste kandvate implantaatide loomist, mis on kohandatud pikkadeluude proksimaalse diafüüsi kriitilise suurusega defektide kõrvaldamiseks. Loodus-liku luu keerukast struktuurist inspiratsiooni ammutades kasutab see mõõde kahe-suunalist lähenemist. Esiteks on ajukoore luu jaoks välja töötatud Haversi luu jäl-jendamise strateegia, mille eesmärk on replitseerida inimese kortikaalse luu me-haanilisi omadusi. See hõlmab erinevate õõnessilindrite topoloogiate genereerimistning Haversi ja Volkmanni kanalite strateegilist korrastamist. Seejärel valitakse sel-lest massiivist välja optimaalne struktuur ja liidetakse trabekulaarse luuosaga, mi-da esindavad kolmekordselt perioodilised minimaalse pinna (TPMS) põhised võred(teemant, primitiivne, split-P ja gyroid). Tulemuseks on murranguline biomimeetili-se implantaadi disain, mis ühtlustab nii kortikaalse kui ka trabekulaarse luu omadusija on valmis tõhusalt lahendama pika luu kriitilise suurusega defekte.
• mõõde III: uudsed Ti6Al4V Split-P TPMS-struktuurid Kolmas mõõde koosnebTi6Al4V Split-P TPMS struktuuridest, mis on toodetud selektiivse lasersulatamise(SLM) abil. Avaldades selle uudse tootmistehnika potentsiaali, lahkavad uuringudnende struktuuride mehaanilisi reaktsioone kvaasistaatilisest mehaanilisest käitu-misest kuni pinge-deformatsiooni atribuutide ja platoo stressireaktsioonideni. Lõp-like elementide analüüs annab täiendava ülevaate Split-P struktuuride elastoplasti-lisest käitumisest, samas kui ühikurakkude homogeniseerimine selgitab välja sama-väärse jäikuse tensori. Leiud näitavadmitmesuguseidmehaanilisi omadusi, sealhul-gas elastsusmoodulit, voolavuspiiri ja lõplikku tugevust, mis näitavad Ti6Al4V Split-Pvõre mitmekülgsust kandvate rakenduste jaoks luuimplantaatides.
• mõõde IV: ebaregulaarsed Voronoi tessellatsioonikarkassid luude regenereeri-miseks Neljandas uuringus uuritakse ebaregulaarsete Voronoi tessellatsioonikar-kasside potentsiaali, pöörates erilist tähelepanu hüdroksüapatiidist (HA) valmista-
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tud karkassidele. Need ebaregulaarsed Voronoi-põhised võre (IVL) struktuurid, mison loodud imiteerima inimese loomuliku luu vastastikust seotust, pakuvad kohan-datud üleminekut, mis mõjutab oluliselt nii mehaanilist kui ka bioloogilist jõudlust.Uurides projekteerimisparameetreid, nagu tugiposti paksus ja punktide ruum, uuribsee uurimistöö mõju mehaanilistele omadustele (jäikus ja tugevus) ja geomeetrilis-tele omadustele (pooride suurus, jaotus, arvud, pindala ja pinna-mahu suhe). Uuri-takse nelja erinevat IVL-i karkassitüüpi, millest igaühel on oma ainulaadsed omadu-sed. Uuring rõhutab ebakorrapärasuse ja morfoloogia tähtsust geomeetriliste oma-duste ja mehaanilise jõudluse dikteerimisel, avades uusi võimalusi luu asendusravijaoks.
Kokkuvõttes kujutab käesolev doktoritöö endast terviklikku teekonda läbi biomi-meetiliste kandvate implantaatide, uudsete Ti6Al4V Split-P TPMS struktuuride jaebakorrapäraste Voronoi tessellatsioonikarkasside valdkondade. Nende mõõtme-te kulminatsioon pakub paljutõotavat luukoetehnoloogia innovatsiooni lähenemist,mis on valmis luuimplantaatide ja karkasside kujundamise maastiku uuesti määrat-lemiseks, suurendades lõppkokkuvõttes kriitiliste luudefektide ravi ja luu regene-reerimise teraapiate väljavaateid.
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Abstract. Metallic cellular structures with triply periodic minimal surfaces (TPMS) is a great 

approach to enhance multifunctionality for several engineering disciplines. In the present study, 
we aimed to generate metal-based Neovious, Schoen I-WP and Schwarz Primitive structures, 

leveraging on TPMS based design methods. Neovious, Schoen I-WP and Schwarz Primitive 

structures are mathematically formulated. Geometric factors like wall thickness, number of cells 

and the length of unit cell can affect the mechanical response namely elastic modulus and 

compressive strength. Herein, Neovious, I-WP and Primitive based materials are fabricated 

through Selective Laser Melting (SLM) to evaluate the difference between the aforementioned 

geometrical factors both experimentally and through simulations. The Taguchi method was 

implemented to explore the effect of geometric factors on structural response. These results were 

further extended to the structures to optimize the elastic modulus and compressive strength.  

 

1. Introduction 

High performance of cellular structures related to excellent energy absorption, lightweight, high 

strength-weight ratio and excellent thermal, acoustic, mechanical and electrical properties are gaining 

increasing interest in their specific design. Cellular materials have a wide range of applications in 

biomedicine, energy absorption and aerospace [1,2]. Recently, many researches have been focused on 
controllable topology and design of shell-based structures of minimal surfaces which are known as 

Triply Periodic Minimal Surfaces (TPMS) [2-7]. Triply periodic demonstrates a repeated structure in 

3D which is devoid of any self-intersections. TPMS are specified as surfaces with a zero mean curvature 
at each point on the surface [8]. Nowadays, the fabrication of complex architectures has been perceived 

due to development of Additive Manufacturing (AM) approaches. Conventional ways to produce 

cellular materials have many limitations about using material and simplicity in design which can be 
addressed by application of AM technologies to mitigate the challenges. Selective laser melting (SLM) 

as a kind of AM process has a great potential to fabricate complex structures [9]. Traditional structures 

such as a strut-based lattice fabricated by SLM with a lack of continuous transition on their surface and 

sharp edges demonstrated a poor manufacturability in the AM process [10,11]. It is notable that the 
absence of nodes and other stress concentration regions in TPMS make them valuable structures with 

improved strength and toughness [12-15]. The absence of joints and struts in TPMS lattice structure (in 
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comparison with strut-based architectures) is a considerable benefit in terms of processability [16]. SLM 

as an AM method is known an appropriate technique to printing metallic structures. Variety of metal 

powders, such as Ti6Al4V, 316 L stainless steel, Fe–Mn and Zn can be produced with design in TPMS 

lattice architecture with the help of SLM techniques [17, 18]. 

The geometric parameters such as wall thickness, sample size, number of surface periods, and the 

associated iso-value can affect the mechanical response of gyroid structure fabricated of Ti6Al4V by 

SLM [19]. To quantify the influence of mentioned geometric factors on structural response, OFAT (One 
Factor at a Time) and Taguchi methods were used and it was shown that an increase in the number of 

cells and wall thickness strongly effect the elastic modulus and compressive strength whilst a decrease 

in the sample size and iso-value can lead to improved mechanical response.  

This research focuses on finding optimum design and studying the effect of wall thickness and number 
of cells on a structural response of Neovius (Neo), Schoen I-WP (IWP) and Schwarz Primitive (Pri) 

structures by implementing Taguchi method. To identify the effect of mentioned factors on mechanical 

properties, numerical and experimental procedures are required. Validity has been verified by the 
experimental data of compression test performed on the SLM printed structures of Ti-6Al-4V. 

  

Figure 1.  TPMS unit cells and designed specimens of a) IWP, b) Neovius and c) Primitive  

2. Material and method 

2.1. Modeling and computer-aided design of cellular lattice  
In x-y-z spatial coordinates, the TPMS can be approximated using implicit methods and introduced by 

a level-set function 𝜑 = 𝑐, which is defined for Neovius (Neo), Schoen I-WP (IWP) and Schwarz 

Primitive(P) surfaces, respectively in equation (1) [20]: 

𝜑𝑁𝑒𝑜 =  3(𝑐𝑜𝑠 𝑘𝑥 +𝑐𝑜𝑠 𝑘𝑧 +𝑐𝑜𝑠 𝑘𝑦 ) + 4𝑘𝑥 𝑐𝑜𝑠 𝑘𝑧 𝑐𝑜𝑠 𝑘𝑦 = 𝑐 

(1) 𝜑𝐼𝑊𝑃 = 2(𝑐𝑜𝑠 (𝑘𝑥) 𝑐𝑜𝑠 (𝑘𝑦) + 𝑐𝑜𝑠 (𝑘𝑦) 𝑐𝑜𝑠 (𝑘𝑧) + 𝑐𝑜𝑠 (𝑘𝑧) 𝑐𝑜𝑠 𝐾𝑥 ) − (𝑐𝑜𝑠 2𝑘𝑥 + 𝑐𝑜𝑠2𝑘𝑦 + 𝑐𝑜𝑠2𝑘𝑧 ) = 𝑐 

𝜑𝑃 =𝑐𝑜𝑠 𝑘𝑥 +𝑐𝑜𝑠 𝑘𝑦 +𝑐𝑜𝑠 𝑘𝑧 = 𝑐 

Where 𝑘 = 2𝜋𝑞/𝑙. 𝑞 defines the number of cells in each direction, and 𝑙 is the length of the unit cell. 

The value of 𝑐 controls the shape of surfaces and is known as iso-value parameter. In this research, the 

value of 𝑐 is assumed to be zero. MATLAB software was used to generate the initial surface of TPMS 

and SolidWorks followed by a CAD software which was used to thicken and create 3D models of TPMS. 

Labeling of structures has been shown in figure 1. For example, the label of “𝑁𝑒𝑜050 − 2” describes 

the Neovius structure with wall thickness of 0.5 mm and 2 repeated cells at each edge. Designed models 

are shown in figure 1. 

2.2. Material, Machine, and Methods 

The Ti6Al4V powder of particle size 20 – 63 µm was printed by Realizer SLM50 metal printer. The 

associated laser parameters were applied for fabrication with laser power of 84 W, layer thickness of 30 
μm, hatch distance of 120 μm, at a scanning speed of 750 mm/s, rotate hatch at 60 degree and 35 degree 

with y axis was selected to print structure. According to these parameters, the calculated laser energy 

density is 31.11 J/mm3. 
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2.3. Uniaxial compression test and finite element analysis 

Pri030-2 specimen with the length size of 16.67 mm in x, y and z direction was chosen for experimental 

study, which was performed by a servo-hydraulic model 8500 universal testing machine (Instron ltd., 
UK). A computational finite element (FE) analysis was performed to evaluate mechanical performance 

with experimental compression test (figure 3). For static compression at a room temperature, a strain 

rate of 0.1 mm /s was applied with compressive load and displacement recorded at each 0.1 s intervals 
during testing. It is notable that in all simulations from now on, the coefficient of the friction was defined 

as 0.1 to prevent sliding during applied load. The ANSYS 2019 software was used to simulate 

compression tests. 

2.4. Taguchi method 
To investigate the effect of individual geometric factors on mechanical properties, statistical Taguchi 

method was implemented to improve the quality of the outcomes. According to full factorial approach, 

with three significant factors considering three level of each TPMS surface, the designed experiments 

could reach up to 81 which henceforth is very time-consuming.  Therefore, in order to decrease the 
number of tests without any loss in accuracy, it is recommended to implement Taguchi approach. In 

total 9 test were designed, which were assigned to three factors such as type of structures; surface wall 

thickness and number of cells (𝐿/𝑙). For designing, a cube, as a bulk sample with constant length 25 

mm in 𝑥, 𝑦 and 𝑧 direction was assumed. Bulk size can be defined by multiple of cell size to the number 

of cells on each direction. It is noted that with changing cell number, cell size can be altered. This study 

represents the importance of above-mentioned factors on mechanical properties with Taguchi method. 

All designed topologies and calculated modulus of elasticity with maximum compressive strength at 4% 
strain was based on Taguchi orthogonal L9 matrix henceforth represented in Table 1.  

Table 1.  Taguchi L9 Matrix for study of factor influence  

Taguchi L9 

Matrix 
Factors Results 

Porosity 

(%) 
Topology Structures 

Thickness 
(mm) 

Number of 

cells (𝐿/𝑙) 
Elastic Modulus (GPa) Max. Stress (MPa) 

IWP050-2 I-WP 0.5 2 2.804 34.336 85.87 

IWP040-3 I-WP 0.4 3 3.730 45.718 82.93 

IWP030-4 I-WP 0.3 4 3.839 44.084 83.09 

Neo050-3 Neovius 0.5 3 6.839 70.121 79.12 

Neo040-4 Neovius 0.4 4 7.561 73.060 77.71 

Neo030-2 Neovius 0.3 2 2.109 22.318 91.50 

Pri050-4 Primitive 0.5 4 2.557 39.633 81.33 

Pri040-2 Primitive 0.4 2 0.536 10.030 92.50 

Pri030-3 Primitive 0.3 3 0.744 14.108 91.56 

3. Results  

3.1. Evaluation compression test result 

FE model was performed to validate the result with experiment compression test of Ti6Al4V SLM 
printed Pri030-2 with 91% porosity and figure 2 represent force-displacement result of both FE analysis 

and experimental data. The outcomes of elastic modulus and maximum stress indicate 3% and 1.9% 

deviation in the result of the numerical and experiment which is acceptable and shows strong agreement 

with the physically obtained result.  

3.2. SEM Analysis 

The fabricated lattice sample Pri030-2 with its SEM analysis figure 3 which is done for top surface of 

printed structure to investigate dimensional variations between the designed and 3D-printed structures. 

The as-fabricated lattice structure clearly followed the CAD model. Residual particles were found 
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attached to the fabricated structures as shown figure 3(a-c). Residual particles can cause the thickness 

variations. 

 
Figure 2. Compression test of Pri030-2 at 6% strain at t=10 s in experiment and simulation, contour 

of equivalent (Von-Mises) stress with undeformed wireframe, force-displacement curve  

 
Figure 3. SEM image of top surface of printed Pri030-2 

3.3. Taguchi Method 

Based on Taguchi method, a signal to noise ratio (SNR) defines the ratio of calculated data to the error. 

The accuracy of measured value and calculated data for each test were determined by SNR. In statistical 
analysis, main effect is the influence of different levels of each factor on outcomes when they are 

contrary. If SNR and main effect shows the same trend, the obtained data and designed data are correct. 

  
Figure 4. SNR and mean values for compressive stress 
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Figure 5. SNR and mean values for elastic modulus 

The criteria ‘large is better’ was chosen to maximize the modulus of elasticity and compressive strength. 

Figure 4 and figure 5 illustrate the main effect and SNR for both modulus of elasticity and compressive 

strength. As mentioned above, they have the same trend indicating the results to be correct. Table 2 
shows the ranking of three factors for compressive strength based on ‘large is better’ criteria. First of 

all, the average response for all parameters is determined. Then the delta (the difference between 

minimum and maximum average) is calculated. Finally, all factors are categorized from largest to 

smallest. The result for the means reveals the type of structure as the best type for maximizing 
compressive strength with the first rank. The factor number of cells (L/l) and wall thickness are 

identified as the second and third effective factors. 

Table 2.  SNR and mean values for compressive strength, ‘Larger is better’ 

Response Table for Signal to Noise Ratios  Response Table for Means 

Level 
Type of 

structure 

Wall 

thickness 
L/l  Level 

Type of 

structure 

Wall 

thickness 
L/l 

1 32.27 33.20 25.90  1 41.38 48.03 22.23 

2 33.72 30.17 31.04  2 55.17 42.94 43.32 

3 24.99 27.62 34.04  3 21.26 26.84 52.26 

Delta 8.73 5.58 8.14  Delta 33.91 21.19 30.03 

Rank 1 3 2  Rank 1 3 2 

Table 3 shows the ranking of three factors for elastic modulus based on ‘large is better’ method. Similar 
to compressive strength according to the means result, the type of structures is the first effective factor 

to maximize elastic modulus, with number of cell (L/l) is in the second ranking. Based on the main 

effects, the wall thickness of 0.5 and 0.4 mm shows that there is no significant difference for maximizing 

elastic modulus. Also, the ranking of the SNR represents the same result for all the three factors. 

Table 3. SNR and mean values for elastic modulus, ‘Larger is better’ 

Response Table for Signal to Noise Ratios  Response Table for Means 

Level 
Type of 

structure 

Wall 

thickness 
L/l  Level 

Type of 

structure 

Wall 

thickness 
L/l 

1 10.6929 11.2709 3.3448  1 3.458 4.067 1.817 

2 13.5856 7.8666 8.5252  2 5.504 3.943 3.771 

3 0.0626 5.2035 12.4711  3 1.279 2.231 4.653 

Delta 13.5229 6.0674 9.1263   Delta 4.224 1.836 2.836 

Rank 1 3 2   Rank 1 3 2 

These results revealed that the Neovious structure has the most influential effect on maximizing both 

elastic modulus and compressive strength. Increasing number of cells and wall thickness can decrease 
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the volume fraction which means less densification with less porosity that results heavier structure and 

higher elastic modulus and compressive strength. 

4. Case study 

Regarding the Taguchi results, among different levels of selected factors, the optimum values were 

chosen. As result represents, the most influential effect on mechanical behavior is related to the type of 

structure, maximum cell number and wall thickness. A custom designed Neo050-4 with defined 
parameter length of 25 mm, with Neovius structure, wall thickness of 0.5 mm and 4 unit cells in each 

direction and porosity of 72% was developed using Ti6Al4V material. The outcome represents a 

simulated yield stress of 93.01 MPa and ultimate strength of 140 MPa and elastic modulus of 9.7555 

GPa.  

 
Figure. 6 Mechanical response of Neo050-4 – FE analysis 

5. Conclusions 

This study has demonstrated the effect of geometric parameters on mechanical response of Neovius 

(Neo), Schoen I-WP (IWP) and Schwarz Primitive (P) complex structures based on a statistical 
approach. Triply Periodic Minimal Surfaces (TPMS) were produced from Ti6Al4V alloy using SLM. 

A numerical model has been defined to validate with experimental data which shows a close agreement. 

Based on the results, Neovius (Neo) has shown to outperform other structures in terms of strength and 
stiffness, which can lead to significant effect on elastic modulus and compressive strength. The number 

of cells and wall thickness are the second and third important factors which can affect structural response 

directly. A candidate structure of Neovius structure with wall thickness of 0.5 mm and cell number of 4 
with the porosity of 72% was developed to validate the result and FE analysis of structural response 

indicated high elastic modulus and compressive yield strength respectively (9.75 GPa) and (93.01 MPa). 
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A B S T R A C T   

This computational study addresses new biomimetic load-bearing implants designed to treat long bone critical- 
sized defects in a proximal diaphysis region. The design encompasses two strategies: a Haversian bone-mimicking 
approach for cortical bone and lattices based on triply periodic minimal surfaces (TPMS) for trabecular bone. 
Compression tests are modeled computationally via a non-linear finite element analysis with Ti6Al4V alloy as a 
base material. Nine topologies resembling cortical bone are generated as hollow cylinders with different channel 
arrangements simulating Haversian (longitudinal) and Volkmann (transverse) canals to achieve properties like 
those of a human cortical bone (Strategy I). Then, the selected optimal structure from Strategy I is merged with 
the trabecular bone part represented by four types of TPMS-based lattices (Diamond, Primitive, Split-P, and 
Gyroid) with the same relative density to imitate the whole bone structure. The Strategy I resulted in finding a 
hollow cylinder including Haversian and Volkmann canals, optimized in canals number, shape, and orientation 
to achieve mechanical behavior close to human cortical bone. The surface area and volume created by such 
canals have the maximum values among all studied combinations of transverse and longitudinal channels. 
Strategy II reveals the effect of interior design on the load-bearing capacity of the whole component. Between 
four types of selected TPMS, Diamond-based lattice and Split-P have more uniform stress distribution, resulting 
in a superior load-bearing efficiency than Gyroid and Primitive-based design showing less uniformity. This work 
offers a new design of the bone-mimicking implant, with cortical and trabecular bone components, to repair long 
bone critical-sized defects.   

1. Introduction 

Over the past decades, the use of implants and scaffolds has rapidly 
grown, driven by an aging population. Lightweight structures possessing 
suitable strength and stiffness have been widely used for load-bearing 
applications, including clinical solutions in orthopedics and bone tis-
sue engineering (BTE). Implants and scaffolds are being developed to 
support osteogenesis and vascularization and replace damaged tissues in 
critical-sized bone defects (Bazaka et al., 2021). 

With the rapid development of Additive Manufacturing (AM) tech-
niques to implement complex designs found in nature in the final 
product, it has become possible to produce patterns optimized for a 
particular function and with specific architecture across multiple length 
scales (Wang et al., 2016; Bose et al., 2013). Biomimicry (or 
bio-inspiration) guides the design of new smart materials and 
complex-shaped structures such as bone. Bone possesses dense exterior 

(cortical bone) and sparse interior (trabecular bone) architectures with 
porosity and composition changing over a person’s life (Liu et al., 2016; 
Sabet et al., 2016). The exterior constructs have to match the compli-
cated geometry of a defect site. The scaffolds or implants have to support 
networks of interconnected pores and facilitate the ingrowth of blood 
vessels to provide the tissue with oxygen and other nutrients (Wang, 
2004). The cortical (compact) bone’s porosity is 5–30%, with Haversian 
canals running longitudinally through the center of osteons and trans-
versely oriented Volkmann canals. The spongy trabecular (cancellous) 
bone possesses 30–95% porosity (Callens et al., 2021; McNamara, 
2017). The implant’s pore size and porosity play a critical role in bone 
re-growth and vascularization. Optimized porosity enhances the cellular 
response of the scaffolds and implants (Bilgiç et al., 2020; Cardinali 
et al., 2020; Aversa et al., 2020; Borciani et al., 2020; Karageorgiou and 
Kaplan, 2005; Weatherholt et al., 2012). Generally, the pore sizes >300 
μ m enhance the osseointegration process and the formation of 
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vascularization capillaries (Otsuki et al., 2006; Kayacan et al., 2017). 
Ideally, the bone implants and scaffolds should have comparable 

properties to the bone to alleviate stress shielding. When elastic moduli 
of implants are higher than the surrounding tissue, the bone does not 
carry a sufficient portion of the load and resorbs, leading to implant 
loosening (Callens et al., 2021; Kaur and Singh, 2019; Li et al., 2021; 
Zhang et al., 2020a). The modulus of elasticity of a human cortical bone 
is 18.6–20.7 GPa, and of trabecular bone is 0.02–2.0 GPa (Wang et al., 
2016; Rho et al., 1993; Hunt et al., 1998; Goldstein, 1987). The 
compressive strengths of cortical and trabecular bone are 100–230 MPa 
and 2–12 MPa, respectively (Bilgiç et al., 2020; Morgan et al., 2018). 

Titanium and its alloys are widely accepted biomaterials of well- 
proven biocompatibility combined with high strength, good fracture 
toughness, and corrosion resistance (Sarraf et al., 2021; Ma et al., 2020; 
Al Hashimi et al., 2022). However, a relatively high modulus of elas-
ticity and strength of these materials, exceeding the characteristic 
properties of bone, may result in a predominant distribution of the 
stresses through the implant and lead to a poor osteointegration, which 
is known as the stress shielding phenomenon (Bobbert et al., 2017). 
Therefore, improving biomechanical integration through top-
ology/architecture optimization of the scaffold is one of the challenges 
for the BTE. Finite element analysis allows studying the stress fields and 
relationships between the structural design and mechanical properties 
(Sabet et al., 2021). 

The topological characteristics of human trabecular bone display 
high similarity to the triply periodic minimal surface (TPMS) architec-
tures, which can be described as periodic infinite frameworks with a 
zero mean-curvature at any point along three independent axes (Mask-
ery et al., 2018; Zhang et al., 2018; Myakinin et al., 2021; Al-Ketan and 
Abu Al-Rub, 2019; Kapfer et al., 2011). The geometric characteristics of 
TPMS porous structures, such as smooth surfaces without sharp edges or 
corners, distinguish them from other porous architectures and make 
them attractive candidates for bone replacement due to their bio-
mimicry and the tunable porosity-to-strength ratio (Barber et al., 2021; 
Lehder et al., 2021; Abueidda et al., 2017). 

TPMS can be categorized into network-based and sheet-based 
structures (Kapfer et al., 2011). The network-based TPMS structure is 
divided into two subspaces, one filled and another left empty. The 
sheet-based TPMS structure is created by thickening a minimal surface. 
The high surface area to volume ratio and better mechanical properties 
of sheet-based TPMS are the advantages of sheet-based systems over 
network-based ones (Al-Ketan and Abu Al-Rub, 2019; Kapfer et al., 
2011). In this paper, we utilize the sheet-based TPMS structures. 

The significant advantage of TPMS sheet-like constructs over strut- 
like structures is a high surface area combined with a more uniform 
stress distribution under loading (Kamboj et al., 2021; Afshar et al., 
2018). Also, TPMS can adequately mimic the interconnected trabecular 
bone architecture. Tailoring the parameters of the TPMS structures, unit 
cell shape, and porosity distribution can be controlled to match the 
mechanical properties of the natural human bone (Ataee et al., 2018; Cai 
et al., 2019; Castro et al., 2019; Wang et al., 2019; Vijayavenkataraman 
et al., 2018). TPMS representing a trabecular part of the bone with a 
cortical-like shell can facilitate bone formation in the implant’s core and 
reinforce the implant’s load-bearing capacity (Charbonnier et al., 2020; 
Xiong et al., 2020; Vance et al., 2018; Langton et al., 2012). 

This work studies the compressive behavior of anatomically matched 
bioinspired implants composed of cortical bone mimicking canals (Ha-
versian and Volkmann) and trabecular parts with the internal TPMS 
porous structures. Finite element analysis was used to reveal the 
behavior of the designed architectures reaching the stiffness comparable 
to bone’s stiffness. In the first Strategy (Strategy I), a hollow cylinder 
including Haversian and Volkmann-like canals of nine different mor-
phologies was considered as a cortical bone part to find the optimal 
design allowing to mimic the mechanical properties of a human cortical 
bone. In the second Strategy (Strategy II), four types of sheet-based 
TPMS structures were generated as a trabecular part of the bone. The 

optimal design obtained from Strategy I was then merged with the 
structures in Strategy II to create the model of the whole bone compo-
nent. Herein, the bone-mimicking implant’s design optimization ad-
dresses the long bone critical-sized defects that define the defects with 
lengths greater than 1–2 cm. Naturally, critical-sized defects cannot be 
healed without intervention and surgical stabilization (Kamboj et al., 
2021; Neffe et al., 2014; Schemitsch, 2017; Nauth et al., 2018). Fig. 1 
shows the schematic representation of the designed porous implant 
considering Haversian and Volkmann canals. 

2. Materials and methods 

2.1. Strategy I – design of the cortical bone mimicking implant 

This section presents the design of the implant mimicking cortical 
bone. Nine topologies representing different arrangements of Haversian 
and Volkmann canals were considered to imitate the anatomy of a 
cortical bone. The CAD software SolidWorks (Dassault Systems Solid-
Works Corporation, Waltham, Massachusetts, USA) was used to create 
the architectures of the compact part, and ANSYS R2 19.4 software was 
used to predict the structural behavior to achieve the optimal design 
with the stiffness and strength in the range of a healthy human cortical 
bone. Several factors such as the shape of the cross-section, size, the 
number of canals, and the orientation of canals along the hollow cyl-
inder were studied computationally under a static compression test 
loading. The target properties were those of the healthy human cortical 
bone, which has an elastic modulus of 18.6–20.7 GPa. In the design, a 
hollow cylinder with the outer and inner diameters of 10 mm and 8 mm 
and a height of 11 mm was considered for a compact part. The outer and 
inner diameters were chosen based on tibiae from postmenopausal do-
nors (Schmidutz et al., 2021; Zhang et al., 2020b). The outcome of this 
section is the optimal design, including the Volkmann and Haversian 
canals, that meets the mechanical properties of the cortical bone while 
maximizing them. 

To explore the relationship between the geometrical characteristics 
such as size, shape, orientation, and the number of Haversian and 
Volkmann canals and mechanical properties such as the stiffness and 
yield strength, different implant structural designs with various archi-
tecture porosities were created. For this purpose, 8, 16, and 20 Haver-
sian canals with constant diameter of 0.6 mm were selected, and 4 and 5 
Volkmann canals were created with the three different diameter sizes of 
0.65, 0.7, and 0.8 mm. Pore size and interconnectivity of the pores play a 
critical role in designing implants or scaffolds for the regeneration of 
bone tissue. In general, a pore size >600 μm is an anticipated size for 
vascularization and bone formation. Generally, pore sizes less than 250 
result in reduced infiltration of cells and vascular capillaries (Peng et al., 
2019; Wu et al., 2021). The geometrical characteristics of nine models 
(D1-D9) are listed in Table 1. Fig. 2 indicates the shapes of Haversian 
and Volkmann canals (a-f) and four samples out of nine final topologies 
(g-j) to display the connectivity of the canals (perpendicularly) passing 
through the hollow cylinder (considered as the compact part of bone in 
this study). Fig. 3 represents the wireframe view of all nine topologies in 
a combination of two types of canals. The details of the amount of the 
surface area and the volume provided by the combinations of Volkmann 
and Haversian are presented in Table 2 for the designs of D4-D9. 

To study the effect of the canals’ cross-sections on the mechanical 
properties and porosity, circular and elliptical cross-sections were 
selected for Volkmann canals. In contrast, all the Haversian canals were 
designed to have a circular cross-section only. For the elliptical cross- 
section, the sizes of 0.55 mm and 1.4 mm denote the minor semi-axis 
and major semi-axis, respectively, with the major axes being in the 
longitudinal direction of the cylinder. Helical and vertical patterns were 
considered for Haversian canals, and helical and horizontal types were 
chosen to design Volkmann canals. In the helical design for the Volk-
mann canals, 5 mm and 1.46 represent the pitch size and the amount of 
revolution. In designing the helical Haversian channels, these two 

M. Rezapourian et al.                                                                                                                                                                                                                          



Journal of the Mechanical Behavior of Biomedical Materials 134 (2022) 105370

3

parameters were 110 mm and 0.1, respectively. 

2.1.1. Strategy II – Whole bone model incorporating the cortical and 
trabecular bone 

The inner part of the bone, a trabecular bone, affects the whole 
bone’s properties. To design a trabecular part, four types of the lattice 
structure of TPMS were generated and merged with the resulting designs 
of Strategy I. Boolean union tools were used to join the cortical 
component with the trabecular part to create a whole bone and to 
replicate the topology of human bone. Gyroid, Diamond, Split P, and 
Primitive TPMS structures were utilized to architect the trabecular part. 
All designs of the trabecular bone-mimicking parts were assigned to 
have 15% relative density (RD) and 85% porosity. The design objective 
was to find the architectures giving the maximum yield strength and 
stiffness. A compressive test was performed computationally using 
ANSYS R2 19.4 software to predict the mechanical response. The 
average stress was computed by dividing the resultant force of the 
bottom plate by the whole cross-sectional area of a cylinder with a 10 

mm diameter. The Gyroid, Diamond, and Primitive are popular types in 
the minimal surface category. The Split P structure stands out due to the 
large surface area factor and the high surface-area-to-volume ratio 
compared to others, and a high curvature to enhance cell growth. These 
four types of structures were selected due to their robust mechanical 
properties (compressive response and toughness) and biomedical ap-
plications (Zhang et al., 2022; Yang et al., 2019; Miralbes et al., 2020; 
Bai et al., 2020). Fig. 4 illustrates the unit cells of the chosen architec-
tures. In the three-dimensional coordinate system, TPMS can be defined 
using implicit methods and introduced by the function of φ = r, which is 
defined for Gyroid, Split P, Diamond, and Primitive surfaces, respec-
tively, in equations (1)–(4) (Lehder et al., 2021; Kim et al., 2015). Fig. 4 
shows the unit cells and the influence of changing r on the geometrical 
designs. 

φGyroid = sin(X)cos(Y) + Sin (Y)cos(Z) + cos(X)(Z) = r (1)   

Fig. 1. Schematic representation of a) Cortical bone component of the implant including Haversian and Volkmann canals with the inspiration of natural bone 
(Modified image from (Basicmedical Key Fastest Basicmedical Insight, 2022)) and b) Cortical component merged with trabecular part to create a whole bone 
architecture. 

Table 1 
Geometrical properties of a hollow cylinder as a cortical component (H (Haversian canals), V (Volkmann canals), RD (Relative Density), d (Diameter of Haversian 
canals and Volkmann canals), Num (Number of Haversian canals and Volkmann canals), Ver. (Vertical), Hor. (Horizontal), CS (Cross-section), c (Circle) and e 
(Ellipse)).  

Design Volume RD Porosity Num/d of H CS of H Num/d of V CS of V Shape of H/V. 

D1 206.47 0.66 0.34 16/0.6 c 5/0.8 c Ver./Hor. 
D2 248.3 0.79 0.21 8/0.6 c 4/0.7 c Ver./Hor. 
D3 240.26 0.77 0.23 20/0.6 c 4/0.4 c Ver./Hor. 
D4 218.03 0.70 0.30 20/0.6 c 5/0.65 c Ver./Hor. 
D5 218.05 0.70 0.30 20/0.6 c 5/0.65 c Helix/Helix 
D6 218.04 0.70 0.30 20/0.6 c 5/0.65 c Helix/Hor. 
D7 218.02 0.70 0.30 20/0.6 c 5/0.65 c Ver./Helix 
D8 195.29 0.63 0.37 20/0.6 c 5/0.55,1.4 e Ver./Hor. 
D9 195.18 0.63 0.37 20/0.6 c 5/0.55,1.4 e Ver./Helix  

φSplit P = 1.1(sin(2X)sin(Z)cos(Y)+ sin(2Y)sin(X)cos(Z)+ sin(2Z)sin(Y)cos(X)) − 0.2 (cos(2X)cos(2Y) − cos(2Y)cos(2Z)+ cos(2Z)cos(2X)) − 0.4(cos(X)
+ cos(Y)+ cos(Z))= r (2)   
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Fig. 2. Types of Haversian and Volkmann canals in the hollow cylinder mimicking the cortical bone structure. a) Vertical Haversian canals, b) Helical Haversian 
canals, c) Horizontal Volkmann canals with a circular cross-section, d) Helical Volkmann canals with a circular cross-section, e) Horizontal Volkmann canals with an 
elliptical cross-section, d) Helical Volkmann canals with an elliptical cross-section, g-h) Four samples out of nine final topologies to display connectivity of Haversian 
and Volkmann canals passing through the compact part (Hollow cylinder). 

Fig. 3. Resulting Haversian bone mimicking implant designs with different numbers of Haversian and Volkmann canals, with different diameters, cross-sections, 
shapes, orientations, and interconnected porosity for the cortical component. 
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φDiamond = sin(X)sin(Y)sin(Z) + sin(X)cos(Y)cos(Z) + cos(X)sin(Y)cos(Z)

+ cos(X)cos(Y)sin(Z)

= r
(3)  

φPrimitive = cos(X) + cos(Y) + cos(Z) = r (4)  

r is an iso-value parameter, which can control the geometry variation. 
With the change in iso-value r from 0 to 0.7, the topology of TPMS and 
associated geometrical properties are changed. An increase in the iso- 
value reduces the surface area (SA), and, as a result, the surface area- 

to-volume ratio (VR) can reach the minimum value. In bone tissue en-
gineering, the SA and SA-to-VR can be crucial in cell growth and mass 
transport (Vijayavenkataraman et al., 2018; Kamboj et al., 2020) and 
can be considered the critical structural characteristics. This study dis-
cusses four types of TPMS structures with the iso-value of zero, which 
can produce the highest level of SA. 

The implants were generated by commercial software nTop Platform 
(3.13.4, nTopology, New York, NY, USA). The scaffolds have 4 mm unit 
sizes in the x, y, and z-directions, and the developed porous implants 
have asymmetric topology in the z-direction. The relative density (RD) 
of all the structures was calculated automatically by the software and 
using the block “Mass Properties from Body.” The computed value of RD 
for all topologies is 15%, and the corresponding porosity is 85%. The 
value of surface area (SA) and surface area to volume ratio (SA/VR) 
were also calculated automatically using the software. Table 3 illustrates 
the geometrical characteristics, and Fig. 5 shows the implants separately 
and the merged ones with the compact part with the top view of the 
whole bone implant. 

The implant designs from Strategy II were merged with the optimal 
design obtained in Strategy I. The structures were meshed with the high- 
quality tetrahedral meshes in nTopology software using the “Robust 
Tetrahedral mesh” block and then imported to ANSYS software as an 
input format for finite element analysis discussed in the next section. 

2.2. Simulation 

To study the non-linear elastic-plastic efficiency of the whole bone 
using FEM, Bilinear Isotropic Hardening (BISO), more specifically the 
elastic-perfectly plastic model, was the constitutive law employed for all 
the implants in this study. Ti6Al4V was used as a material, with me-
chanical properties listed in Table 4. ANSYS R2 19.4 software was used 
to predict the behavior of the implants under compressive load. Two 
cylindrical plates with a diameter of 6 mm and a thickness of 0.2 mm 
were placed on the top and bottom of the structures as rigid bodies. 
Fig. 6a shows the implant under compressive load with the specified 
boundary conditions. The base plate was subjected to the fixed 
displacement boundary conditions (BC), and the top plate was allowed 
to move in the z-direction while the movement in the x- and y-directions 
was fully constrained. Fig. 6b and c shows a fine mesh for the cortical 
part (D9) and whole implant, including the cortical and trabecular part, 
with the interior design of Gyroid separately, respectively. Such fine 
mesh was considered for all the structures in this study, as discussed 
below. 

The FE models were meshed with quadratic tetrahedral mesh ele-
ments, and mesh sensitivity analysis was performed to ensure accuracy. 
The optimal mesh size was selected to minimize the computational time 
without affecting accuracy. For this purpose, four mesh sizes, 0.2, 0.15, 
0.12, and 0.1 mm, were tested. Many elements lead to high computa-
tional time in the 0.1 mm mesh size case. The 0.2 mm mesh size resulted 
in a higher computed elastic modulus with fewer elements. Fig. 7 shows 
the result of the mesh sensitivity study for the whole porous implant 
(with compact and trabecular parts) with the internal topology of 
Primitive as a sample to show the convergence of elastic modulus. As it 
can be seen, there is no significant difference in the elastic modulus in 
the three sizes of 0.15, 0.12, and 0.1 mm. Therefore, a mesh size of 0.15 
mm was used for all the structures to run the FE analysis. The number of 

Table 2 
The detail of the amount of the volume and the surface area can be provided in 
the combination of different types of Haversian and Volkmann canals.  

Corresponding 
design 

Type of 
Haversian 
Canals 

Types of 
Volkmann 
canals 

Surface 
area (mm2)

Volume 
(mm3)

D1 696.11 120.82 

D2 419.11 68.41 

D3 674.71 105.73 

D4 714.69 109.11 

D5 722.37 109.11 

D6 721.44 109.11 

D7 715.61 109.11 

D8 881.49 149.26 

D9 881.13 147.69  

Fig. 4. Topology of TPMS architectures and the effect of iso-value on the ge-
ometry a) Gyroid, b) Split P, c) Diamond, and d) Primitive at r = 0; e) Gyroid 
and f) Split P, g) Diamond, and h) Primitive at r = 0.7. 

Table 3 
Overview of morphological properties of each TPMS lattice (without cortical 
part).   

Thickness (mm) SA (mm2) SA/VR 

Gyroid 0.31 888.17 10.66 
Split P 0.23 1462.71 17.56 
Diamond 0.26 1087.66 13.06 
Primitive 0.18 681.71 8.19  

M. Rezapourian et al.                                                                                                                                                                                                                          



Journal of the Mechanical Behavior of Biomedical Materials 134 (2022) 105370

6

finite element nodes and elements for four mesh element sizes is listed in 
Table 5 for the Primitive TPMS structure with the maximum and mini-
mum element size and solution time and the final elastic modulus value 
for each mesh size. The same approach was used for the compact bone 
parts. 

Table 6 shows the nodal and elemental distribution of the converged 
FE model of four topologies of TPMS merged with the compact part at 
the target size of 0.15 mm element size. In Table 6, the “Gyroid” means 
the combination of cortical components with the Gyroid design used for 
the trabecular part. The global elemental matrix was solved using an 
AMD Ryzen 9 3900X- 12 Core Processor 3.79 GHz with 64 GB RAM. 

In the FE analysis, the displacement of 0.1 mm was applied to the 
compact parts, and the displacement of 0.15 mm was applied to the 
merged compact and trabecular structures on the top plate in the z-di-
rection to reach the plastic state. The displacement was applied in 30 
sub-steps. Large deformation theory was used to achieve the final result. 

The base material’s behavior was modeled as elastic-perfectly plastic 
with the tangent modulus of zero in the plastic region to explore the 
elastic modulus and yield strength, which were the mechanical prop-
erties of interest. 

3. Results and discussion 

3.1. Strategy I - Elastic-plastic behavior of a cortical component 

The finite element analysis was carried out on the different designs to 
find the relationship between the cortical bone’s elastic modulus, 
strength, and porosity. To reach the optimum design for the mechanical 
properties of the cortical bone, vertical (Haversian) and horizontal 
(Volkmann) canals of different numbers, diameters, shapes, and orien-
tations were considered. To validate the FE result compression test was 
carried out on the model of the SC1. An associated scaffold design is 
detailed elsewhere (Arjunan et al., 2020). The fixed support was placed 
on a bottom plate, and − 10% displacement was applied in the z-direc-
tion on the top plate. The displacement was constrained in x- and y-di-
rections to avoid sliding during the compression tests. Bilinear isotropic 
hardening was considered for a material model, as mentioned in Table 4. 
For this purpose, the elastic modulus (E) and yield stress (σy) were 
computed, and the results were compared. The results, represented in 
Table 7, showed good agreement. 

The optimum design was selected using the nine simulations of the 
compression test. The force-displacement data obtained from finite 

Fig. 5. Four types of generated implants and merged with the compact part and their top view, a) Gyroid, b) Split P, c) Diamond, and d) Primitive.  

Table 4 
Mechanical properties of Ti6Al4V used in finite element anal-
ysis (Arjunan et al., 2020).  

Material properties Value 

Elastic modulus 104.80 (GPa) 
Yield strength 860.0 (MPa) 
Poisson’s ratio 0.30 
Density 4428.78 (kg/m3)  

Fig. 6. a) Boundary conditions on the implant used in FE analysis, and fine mesh used in the numerical model a) mesh of D7 (cortical component) and c) mesh of the 
whole implant with gyroid topology. 
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element analysis were used to obtain the stress-strain curves. The stress 
was computed by dividing the resultant force by the whole circular 
cross-sectional area of the cylinder. The elastic modulus was computed 
as the slope of the initial straight-line region of the stress-strain curve. 
The implants’ yield strength was obtained using the 0.2 percent offset 

rule, following the ASTM standard ASTM E 8-01 (Designation: E8, 
1520). Table 8 shows the finite element analysis results for the various 
geometrical design of canals and illustrates the effect of porosity and 
shape of the cross-section on the elastic moduli and strengths for each 
structural design. 

Fig. 8 graphically displays the elastic modulus of the designed ar-
chitectures and the range of elastic modulus of a human cortical bone. 

Depending on the patient’s age and health conditions, it is essential 
to prepare bone-mimetic implants with a tailored strength (Clark et al., 
2017). The cortical bone can significantly affect the strength of the long 
bone, and the porosity is an essential factor affecting bone quality (Cho 
et al., 2017). Consequently, an implant’s compression strength or 
porosity can be modulated. Canals play a crucial role (Zhang et al., 
2020b; Zimmermann and Ritchie, 2015) as they decrease the 
cross-sectional area, leading to a lower resulting stress and lower stiff-
ness of the implant. The porosity and orientation of vascular canals are 
strongly related to bone fracture risk and can affect the mechanical 
properties of bone (Uniyal et al., 2021). 

Table 8 and Fig. 8 demonstrate that the shape of the Volkmann canals 

Fig. 7. Sensitivity of the Elastic modulus to mesh element size and the model 
solving time as a function of the element size for the whole implant with the 
Primitive interior design. 

Table 5 
Detail of converged Elastic modulus for one topology of Primitive TPMS merged 
with the compact part with the solution time, element, and node numbers with 
the detail of the minimum and the maximum length of the elements used in the 
FE simulation.  

Mesh 
element 
size 
(mm) 

Solution 
Time 
(hh: mm: 
ss) 

Elastic 
modulus 
(GPa) 

Element 
numbers 

Nodes 
Numbers 

Min 
length 
(mm) 

Max 
length 
(mm) 

0.2 00:09:09 21.865 383271 640931 1.024e- 
03 

0.21 

0.15 00:46:42 21.845 810045 1295002 8.09e- 
03 

0.16 

0.12 02:19:00 21.847 1628064 2507836 2.73e- 
03 

0.13 

0.1 02:40:00 21.847 2811127 4225753 5.53e- 
04 

0.11  

Table 6 
Nodal and elemental data with the detail of minimum and maximum element 
length with the final implant’s solution time, including four topologies of TPMS, 
merged with the compact part used in the FE simulation.  

Implant 
design 

Total 
elements 

Total 
nodes 

Min 
length 
(mm) 

Max 
length 
(mm) 

solution time 
(hh:mm:ss) 

Gyroid 868277 1391623 9.83E-04 0.16 1:13:00 
Diamond 819890 1348193 2.01E-03 0.16 0:46:24 
Split P 837835 1409273 9.05E-04 0.16 1:09:00 
Primitive 810045 1295002 8.09E-03 0.16 0:46:42  

Table 7 
Validation of the compression test with the literature.  

Model Parameter Validation Arjunan et al. (2020) % Difference Corresponding implant 

SC1 (Arjunan et al., 2020) Elastic modulus (GPa) 7.00 6.81 2.71% 
Yield stress (MPa) 126.20 125.86 0.26%  

Table 8 
The outcome result of the designs of hollow cylinders as a cortical bone with the 
mechanical properties extracted from finite element analysis.  

Structures RD Porosity E (GPa) Yield stress (MPa) 

D1 66.39 33.61 13.33 198.20 
D2 79.83 20.17 20.27 184.00 
D3 77.25 22.75 26.38 109.20 
D4 70.10 29.90 19.55 125.60 
D5 70.11 29.89 19.43 125.60 
D6 70.10 29.90 19.46 125.60 
D7 70.10 29.90 19.74 125.60 
D8 62.79 37.21 19.86 144.40 
D9 62.75 37.26 20.18 144.40  

Fig. 8. Elastic modulus of the designed structures of a compact bone super-
imposed with the range of Elastic modulus of natural human bone. 
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and changing the cross-section to elliptical can significantly increase the 
porosity and affect elastic modulus. Analyzing D1 and D3 reveals that 
with increasing the number of Haversian canals and decreasing the 
number of Volkmann canals and considering corresponding diameter 
change sizes, the porosity can decrease up to 23%. The elastic modulus 
increases above the cortical bone range and reaches 26.38 GPa, which 
shows a 50% growth. Observation of these two models shows that the 
number and diameter of the Volkmann canals have more influence on 
the final elastic modulus and the effect of Volkmann canals is more 
significant than that of the Haversian canals. Analysis of these two 
models shows that the amount of porosity and the diameter of Volkmann 
canals strongly affect the stiffness. As a result, the optimal number of 
channels for the following steps was considered as 20 Haversian canals 
and 5 Volkmann canals. Haversian canals were all circular in cross- 
sections with diameters of 0.6 mm. In contrast, Volkmann canals were 
chosen with two types of circular cross-sections with a diameter of 0.65 
mm and elliptical cross-sections with minor semi-axis and major semi- 
axis lengths of 0.55 mm and 1.4 mm, respectively. The effect of the 
shape of Volkmann canals and Haversian canals was studied, assuming 
the same relative density of 70% (D4, D5, D6, and D7). The minimum 
elastic modulus of 19.43 GPa was recorded for the helical orientation of 
both Haversian and Volkmann canals. The maximum elastic modulus of 
19.74 GPa was found for the vertical direction of Haversian canals and 
the helical type of Volkmann canals. The yield strengths of these four 
structures had the same value of 125.6 MPa, while the elastic modulus 
differed for each structural design. Fig. 9 illustrates the trend of 
increasing porosity and increasing elastic modulus for the seven suitable 
models in the range of cortical bone elasticity. Table 2 shows different 
Haversian and Volkmann canals designs (D4-D9). D9, among all topol-
ogies, has the maximum surface area and volume created by the inter-
connected canals, which can help increase vascularization. Fig. 10 
represents the volume and surface area created by intersecting canals, 
an important geometric feature for vascularization. 

Change in the cross-section from a circular to an elliptical affects 
stress concentration. Stress concentration significantly decreases when 
the ellipse is flattened in the y-axis parallel to a load direction. 
Compared to a circular cross-section, the elliptical cross-section leads to 
lower stress concentrations, which delays the failure around the pores 
(Davis et al., 2017). In two models, D4 and D8, changing the 
cross-section of Volkmann canals from circular to the elliptical type led 
to an increase of 1.5% in modulus of elasticity and 24.59% in porosity. 
This result signifies that selecting an elliptical cross-section in the helical 
orientation results in a lighter and stiffer structure (Schultz, 2019). The 
cross-sectional shape of the ellipse was considered with respect to the 
direction of the applied force for all of the above-mentioned designs. 

The same result was reported for D7 and D9 with the vertical Ha-
versian canals and helical Volkmann canals with circular and elliptical 
cross-sections. In these two models, after changing the cross-section, the 
porosity increased from 30% to 37%, and the elastic modulus increased 

from 19.74 GPa to 20.18 GPa, which is the highest value of the elastic 
modulus of all the nine structures and is close to the maximum elasticity 
of human cortical bone (20.7 GPa). Based on the computational results 
for nine designs, the D9 implant was selected as a more appropriate 
design to merge with the trabecular part to mimic the bone architecture 
and explore the effect of trabecular morphology on controlling the stress 
distribution, plasticity, stiffness, and strength. 

Fig. 11 shows the stress distribution and plastic strain for all the 
geometries. The elastic moduli of D1 and D3 exceed the range of cortical 
bone mechanical properties, but the rest of the models are in the range. 
High-stress zones and plastic deformation can be seen on all the designs’ 
inner and outer surfaces. A comparison of D4 and D7 shows that the 
change of the Volkmann canals from a horizontal shape to a helix shape 
can reduce the high-stress zone and the plastic region. Among three 
designs of D4, D6, and D7 with the same porosity of 29.90%, D7 with 
helix design for Volkmann canals and vertical Haversian canals shows 
more efficiency in mechanical response. The stress distribution is more 
uniform, leading to better load-bearing capacity. Therefore, it can be 
shown that the combination of vertical Haversian canals and helical 
Volkmann canals can lead to better structural efficiency. A comparison 
of D8 and D9, in which Haversian and Volkmann canals have the same 
orientation, shows that plastic strain for both structures has the same 
value of 0.02 and von Mises stress has the value of 931.04 and 936.19 
MPa, respectively, but changing the Volkmann canal cross-section to 
elliptical in D9 can reduce the high-stress zone and plastic deformation 
as well. Comparison of elastic modulus between D4 and D8 and D7 and 
D9, respectively (with the horizontal and helical design of Volkmann 
canals) shows the effect of the shape of Volkmann canals on load-bearing 
capacity. Note that the plastic strain in structure D9 is 83% lower than in 
D2. No stress concentration can be observed on the boundary region for 
all nine samples. 

Finally, D9 was selected as the optimum design for a cortical part for 
stiffness, strength, and optimal pore size to facilitate vascularization and 
bone growth. In Strategy II, D9 will be merged with four types of min-
imal surface implants to investigate the mechanical behavior of whole 
bone architecture and the effect of interior architecture on the stress and 
strain distributions. 

3.2. Strategy II - Elastic-plastic behavior of the whole bone implant 

A compressive test was carried out to elucidate the mechanical 
properties of the whole bone, which includes the compact part merged 
with the trabecular part. Numerical predictions are shown in Fig. 12 and 
Fig. 13, and the effective elastic modulus (E) and yield strength (σy) are 
summarized in Table 8. All the structures reach a plastic region. As 
previously mentioned, the modulus of elasticity was derived from the 
slope of the stress-strain curve, and yield strength was determined by 
finding the intersection of the stress-strain curve with a line parallel to Fig. 9. Porosity and elastic modulus of different implant designs.  

Fig. 10. The volume and surface area of the different types of intersecting 
Haversian and Volkmann canals in the cortical component. 
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the initial slope at 0.2% strain. Again, the stress was computed by 
dividing the resultant force by the cross-sectional area of the cylinder (π 
times outer diameter squared). 

The results from Fig. 12 indicate that the Diamond implant shows the 
highest elastic modulus and yield strength among the four types of 
structures. In contrast, the Primitive implant has the lowest elastic 
modulus and yield strength. Fig. 13 presents the stress-strain curves 
obtained from the finite element analysis for all the structures. The 
mechanical properties of the four architectures are summarized in 
Table 9. 

Fig. 14 indicates the elastic-plastic behavior of the four designs of 

whole bone structures after adding trabecular parts in the cortical 
component under the uniaxial compression test. At the first look at the 
contour of Von Mises stress, it can well describe that between four im-
plants, the interior design with Split P could significantly reduce the 
stress in the outer and even on the inner layer of the cortical part. The 
highest stress value of 1132 MPa can be observed in the boundary re-
gions. The outer and inner layers of the cortical part are under the yield 
point, and stress is distributed uniformly throughout the whole struc-
ture, which is the sign of desired load transfer. The Diamond design had 
a high-stress value of 1040 MPa which also can be observed in the 
boundary region. Gyroid and Primitive structures show the minimum 

Fig. 11. Von Mises stress distribution and plastic strain obtained in numerical simulation under 0.1 mm displacement of the cortical component.  
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value of 977 and 947 MPa, respectively. Still, more areas had stress 
concentration on the outer layer of cortical component and trabecular, 
especially in Primitive architecture. For all designs, areas near the 
boundary condition show highly stressed spots. Stress transitions are 
smoother in Diamond and Split P designs. Gyroid has some stress con-
centration while Primitive structure shows the more regions of high 
stress. Because smooth transition of stress throughout the whole models 

corresponds to the desired load transfer and can lead to enhancing the 
load-bearing capability, among the four designs, Diamond and Split P 
show better efficiency, higher stiffness and strength, followed by Gyroid 
and finally Primitive, which has the least uniformity in stress distribu-
tion. For the structure with the interior design of Gyroid, the outer layer 
of the cortical part and the layers in the trabecular part exhibit stress 
concentration in some spots. In the Primitive design, most stress con-
centration happened in the neck and the connection region of unit cells, 
while this phenomenon was not observed in others. In TPMS structures, 
stress transferring can be smoother than in strut base type of lattices due 
to the absence of sharp edges. In all structures, some areas do not 
participate in load-bearing. They are more visible in Split P, Diamond, 
and Gyroid than Primitive. High-stress regions usually can be prone to 
crack initiation or debonding. Split P and Diamond demonstrate better 
properties in terms of fracture or yield, while Primitive shows low 
efficiency. 

The equivalent plastic strain distribution is represented in Fig. 14 as 
well. Adding a trabecular part to the cortical component can highly 
affect plastic strain distribution. In the areas in which Von Mises reaches 
the yield strength of the material, plastic strain can be seen in those 
regions. The plastic strain region for all of the designs in cortical parts 
can be seen more in the inner layer of Haversian canals. In the Primitive 
structure, these plastic regions are localized in regions near the thin neck 
region at the connection of unit cells. These regions are prone to undergo 
plasticity first. Some plastic regions can be observed on the outer 
boundaries of the Diamond structure, but the trabecular part does not 
experience plasticity. Similar results were also observed in Split P. The 
outer layer of the cortical part in the Gyroid structure shows plastic 
deformation regions. The Primitive had the highest value of plastic 
strain of 0.1. 

4. Conclusions 

This research study has demonstrated the designs of anatomically 
matched implants composed of cortical bone mimicking Haversian and 
Volkmann canals combined with the trabecular-bone-mimicking parts 
with the uniform internal TPMS structures. A numerical simulation was 
performed to predict the compressive behavior of the implants under 
uniaxial compression load. 

Strategy I, representing the study of the cortical bone behavior, 
allowed choosing the optimal structure to ensure an appropriate stiff-
ness and strength in the range of cortical bone. Nine topologies (D1-D9) 
were analyzed with Volkmann and Haversian canals of different 
numbers, shapes, diameters, and cross-sections. The results suggest that 
D9 had the best mechanical properties out of nine designs with elastic 
modulus and yield strength of 20.18 GPa and 144.40 MPa, respectively, 
and increased porosity up to 37.25% with elliptical cross-section and 
helical orientation for Volkmann canals and retaining circular cross- 
section for Haversian in the vertical direction. Related surface area 
also increased up to 881.1 mm3 in the cortical component. Increasing 
porosity typically results in a decrease in the mechanical properties of 
the implants. At the same time, Strategy I shows that as porosity in-
creases and the surface area increase, mechanical properties also in-
crease. Such a combination is desired for implants. The result shows that 
changing the cross-section of Volkmann canals from circular to elliptical 
cross-section with respect to the load direction can strongly affect the 
mechanical properties. 

Strategy II analyzed the mechanical behavior of the implant based on 
the interior design (trabecular part). Their mechanical properties have 
been deduced from the corresponding compressive stress-strain re-
sponses. Four types of TPMS were considered, Gyroid, Diamond, Split P, 
and Primitive, to merge with the resulting topology from Strategy I. In 
terms of the effect of interior design on the stress distribution of the 
cortical part (D9), it is evident that adding the trabecular part to the 
cortical component can significantly reduce the high-stress region in the 
cortical component and result in a more uniform stress distribution. 

Fig. 12. Comparison of elastic modulus and yield strength for four trabecular 
architectures merged with the optimum compact part (D9) under compression 
test using FE analysis and their corresponding unit cells. 

Fig. 13. Stress-Strain diagram extracted from finite element analysis for four 
trabecular architectures merged with the compact part. 

Table 9 
Stiffness and strength value of four types of TPMS implant.  

Implants Elastic modulus (GPa) Yield strength (MPa) 

Gyroid 22.99 179.45 
Split P 23.67 180.85 
Primitive 21.84 166.44 
Diamond 23.81 185.85  
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Numerical simulation of structural behavior indicated that yield stress of 
the Diamond architecture was higher than others with the value of 
185.85 MPa, and Primitive design shows the lowest at 166.44 MPa. 
Yield stress value of Split P and Gyroid was found as 180.85 and 179.45 
MPa, respectively. According to the obtained results, Primitive archi-
tecture showed the highest plastic deformation among the four struc-
tures, while Split P and Diamond showed the lowest. In Split P 
architecture, the plastic deformation is confined to the inner layer of the 
cortical part, while in terms of Diamond architecture, it also can be seen 
in scattered spots in the boundary condition regions (both top and 
bottom surfaces of the implant). Diamond was the stiffest topology with 
23.81 GPa, while Primitive had the lowest modulus with 21.84 GPa. 
Split P followed Diamond by showing higher structural efficiency with 
23.67 GPa elastic modulus while Gyroid came in third with 22.99 GPa. 
Without considering the cortical component, the highly complex sheet- 
based Split P architecture showed a surface area that could reach more 
than twice the values obtained for Primitive and Gyroid-based and 
exhibited 25.64% surface area more than Diamond-based structures. 

The current study presents the possible strategies that can be used for 
creating bone mimicking implants with Haversian and Volkmann-like 
canals. This work points out the role of geometry in controlling the 
mechanical response of different topologies using the finite element 
method. 
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Banasiuk, R., Moskalenko, R., Pogorielov, M., Simka, W., 2021. In vitro evaluation of 
electrochemically bioactivated Ti6Al4V 3D porous scaffolds. Mater. Sci. Eng. C 121, 
111870. https://doi.org/10.1016/J.MSEC.2021.111870. 

Nauth, A., Schemitsch, E., Norris, B., Nollin, Z., Watson, J.T., 2018. Critical-size bone 
defects: is there a consensus for diagnosis and treatment? J. Orthop. Trauma 32 
(Suppl. 1), S7–S11. https://doi.org/10.1097/BOT.0000000000001115. 

Neffe, A.T., Julich-Gruner, K.K., Lendlein, A., 2014. Combinations of biopolymers and 
synthetic polymers for bone regeneration. Biomater. Bone Regen. Nov. Tech. Appl. 
87–110. https://doi.org/10.1533/9780857098104.1.87. 

Otsuki, B., Takemoto, M., Fujibayashi, S., Neo, M., Kokubo, T., Nakamura, T., 2006. Pore 
throat size and connectivity determine bone and tissue ingrowth into porous 
implants: three-dimensional micro-CT based structural analyses of porous bioactive 
titanium implants. Biomaterials 27, 5892–5900. https://doi.org/10.1016/J. 
BIOMATERIALS.2006.08.013. 

Peng, X.Y., Hu, M., Liao, F., Yang, F., Ke, Q.F., Guo, Y.P., Zhu, Z.H., 2019. La-Doped 
mesoporous calcium silicate/chitosan scaffolds for bone tissue engineering. 
Biomater. Sci. 7, 1565–1573. https://doi.org/10.1039/C8BM01498A. 

Rho, J.Y., Ashman, R.B., Turner, C.H., 1993. Young’s modulus of trabecular and cortical 
bone material: ultrasonic and microtensile measurements. J. Biomech. 26, 111–119. 
https://doi.org/10.1016/0021-9290(93)90042-D. 

Sabet, F.A., Najafi, A.R., Hamed, E., Jasiuk, I., 2016. Modelling of bone fracture and 
strength at different length scales: a review. Interface Focus 6. https://doi.org/ 
10.1098/RSFS.2015.0055. 

Sabet, F.A., Koric, S., Idkaidek, A., Jasiuk, I., 2021. High-Performance computing 
comparison of implicit and explicit nonlinear finite element simulations of 

M. Rezapourian et al.                                                                                                                                                                                                                          



Journal of the Mechanical Behavior of Biomedical Materials 134 (2022) 105370

13

trabecular bone. Comput. Methods Progr. Biomed. 200, 105870 https://doi.org/ 
10.1016/J.CMPB.2020.105870. 

Sarraf, M., Rezvani Ghomi, E., Alipour, S., Ramakrishna, S., Liana Sukiman, N., 2021. 
A state-of-the-art review of the fabrication and characteristics of titanium and its 
alloys for biomedical applications. Bio-Design Manuf. 1, 1–25. https://doi.org/ 
10.1007/S42242-021-00170-3, 2021.  

Schemitsch, E.H., 2017. Size matters: defining critical in bone defect size! J. Orthop. 
Trauma 31, S20–S22. https://doi.org/10.1097/BOT.0000000000000978. 

Schmidutz, F., Milz, S., Schiuma, D., Richards, R.G., Windolf, M., Sprecher, C.M., 2021. 
Cortical parameters predict bone strength at the tibial diaphysis, but are 
underestimated by HR-pQCT and μCT compared to histomorphometry. J. Anat. 238, 
669–678. https://doi.org/10.1111/JOA.13337. 

Schultz, R.A., 2019. Elastic rock rheology and stress concentration. Geol. Fract. Mech. 
27–74. https://doi.org/10.1017/9781316996737.002. 

Uniyal, P., Sihota, P., Tikoo, K., Kumar, N., 2021. Anatomical variation in intracortical 
canal network microarchitecture and its influence on bone fracture risk. J. Mech. 
Behav. Biomed. Mater. 123, 104770 https://doi.org/10.1016/J. 
JMBBM.2021.104770. 

Vance, A., Bari, K., Arjunan, A., 2018. Compressive performance of an arbitrary stiffness 
matched anatomical Ti64 implant manufactured using Direct Metal Laser Sintering. 
Mater. Des. 160, 1281–1294. https://doi.org/10.1016/J.MATDES.2018.11.005. 

Vijayavenkataraman, S., Zhang, L., Zhang, S., Fuh, J.Y.H., Lu, W.F., 2018. Triply periodic 
minimal surfaces sheet scaffolds for tissue engineering applications: an optimization 
approach toward biomimetic scaffold design. ACS Appl. Bio Mater. 1, 259–269. 
https://doi.org/10.1021/ACSABM.8B00052. 

Wang, M., 2004. Biomaterials for Implants and Scaffolds. 
Wang, X., Xu, S., Zhou, S., Xu, W., Leary, M., Choong, P., Qian, M., Brandt, M., Xie, Y.M., 

2016. Topological design and additive manufacturing of porous metals for bone 
scaffolds and orthopaedic implants: a review. Biomaterials 83, 127–141. https://doi. 
org/10.1016/J.BIOMATERIALS.2016.01.012. 

Wang, Z., Huang, C., Wang, J., Wang, P., Bi, S., Abbas, C.A., 2019. Design and simulation 
of flow field for bone tissue engineering scaffold based on triply periodic minimal 
surface. Chinese J. Mech. Eng. (English Ed. 32, 1–10. https://doi.org/10.1186/ 
S10033-019-0329-7/FIGURES/23. 

Weatherholt, A.M., Fuchs, R.K., Warden, S.J., 2012. Specialized connective tissue: bone, 
the structural framework of the upper extremity. J. Hand Ther. 25, 123–132. https:// 
doi.org/10.1016/J.JHT.2011.08.003. 

Wu, R., Li, Y., Shen, M., Yang, X., Zhang, L., Ke, X., Yang, G., Gao, C., Gou, Z., Xu, S., 
2021. Bone tissue regeneration: the role of finely tuned pore architecture of bioactive 
scaffolds before clinical translation. Bioact. Mater. 6, 1242–1254. https://doi.org/ 
10.1016/J.BIOACTMAT.2020.11.003. 

Xiong, Y.Z., Gao, R.N., Zhang, H., Dong, L.L., Li, J.T., Li, X., 2020. Rationally designed 
functionally graded porous Ti6Al4V scaffolds with high strength and toughness built 
via selective laser melting for load-bearing orthopedic applications. J. Mech. Behav. 
Biomed. Mater. 104, 103673 https://doi.org/10.1016/j.jmbbm.2020.103673. 

Yang, E., Leary, M., Lozanovski, B., Downing, D., Mazur, M., Sarker, A., Khorasani, A.M., 
Jones, A., Maconachie, T., Bateman, S., Easton, M., Qian, M., Choong, P., Brandt, M., 
2019. Effect of geometry on the mechanical properties of Ti-6Al-4V Gyroid 
structures fabricated via SLM: a numerical study. Mater. Des. 184, 108165 https:// 
doi.org/10.1016/j.matdes.2019.108165. 

Zhang, L., Feih, S., Daynes, S., Chang, S., Wang, M.Y., Wei, J., Lu, W.F., 2018. Energy 
absorption characteristics of metallic triply periodic minimal surface sheet structures 
under compressive loading. Addit. Manuf. 23, 505–515. https://doi.org/10.1016/j. 
addma.2018.08.007. 

Zhang, M., Lin, R., Wang, X., Xue, J., Deng, C., Feng, C., Zhuang, H., Ma, J., Qin, C., 
Wan, L., Chang, J., Wu, C., 2020a. 3D printing of Haversian bone-mimicking 
scaffolds for multicellular delivery in bone regeneration. Sci. Adv. 6 https://doi.org/ 
10.1126/sciadv.aaz6725. 

Zhang, M., Lin, R., Wang, X., Xue, J., Deng, C., Feng, C., Zhuang, H., Ma, J., Qin, C., 
Wan, L., Chang, J., Wu, C., 2020b. 3D printing of Haversian bone-mimicking 
scaffolds for multicellular delivery in bone regeneration. Sci. Adv. 6 https://doi.org/ 
10.1126/SCIADV.AAZ6725/SUPPL_FILE/AAZ6725_SM.PDF. 

Zhang, C., Zheng, H., Yang, L., Li, Y., Jin, J., Cao, W., Yan, C., Shi, Y., 2022. Mechanical 
responses of sheet-based gyroid-type triply periodic minimal surface lattice 
structures fabricated using selective laser melting. Mater. Des. 214, 110407 https:// 
doi.org/10.1016/J.MATDES.2022.110407. 

Zimmermann, E.A., Ritchie, R.O., 2015. Bone as a structural material. Adv. Healthc. 
Mater. 4, 1287–1304. https://doi.org/10.1002/ADHM.201500070. 

M. Rezapourian et al.                                                                                                                                                                                                                          





Paper III

Rezapourian, M., Jasiuk, I., Saarna, M., & Hussainova, I. (2023). Selectivelaser melted Ti6Al4V split-P TPMS lattices for bone tissue engineering. In-ternational Journal of Mechanical Sciences, 251, 108353.

99





International Journal of Mechanical Sciences 251 (2023) 108353

Available online 24 March 2023
0020-7403/© 2023 Elsevier Ltd. All rights reserved.

Selective laser melted Ti6Al4V split-P TPMS lattices for bone 
tissue engineering 

Mansoureh Rezapourian a, Iwona Jasiuk b, Mart Saarna a, Irina Hussainova a,* 

a Department of Mechanical and Industrial Engineering, Tallinn University of Technology, Tallinn, Estonia 
b Department of Mechanical Science and Engineering and The Carle Illinois College of Medicine, University of Illinois at Urbana-Champaign, Urbana, IL 61801, United 
States of America   

A R T I C L E  I N F O   

Keywords: 
Homogenization 
Split-p triply periodic minimal surface 
Finite element analysis 
Mechanical properties 
Load-bearing 
Bone implants 

A B S T R A C T   

This study investigates Ti6Al4V Split-P triply periodic minimal surface (TPMS) structures produced by selective 
laser melting for the first time. The designs include two different cell morphologies (CM) with five different 
relative densities (RD). Scanning electron microscopy is utilized to assess the manufacturability and accuracy of 
the 3D printed Split-P lattice structures. The quasi-static mechanical responses are then studied to identify the 
failure mechanisms of each lattice type. Afterward, the stress-strain behavior and plateau stress responses are 
explored to evaluate the load-bearing capacity and energy absorption of five Split-P lattices. Furthermore, finite 
element analysis is performed to gain insight into the elasto-plastic behavior of the Split-P structures, and unit 
cell homogenization is employed to determine the equivalent stiffness tensor. The results demonstrate that the 
elastic modulus, yield strength, and ultimate strength of the 3D printed Split-P lattices range from 1.50 to 3.50 
GPa, 57.95 to 152.74 MPa, and 93 to 170 MPa, respectively. Depending on RD and CM, load-bearing capacity 
range from 0.04 to 0.17. The energy absorption capacity and plateau stress of lattices vary from 22 to 61 MJ/m3 

and 30 to 63 MPa, respectively. Gibson-Ashby power law represents the elastic modulus and yield stress of the 
Split-P lattices as a function of RD and reveals a stretch-dominated deformation behavior. Unit cell homogeni-
zation on Split-P structures with zero isovalue shows isotropy in mechanical properties and anisotropy for lattices 
with non-zero isovalue. Ti6Al4V Split-P lattices with the highest surface area and surface area-to-volume ratio, 
among other TPMS, can achieve mechanical properties close to those of trabecular and cortical bones, making 
them suitable for bone implants in load-bearing applications.   

1. Introduction 

Repairing bone defects traditionally involves autografts, allografts, 
and xenografts [1]. However, long-term outcomes may be compromised 
by severe risks associated with these treatments, including infection, 
potential morbidity at the donor site, and unpredictable functional 
outcomes [2]. To overcome the inherent limitations of autograft and 
allograft, bone-graft substitutes were developed as an alternative strat-
egy, and biomaterials have also been used for bone tissue repair as a 
bone substitution [3]. Bone graft substitutes can be classified as syn-
thetic, inorganic, or bio-organic [3,4]. Specially designed scaffolds 
produced by biomaterials can support three-dimensional (3D) tissue 
growth, maintain physical integrity, and promote bone ingrowth at the 
defect site [5]. A scaffold can facilitate the formation of uniform bone 
tissue by providing a guiding template. In general, scaffolds do not 

replace bone permanently as they resorb over time [4,6]. In contrast, 
bone implants remain permanently in the body to provide long-term 
structural support [3,4,6,7]. In tissue engineering (TE), the suitability 
of a bone construct is determined by four factors: biocompatibility, 
biodegradability, mechanical properties, and architecture [4,8]. Bone 
substitutes with relatively large surface area (SA) and surface 
area-to-volume ratio (SA/VR) with significant interconnectivity of pores 
promote osteoblast activity [9,10]. Therefore, pore size, pore shape, and 
porosity correlate with bone ingrowth [11–14]. 

Human trabecular bone is a highly porous tissue with intricately 
interconnected plates and struts. Such complex architecture can be 
represented by lattices based on triply periodic minimal surfaces 
(TPMS). Fig. 1 shows a schematic representation of the Split-P TPMS 
lattice that resembles the morphology of trabecular bone. 

TPMS-based lattices can provide the elastic modulus in the range of 
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human trabecular and cortical bones and achieve the required 
compressive strength, energy absorption, and fatigue resistance, which 
are not easily obtained with strut-based structures [15–17]. Recently, 
TPMS structures have been explored as bone scaffolds and implants due 
to their smooth surfaces, high interconnectivity porous architectures, 
and mathematically controllable geometry [18–21]. 

TPMS-based architectures have minimal surfaces with zero mean 
curvature at any point. Examples include Gyroid, Diamond, Neovius, 
Primitive, and Split-P [22–24]. Numerous studies have been conducted 
on the mechanical behavior of Gyroid, Diamond, and Primitive TPMS in 
orthopedic applications [20,25–27]. In contrast, less is known about the 
mechanical response of Split-P structures. Mubasher et al. [28] studied 
the mechanical behavior of seven different polymeric lattices and found 
that Split-P ranked third in energy absorption capacity. Miralbes et al. 
[29] investigated six different polymeric TPMS lattices under a 
quasi-static compression test; their results showed the remarkable en-
ergy absorption capacity of the Split-P lattice. Lehder et al. [30] pre-
sented a method to optimize the geometry of six TPMS-based lattices, 
including Split-P, made of nylon, to maximize cell growth rate while 
maintaining an elastic modulus equivalent to human bone. They found 
that the Split-P morphology is a strong candidate for bone scaffolds after 
the Lilinoid architecture, which has the highest cell growth rate due to 
its high pore size, large SA/VR, and high local curvature. Recently, 
extensive experiments and numerical simulations have been performed 
to investigate the mechanical behavior of cellular structures to achieve 
high strength and stability [31–33]. However, there is still limited in-
formation on the suitability of Split-P TPMS for bone substitutions. 

Advances in additive manufacturing (AM) have enabled the fabri-
cation of cellular solids with complex shapes, including porous materials 
and lattice structures [34,35]. Selective laser melting (SLM), one of the 
3D printing technologies, is of high interest as it enables the custom-
ization of complex structures [36,37] and offers advantages over 

traditional manufacturing methods, such as time savings, lower material 
consumption, and fabrication of complex shapes [38]. SLM allows 
freedom in modulating the geometric specifications of complex metallic 
structures in orthopedic and other engineering applications. 

SLM has demonstrated the ability to utilize various types of metal 
powders. One of the preferred metal materials for medical applications 
is titanium and its alloys [39,40]. Ti6Al4V is widely used for bone im-
plants due to its good biocompatibility, predictable mechanical perfor-
mance, and high corrosion resistance [41,42]. However, its elastic 
modulus ranges from 110 to 120 GPa [38], which is significantly larger 
than that of compact cortical bone (3–20 GPa) and porous trabecular 
bone (0.1–4.5 GPa) [43,44]. Such a high mismatch in the mechanical 
properties of a titanium alloy and human bone may result in stress 
shielding, leading to bone resorption. 

This paper focuses on the experimental and numerical evaluation of 
Ti6Al4V Spilt-P TPMS lattices additively manufactured by SLM. The 
fabricated lattices have large SA/VR and high curvatures, characteristics 
that promote bone growth. Quasi-static uniaxial compression tests were 
used to investigate the mechanical behavior of the lattices. A quasi-static 
finite element analysis (FEA) was applied to simulate the elastic-plastic 
deformation behavior of the as-built lattices. To our knowledge, this is 
the first study investigating the mechanical behavior of 3D printed 
biocompatible Ti6Al4V alloy Split-P lattices using SLM. 

The contents of the paper are as follows. Section 2 presents all 
methodology steps, including design parameters and printing proced-
ures, followed by mechanical testing and numerical simulation pro-
cedures. Section 3 describes the structural response of the lattices, 
including the Gibson-Ashby relation and the energy absorption capacity. 
Homogenization of the unit cells is then performed to determine 
equivalent elastic moduli. Section 4 discusses the research findings, 
suggests possible areas of future work, and states the limitations of this 
study. Afterward, a comparison is made between the properties of 

Fig. 1. Schematic representation of the porous cellular structure of trabecular bone and sectional view of TPMS Split-P lattice resembling the morphology of 
trabecular bone. 

Fig. 2. Nonlinear fitted relationship to determine SA, SA/VR, and RD as a function of the isovalue; (a) Fitting of SA, (b) SA/VR, and (c) RD as a function of isovalue.  
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human bone (trabecular and cortical parts) and fabricated lattices. 
Finally, conclusions are drawn in Section 5. 

2. Materials and methods 

This section discusses the designs, followed by the preparation pro-
cess. After describing the mechanical testing procedure, a finite element 
analysis is presented, followed by the investigation of the anisotropy of 
the Split-P unit cells using numerical periodic homogenization. 

2.1. Design of split-p structures 

Mathematical form of the Split-P TPMS lattice is given in Appendix 
A, Eq. (A.1) [45]. The level set equation of the Split-P TPMS structure 
can be generated using the Cartesian coordinate system (X, Y, Z) at the 
specified isovalue t, which controls the RD, surface area, and surface 
area-to-volume ratio of the resulting lattices. The isovalue plays an 
important role in controlling the morphology and associated geometric 
properties of Split-P lattices. Geometric parameters SA and SA/VR, as 
well as RD, which is the ratio of the volume of the lattice structure to the 
volume of the solid cube, are all dependent on t. The changes in the local 
geometry due to varying isovalue (t) are shown in Appendix A, Fig. A.1. 
In this study, the nTopology software package (3.35.2, nTopology, New 
York, NY, USA) was used to create computer-aided design files (CAD) of 
the Split-P lattices. The values of SA and SA/VR were calculated using 
the corresponding blocks ("surface area from the body" and "surface area 
to volume ratio") for all designed lattices. Fig. 2 represents a nonlinear 
fitted relationship to determine RD, SA, and SA/VR as a function of the 
isovalue. The design space in this study is a cube with a side length of 25 
mm. 

SA and SA/VR of four types of TPMS, namely Split-P, Gyroid, Dia-
mond, and Primitive, are compared in Table 1. To provide the same RD 
of 20% for all lattices, two unit cells (12.5 mm) of each type of TMPS 
were used to fill a design space of 25 mm in X, Y, and Z directions. Iso- 
value was set to 0 and the thickness was changed to achieve the final RD. 
The results were obtained by nTopology software using the blocks 
mentioned above. 

To design target lattices, we selected two different cell sizes of 12.5 
and 14 mm to fill the design space of 25 × 25 × 25 mm3, and isovalues of 
0 and 1 were used to alter the structural morphology and create five 
different cellular lattices. With an isovalue of 0, by varying the sheet 
thickness of the Split-P TPMS as 0.25, 0.4, and 0.6 mm and maintaining 
the same unit cell size of 12.5 mm, different porosity levels between 75% 
and 90% were developed to achieve the target relative densities of 
10.47%, 16.74%, and 25.19%. With the target RD of 21%, two cellular 
lattices were modeled with the following geometric considerations: 
isovalue 0 with a unit cell size of 14 mm and isovalue 1 with a unit cell 
size of 12.5 mm. The expected porosity was chosen according to the 

porosity estimated for a human trabecular bone (> 70%) [46]. The CAD 
designs of Split-P lattices and the solid tensile specimen are presented in 
Appendix A, Fig. A.2, and the geometrical parameters of the lattices are 
listed in Table 2. SolidWorks software was used for designing the tensile 
specimens with a round cross-section according to the ASTM E8-E8M 
standard [47]. 

2.2. Materials and fabrication 

Split-P lattices and solid tensile specimens were fabricated by the 
SLM process (SLM solution 280, SLM Solutions Group AG, Germany) 
using a gas-atomized Ti6Al4V powder consisting of rounded particles 
with a size distribution between 15 and 37 μmand the composition given 
in Table 3. 

The processing parameters were taken from previous work [20] with 
a laser power of 275 W, a scanning speed of 1100 mm/s, a layer thickness 
of 30 μm, a hatch spacing of 110 μm, and a rotation of 57 between the 
consecutive layers. High-purity argon gas was used throughout the 
manufacturing process to avoid oxidation. The fabricated samples were 
then wire cut from the substrate and ultrasonically cleaned with pure 
alcohol. As-built lattice structures and powder particles were morpho-
logically examined using a high-resolution scanning electron micro-
scope (HR-SEM Zeiss Merlin), as shown in Fig. 3. 

The designed Split-P architectures naturally have overhang areas, 
which may lead to layer collapse, dross formation, and printing issues. 
Thus, support may be required to ensure successful prints and minimize 
geometric deviations between the fabricated samples and CAD models 
[48]. Various Split-P lattice structures and areas that need supports are 
shown in Appendix B, Fig. B.1. The solid density of the 3D printed tensile 
specimens (ρSolid) was measured using an Archimedes method, and the 
weight of the as-built Split-P lattices was calculated using a dry weighing 
method. Finally, the solid volume fraction of lattices were calculated 
using V = Was− built

ρSolid lx ly lz 
where lx,ly and lz are the average length sizes of the 

fabricated Split-P lattices. Was − built is the average weight of 3D printed 
specimens after supports removal and ultrasonic cleaning. 

2.3. Mechanical tests 

Uniaxial quasi-static tensile and compression tests were performed at 
a strain rate of 1 mm/min in the direction parallel to the 3D printing 
direction to investigate the mechanical properties of the as-built speci-
mens. The tests were performed according to ISO 13,314–2011 using an 
Instron 8802 machine equipped with a 250 KN load cell [49]. The 
deformation behavior was recorded using a cell phone camera. Experi-
mental results contained noisy data. Thus, a moving average filter 
(MAF) [39] was implemented using MATLAB software to eliminate the 
noise without affecting the main results. This method was applied to the 
tensile and compression tests. 

The mechanical properties of the bulk material, including the elastic 
modulus (Es) and 0.2% offset yield strength (σs,Y), where the subscript s 

Table 1 
SA and SA/VR of four types of TMPS with a design space of 25 mm in X, Y, and Z 
directions, a unit cell size of 12.5 mm, and isovalue of 0, in the same RD of 20%.  

TPMS lattices SA (mm2) SA/VR (1/mm) 

Split-P 13,189.02 4.02 
Diamond 10,080.58 3.08 
Gyroid 8177.55 2.50 
Primitive 6269.67 1.91  

Table 2 
Nominal thickness and RD of designed Split-P lattices in CAD design.   

Iso-value = 0 Iso-value = 1 
Structure label SP025U125 SP04U125  SP06U125 SP05U140 SP06U125Iso1 

RD (%) 10.47 16.74  25.19 21.00 21.00 
Thickness (mm) 0.25 0.4  0.6 0.5 0.6  

Table 3 
Chemical composition of Ti6Al4V powder.  

Sample 
(wt%) 

Ti N C H Fe O Al V 

Actual Bal. ≤

0.03 
≤

0.08 
≤

0.012 
≤

0.25 
≤

0.13 
5.5 
− 6.5 

3.5 
− 4.5  
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stands for solid material, were obtained from the tensile stress-strain 
curve. The mechanical properties of each lattice, including the elastic 
modulus (El), 0.2% offset yield strength (σl,Y), ultimate strength (σl,U), 
and the first minimum strength after failure (σmin), were calculated from 
the compressive stress-strain curve. The plateau stress (σl,P)of as-built 
lattices is defined as the average of the stresses between 20%− 40% 
compressive strain of each lattice [49]. Collapse strain (εC) is defined as 
a strain related to the first collapse after the first failure, and the 
densification strain (εD) is a strain at which the corresponding stress 
reaches the ultimate strength at the end of the compression test. The 
values are reported in Tables 5 and 6. 

The Gibson-Ashby model [50] was employed to study the relation-
ship between the relative density of periodic cellular structures and their 
mechanical properties using the equations: El/Es = C1(ρ)n and σl,Y/σs,Y =

C2(ρ)m, where ρ represents the relative density of the as-built lattices 
and constants C1, C2, n, and m are fitting constants related to the 
structural configuration and mode of deformation [51]. Finally, the 
energy absorption of the lattice structures was calculated by W =

∫ε

0

σ(ε)dε; [J/m3] [49], where W represents the energy absorption per 

unit volume defined as the area between the stress-strain curve, ε is the 
engineering strain, and σ(ε) is the corresponding engineering stress. We 
also compute the load-bearing capacity (K) of the lattices, defined as 
σmin/σU, where σmin represents the first minimum value of stress after the 
initial plastic failure and σU is the ultimate stress defined as the highest 
stress in the engineering stress-strain curve. 

2.4. Finite element model 

The finite element (FE) analysis of the unit cells and the Split-P lat-
tice structures was performed using ANSYS software to capture the 
compressive response of TPMS structures. An elastoplastic material 
model with multi-linear isotropic hardening was used with shell and 
solid elements [32,52]. Linear tetrahedral mesh files were created with 
nTopology software and were then imported into ANSYS software for 

the FE analysis. We applied loading by placing two plates with linear 
brick elements on the top and bottom of each TPMS lattice. The top plate 
was subjected to a velocity of 2 m/s while keeping the kinetic energy 
below 2% of the total internal energy. The bottom plate was defined as 
fully fixed in all degrees of freedom. The side surfaces were traction free. 
The material of the plates was assumed to have a modulus of elasticity of 
210 GPa, a density of 7.85 × 10− 6 kg/mm− 3, and a Poisson’s ratio of 0.3. 
A friction coefficient of 0.1 was assumed for the frictional contact be-
tween the lattices and two plates, while a frictionless self-contact was 
chosen for Split-P lattice surfaces. Finite element analyses of the unit 
cells and lattice structures were performed under the same conditions as 
those mentioned above. Mesh sensitivity analyses were done for the unit 
cells using solid elements, three mesh sizes, and a mass scale factor. The 
finite element results for the selected solid mesh size were compared 
with the surface mesh results. Note that shell elements cannot be used 
when the RD is greater than 50% since they produce unrealistic geom-
etry due to the thickening of the walls [32]. In this study, all relative 
densities are under 50%. Therefore, shell elements can also be used for 
FE analysis as well as solid elements. 

2.5. Numerical periodic homogenization 

In many applications, it is critical to understand the structure’s 
anisotropy and identify its stiffest and softest directions. In structural 
applications, such as load-bearing implants, anisotropy affects the per-
formance of the lattice in different directions [53]. Therefore, to accu-
rately estimate the effective elastic properties of lattice structures, a 
periodic homogenization method was performed for the Split-P unit 
cells using the nTopology software and the "Homogenized Unit Cell" 
block. The material was assumed to be linearly elastic. The modulus of 
elasticity was obtained from the experimental tensile test, and a Pois-
son’s ratio of 0.3 was applied. Finally, the three-dimensional elastic 
moduli surface was plotted as a function of direction using the mesh size 
selected from the mesh sensitivity study. For most general anisotropic 
linear elastic materials, there are 21 independent elastic constants in the 
fourth-order stiffness tensor C in Hooke’s law {σ} = [C]{ε}. The Split-P 

Fig. 3. SLM-fabricated Ti6Al4V alloy samples and a scanning electron microscope of Ti6Al4V powder used in 3D printed of Split-P lattice structures and tensile test 
specimens: (a) As-built Split-P lattices: SP06U125, SP04U125, SP025U125, SP05U140, SP06U125-Iso1, and tensile test specimen, (b) SEM image of Ti6Al4V powder 
used in 3D printing process. 
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lattices have cubic symmetry, meaning that the stiffness tensor has three 
independent components C11 = C22 = C33,C44 = C55 = C66,C12 = C23 =

C13, using a contracted notation, with the remaining constants equal 
zero [54], as shown in Eq. (3). 

C =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

C11 C12 C12 0 0 0
C12 C11 C12 0 0 0
C12 C12 C11 0 0 0
0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 C44

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(3) 

The Zener ratio is defined as Z = 2C44/(C11 − C12), and Z = 1 in-
dicates an isotropic material behavior [55,56]. 

3. Results 

The first part of this section focuses on manufacturing imperfections 
and experimental surface morphology. After presenting the effect of the 
manufacturing process on the RD of the produced Split-P lattices, the 
structural response under the quasi-static compression test will be pre-
sented along with the Gibson-Ashby model. In the following sections, 
the effect of cell morphology on the mechanical response will be shown 
and all fabricated lattices will be evaluated for energy absorption 

capacity. Afterward, a comparison will be made between the numerical 
and experimental results. Finally, to compare lattice anisotropy, the 
homogenization of unit cells will be described. 

3.1. Structural analysis 

Fig. 4 shows the 3D-printed SP04U125 Split-P lattice fabricated by 
SLM and its surface morphology. Several locations were selected to 
capture images of the upward and downward surfaces and marked by 
different colors. Images show good interconnectivity within the fabri-
cated porous lattice. The accuracy of the pore and strut size of the as- 
built sample is displayed in the cyan and orange area. Compared to 
other TPMS or strut-based structures, Split-P has the largest surface area 
(as shown in Table 1). Semi-melted or unmolten powder particles are 
attached to the surfaces, as seen in the blue and green regions. According 
to SEM images, the staircase effect is prominent on the structure’s sur-
face. This phenomenon is more evident on oblique and curved surfaces, 
such as the TPMS structure with various curvatures and large inclination 
angles. This staircase effect can clearly be seen in the purple and blue 
areas. 

The measured density of 4.404 (gr/cm3) for the 3D printed tensile 
specimens shows the highest RD of 99.59%, demonstrating a high de-
gree of densification. The geometric parameters of the fabricated sam-

Fig. 4. SEM images of surface morphology at different orientations and locations of Ti6Al4V SP04U125 lattice fabricated by SLM, indicated by different colors for 
each region. Colors: Green (downward surface on the side of the lattice), Orange (pore and strut size of the top of the lattice), Cyan (side surface of the lattice showing 
dross formation and staircase phenomenon), Purple (top surface; oblique and curved surfaces with observed staircase effect), and Blue (upward and downward 
surfaces on the side with partially melted metal powder adhering to the surface). 

Table 4 
Geometrical parameters of fabricated Ti6Al4V Split-P lattices and CAD model.   

Weight (gr) RD (%) SA (mm2) SA/VR (1/mm) Porosity (%) 
Design Actual CAD Relative error (%) Actual CAD Relative error (%) CAD CAD CAD 

SP025U125 9.72 ± 00 6.91 25.90 14.13 10.48 34.89 12823.17 7.83 89.52 
SP04U125 13.99 ± 0.01 11.04 26.72 20.33 16.74 21.44 13115.03 5.01 83.26 
SP06U125 18.02 ± 0.04 16.61 8.53 26.00 25.19 3.22 13144.44 3.34 74.81 
SP06U125Iso1 16.42 ± 0.02 13.84 18.64 23.86 21.00 13.67 11548.69 3.52 79.00 
SP05U140 16.55 ± 0.1 13.16 20.48 23.00 21.00 9.25 12018.47 3.85 79.00  
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ples and CAD designs are listed in Table 4. All the CAD designs of the 
lattices have lengths of 25 mm in,Y, and Z directions. 

3.2. Mechanical properties 

This section presents the experimental tensile and compression test 
results of SLM-fabricated structures. Afterward, the Gibson-Ashby model 
is used to predict the designed lattice structure properties, including the 
elastic modulus, yield stress. 

3.2.1. Mechanical tests 
Engineering stress-strain curves of tensile specimens are shown in 

Appendix C, Fig. C.1. All data, such as modulus of elasticity, yield 
strength, and ultimate strength, were averaged and then used in finite 
element analysis. 

In the case of Split-P lattice structures, three specimens of each lattice 
configuration were tested under the quasi-static compression test. The 
stress-strain curves of each group of Ti6Al4v Split-P lattice are shown in 
Appendix C, Fig. C.2, and the average experimental stress-strain curves 
are shown in Fig. 5. The behavior of all Split-P lattices represents the 
typical behavior of most lattice structures which is generally categorized 
into four deformation zones. Region I shows an initial nonlinear region 
at a low strain, attributed to the misalignments between the lattices and 
compressive plates. Region II starts with the linear elastic regime, where 
the slope represents the elastic modulus. Next, follows the nonlinear 
regime demonstrating post-yield hardening. The stress-strain curve rises 
until it reaches the maximum stress (σl,U). Region III displays the plateau 
stage with multiple collapses and failures. Finally, Region IV is the 
densification stage in which the compressive response increases sharply 
due to the self-contacting of the unit cell surfaces and full collapse of the 
cells. Due to the layers collapse and local densification of the collapsed 
layers, noticeable stress fluctuations are observed in the plateau zone. 

Table 5 lists the corresponding mechanical properties, including the 
modulus of elasticity, yield strength, ultimate strength, the first lowest 
stress value after the first plastic failure, the load-bearing capacity, 
collapse strain (εC), and densification strain (εD). The mechanical per-
formance, such as modulus of elasticity, yield strength, and peak 
compressive strength, is improved with an increase in RD, as the lower 
porosity leads to a rise in plateau stress, load-bearing capacity, and 
collapse and densification strains. The SP06U125 series, with a porosity 
of 89.52%, has the highest calculated elastic modulus of 3.48± 0.14 GPa 
and the SP025U125 series has the lowest elastic modulus of 1.55± 0.18 
GPa. 

The deformation behavior of SP06U125, SP04U125, and SP025U125 
during compression testing is shown in Fig. 6 at strain levels ranging 
from 0 to 50%, indicating that failure begins in the highest layers of the 
lattices SP06U125 and SP04U125 and in lower layers for SP025U125. 

The specimens deform uniformly during the initial elastic stage. As 
the compressive load increases, the stress-strain curves rise until 
reaching the maximum strength (at around 10% strain) shown in Fig. 5. 
Then, the cracks initiate, followed by shear band(s) formation, and 
continue propagating until the failure point. Shear band failure is visible 
in SP06U125 and SP04U125 from the upper right corner to the middle of 
the lower left side. High RD makes the shear band failure mode more 
apparent for these two lattices. The layer-by-layer failure mode, starting 
with the last layer, is demonstrated by SP025U125. After the last layer 
failure, the subsequent layers slowly come into contact. However, the 
SP025U125 does not show a strain-hardening effect during the defor-
mation process. The initial collapse of each lattice is observed at a strain 
between 10% and 13% (Fig. 5). 

3.2.2. Gibson-Ashby model 
The Gibson-Ashby model of the tested samples is plotted in Fig. 7 as a 

function of RD to predict the fitting function between the RD and me-
chanical properties. The relative modulus of elasticity and the relative 
yield strength are positively correlated with the actual RD of the Split-P 
lattices. The characteristic parameters of Gibson-Ashby fitting model 
and their correlation coefficient R2 are C1 = 0.04, n1 = 1.32, R2 = 0.99 
for modulus of elasticity andC2 = 0.91 n2 = 1.54, R2 = 0.99 for yield 
strength. The modulus of elasticity and strength of the structures in-
crease exponentially with the RD, and high fitting coefficients R2indi-
cate a high level of precision in adaptation. 

3.3. Effect of cell morphology on the mechanical behavior of split-p 
lattices 

Fig. 8 shows the stress-strain curves of SP06U125Iso1 and SP05U145 
with the same RD of 21% and different CM. Four regions can be seen in 
the stress-strain curve of two lattices (as discussed in Section 3.2.1). An 
initial nonlinearity (I) is followed by a linear elastic stage (II) extending 
to the first peak. Then, after a sharp drop, a plateau stage (III) occurs, 
which continues until the densification stage (IV). Marked differences 
can be seen in stress-strain curves of two lattices with the same RD after 
reaching ultimate strength, demonstrating the influence of CM on the 
compressive behavior. In the plateau zone of each lattice, fluctuations 
caused by layer collapse and local densification are visible. Both lattice 
types show a hardening behavior in the plateau region and densification 
at the end of the plateau stage, where the stress-strain curves increase 
sharply. The stress rises to the initial peak values at the compressive 
strain of around 80% for SP05U140 and about 70% for SP06U125Iso1. 

Fig. 5. Experimental stress-strain curves of SP06U125, SP04U125, and 
SP025U125 lattice structures subjected to a quasi-static compression test at a 
strain rate of 1 mm/min. 

Table 5 
Mechanical properties of SP06U125, SP04U125, and SP025U125 lattices with different RD (unit cell = 12.50 mm, isovalue = 0).   

El(GPa) σl,Y (MPa) σl,U(MPa) σl,P (MPa) σmin (MPa) K εC (%) εD (%) 

SP06U125 3.48 ± 0.14 152.74 ± 0.01 170.47 ± 0.67 30.16 ± 2.41 15.14 ± 4.9 0.08 ± 0.02 11.22 ± 0.99 70.19 ± 0.65 
SP04U125 2.50 ± 0.12 83.19 ± 1.26 117.32 ± 0.48 59.93 ± 1.50 20.65 ± 3.76 0.17 ± 0.03 13.29 ± 0.38 70.70 ± 0.96 
SP025U125 1.55 ± 0.18 57.95 ± 3.60 93.93 ± 2.26 61.32 ± 8.84 13.25 ± 0.96 0.16 ± 0.00 13.87 ± 0.05 68.03 ± 2.15  
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The appearance of deformed SP06U125Iso1 and SP05U140 after the 
uniaxial compression test is shown in Fig. 9, indicating their different 
deformation modes. According to Figs. 8 and 9, failure initiated at 
around 10% strain for both lattices, and according to Fig. 8, the first 
failure occurred with the first collapse of the layers. Two different failure 
behaviors are observed for each lattice. SP06U125Iso1 shows complete 

shear failure behavior at 45○ to the load direction, which can be related 
to the visible interconnected pores and connection sites in the lattices. 
High localization of normal and shear stress occurs within the connec-
tion sites increasing the possibility of failure. SP05U140 shows failure 
starting at the top layers and then continuing to next layers. 

The mechanical properties of the two lattice structures are listed in 
Table 6. A noticeable difference is found in their mechanical properties. 

Fig. 6. Failure modes of SP06U125, SP04U125, SP025U125 lattices under compression test up to 50% strain at a strain rate of 1 mm/min.  

Fig. 7. Fitting of Gibson Ashby model as a function for relative elastic modulus 
and relative yield strength of SP06U125, SP04U125, and SP025U125 as a 
function of RD. 

Fig. 8. Experimental stress-strain curves of SP025U125 and SP05U145 sub-
jected to a quasi-static compression test at strain rate of 1 mm/min. 
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At the same RD, SP06U125Iso1 has better mechanical properties in 
terms of elastic modulus, yield strength, ultimate strength, plateau 
strength, and load-bearing capacity than SP05U140. It is evident that 
Split-P with a solid network morphology exhibits better mechanical 
performance than a sheet-base Split-P lattice. 

3.4. Energy absorption 

Fig. 10 shows the energy absorption versus RD and compressive 
strain. SP06U125 lattice reaches the highest energy absorption of 61.41 
± 2.52 MJ/m3 while SP025U12 has the lowest value of 22.82± 0.86 MJ/ 
m3. The energy absorption of SP06U125 is about 2.7 times that of 
P025U125, as shown in Fig. 10a. Thus, the effect of RD is more pro-
nounced on the energy absorption capacity of the lattices. Comparison 
between SP05U140 and SP06U125Iso1 demonstrates that with the same 
RD, SP05U140 exhibits higher energy absorption (57.35± 2.52 MJ/m3), 
almost equal to the energy absorption of SP04U125 (58.22± 0.69 MJ/ 
m3) with an RD of around 26%. Therefore, CM appears to have a strong 
effect on the amount of energy that can be absorbed. It is clearly visible 
that in the case of SP05U140, even with such a low density, the lattices 
have almost the same energy absorption as SP06U125Iso1. Fig. 10b 
presents the energy absorption curves of all Split-P lattices as a function 
of strain. All lattices exhibit a linear and steadily increasing trend, while 
SP025U125 shows an undulating curve with smooth fluctuations, which 
can be attributed to the collapse of the layers. 

3.5. Numerical results 

The mesh convergence study and a comparison of the numerical 
results of solid elements with the same size as shell elements are pre-
sented in Appendix D. As a result, solid and shell meshes with the size of 
0.2 mm were selected to perform numerical simulation. Fig. 11 shows 
the contours of the equivalent von Mises stress and the plastic strain 
within the Split-P unit cells at 24% strain 24% for five topologies and 
RD. According to Fig. 11a, all Split-P unit cells exhibit a stress distri-
bution across the surfaces, indicating better load-bearing capacity and a 
good stress transfer. In contrast, for SP05U125Iso1, the stress increases 
at the strut connection sites that are parallel to the load direction, 
demonstrating that solid network Split-P lattices can be effective in load- 
bearing capacity. Cells with different RD and morphologies show 

Fig. 9. Failure modes of SP06U125Iso1 and SP05U140 lattices under 
compression test up to 50% strain at a strain rate of 1 mm/min. 

Table 6 
Experimental mean value result of the mechanical properties of specimens SP06U125Iso1 and SP05U145.  

Lattice El (GPa) σl,Y (MPa) σl,U(MPa) σl,P(MPa) σmin (MPa) K εC(%) εD (%) 

SP06U125Iso1 3.48± 0.07 116.02± 2.05 137.15± 0.79 63.21± 0.21 12.81± 8.05 0.09± 0.05 10.44± 1.15 62.38± 1.87 
SP05U140 2.63± 0.007 100.88± 5.03 129.59± 0.19 50.31± 7.55 5.6± 0.14 0.04± 0.00 9.76± 0.16 77.91± 0.67  

Fig. 10. Energy absorption of Split-P lattices (SP06U125, SP04U125, SP025U125, SP06U125Iso1, and SP05U145) subjected to compression load at different RD and 
strains up to the densification region; (a) Total energy absorption up to the densification region of each lattice at different RD; (b) Energy absorption behavior of Split- 
P lattices vs strain. 
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yielding behavior at different strain levels. The contour of the equivalent 
plastic strain, seen in Fig. 11b, indicates high failure potential regions. 
SP05U125Iso shows the most localization of plastic deformation at the 
strut connection sites. In the case of SP025U125, the area of high plastic 
deformation is observed in the uppermost and lowermost layers. At a 
strain of 2%, the connection areas of SP06U125, SP04U125, and 
SP025U125 reach plasticity, while no significant signs of plasticity can 
be seen in the middle layers. SP05U140 also exhibits plastic deformation 
starting in the uppermost layers. 

According to the strain-time curves in Fig. 12, all lattices show an 
upward trend in plastic behavior up to 2% strain. At 2% strain, 
SP025U125 has a different failure mode, indicating the first layer 
(bottom layer) reaches yield. Then, the plastic strain increases uniformly 
within the unit cell, followed by the second layer. All lattices exhibit an 
increasing trend between 2% and 8% strain except SP05U140. One drop 
can be seen in the SP05U140 curve, indicating the failure of the first 
layer (top layer). Among all lattices, SP05U125Iso has lowest slope at 
8% strain, showing the longer time needed to reach yield. At 3.75e-4 s, 
SP04U125 reaches its high plastic strain level, followed by SP025U125. 
SP06U125 reach to the high plasticity value at around 15e-4 s while 
SP05U140, SP06U125Iso1shows the maximum plasticity at around 6 
and 8 s. 

Fig. 13. represents the results of the numerical simulation for lattice 
structures showing that the deformation agrees well between compu-
tations and experiments. The von Mises stress distributions and equiv-
alent plastic strains of Split-P TPMS lattice structures with an overall 
strain of 0%, 16%, and 20% are presented in Fig. 13 for SP06U125, 
SP04U125, and SP025U125 and in Fig. 14 for SP06U125Iso1 and 
SP05U140. The distributions of von Misses stresses in Fig. 13a show the 
largest stress concentrations in the layers and the connection sites 
depending on the lattice type. Ultimate stress is clearly more concen-
trated in the upper and bottom layers of SP025U125 and SP04U125. The 
upper layers of SP06U125 show higher stresses than the bottom layers, 
causing the main failure. In SP05U140, stress concentration regions in 
the top and bottom layers are clearly visible. Stress concentration can 
also be seen in the middle layers. Finally, in SP06U125Iso1, high stress is 
found in the middle of the connection struts. By increasing strain during 
compression, more stress is concentrated in the lattice, resulting in 
fractures. The fracture may transfer between layers as the stress con-
centration region shifts from one layer to the next. In according to the 
equivalent plastic strain distributions in all lattices in Figs. 13 and 14, 
most of the plastic deformations occur in the uppermost layers, leading 
to the initial collapse of SP06U125, SP04U125, and lower layers in 
SP025U125. However, several signs of plasticity are also observed in the 
middle layers of SP05U140 lattices. In SP025U125, first, the bottom 
layer reaches plasticity first, then the plastic strain increases uniformly 

Fig. 11. Distribution of von Mises stress and equivalent plastic strain of Split-P unit cells SP06U125, SP04U125, SP025U125, SP06U125Iso1 SP05U140 under 
compression test at a strain of 24%. 

Fig. 12. Equivalent plastic strain vs time of proposed Split-P unit cells named 
SP06U125, SP04U125, SP025U125, SP06U125Iso1, and SP05U140 under 
compression test at a strain of 24%. 
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within the lattices, followed by the second layer. In SP06U125Iso1, most 
strut joints show localization of deformation, which increases the pos-
sibility of collapse. 

As mentioned earlier, for all lattices except SP06U125Iso1, shell el-
ements were used for numerical simulations. Shell elements are time- 
saving in numerical simulations due to the reduced number of ele-
ments [32]. The reliability of the FE method in the prediction of 

mechanical properties in terms of elastic modulus and yield strength was 
investigated by the relative error of the numerical simulation and 
experimental results, as shown in Fig. 15 and summarized in Table 7. 

3.6. Lattice anisotropy comparison 

In this section, Split-P lattices are compared with other TPMS 

Fig. 13. Equivalent stress and plastic strain distributions of Split-P lattices at different strain level of 0%, 16%, and 20% and their 3D views of von Mises stress 
distribution at 20% strain, (a) SP06U125, (b) SP04U125, (c) SP025U125. 
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structures by describing them in terms of Zener ratio. The comparison is 
shown in Fig. 16 for different RD. SP06U125, SP04U125, SP025U125, 
and SP05U140 have a Zener ratio close to 1. The Zener ratio of 
SP06U125Iso1 is lower, indicating anisotropy in the elastic properties of 
this lattice. 

The obtained Zener ratios for SP06U125, SP04U125, SP025U125, 
SP05U140, and SP06U125Iso1 are 0.97, 0.99, 0.98, 0.98, and 0.76, 
respectively. The modulus surface illustrates the degree of anisotropy 
graphically. SP06U125Iso1 shows the highest degree of anisotropy due 
to its apparent protrusion into three principal directions. Other Split-P 
lattices have approximately isotropic moduli. Among the Split-P lat-
tices, the SP04U125 lattice shows the highest Zener ratio (closest to 1). 

Fig. 14. Equivalent stress and plastic strain distributions of Split-P lattices at different strain level of 0%, 16%, and 20% and their 3D views of von Mises stress 
distribution at 20% strain; (a) SP05U140, and (b) SP06U125Iso1. 

Fig. 15. Comparison of the computational and experimental stress-strain be-
haviors of SP06U125, SP04U125, SP025U125, SP05U140, and SP06U125Iso1 
at 16% strain. 

Table 7 
Comparison of the mechanical properties (elastic modulus and yield strength) of 
Split-P lattices in experiment and numerical simulation.   

E (GPa) σY (MPa) 
lattice FE Exp. Error (%) FE Exp. Error (%) 

SP06U125 2.99 3.48 13.85 128.34 152.74 15.97 
SP04U125 1.69 2.50 32.40 75.85 83.19 8.82 
SP025U125 1.28 1.55 17.42 44.47 57.95 23.26 
SP06U125Iso 1 2.86 3.49 18.05 82.76 116.02 28.67 
SP05U140 2.47 2.63 6.08 97.47 100.88 3.38  
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4. Discussion 

This study investigates SLM fabricated Split-P TPMS lattices with 
different porosities and CM as potential bone substitutes for the first 
time. The SLM process was used to fabricate Ti6Al4V Split-P lattices 
demonstrating that AM technologies can fabricate Split-P lattices on 
specific structural supports, depending on RD and thickness. We found 
that for some porosities and CM, it is essential to consider support 
structures to secure overhanging features and parts of the build 
platform. 

4.1. Structural advantages of split-p lattices 

A large surface area facilitates cell adhesion and proliferation, and a 
larger pore size leads to enhanced permeability of the implant, 

influencing bone ingrowth. Consequently, implants’ surface area and 
pore size are important biological parameters [18]. A low porosity re-
sults in a reduction of bone growth, while a high porosity promotes it. 
The preferred pore size that supports new bone formation is 100–300 μm 
[58]. Split-P lattices, which have a high surface area compared to other 
TPMS (Table 1), show a wide variety of pore shapes and pore sizes, as 
seen in Fig. 17, illustrating the different section views of the SP05U140 
lattice structure. The pore size can be adjusted by increasing or 
decreasing the corresponding unit cell size and thickness to be within 
the required range for bone growth. Therefore, adjustment of structural 
parameters, such as cell size and isovalue, plays a critical role in con-
trolling surface area and maintaining mechanical properties. 

Fig. 16. (a) Zener anisotropy index of Split-P lattices in the current study compared to different types of TPMS unit cells with different RD [57], (b) 3D elastic 
modulus surface of Split-P unit cells. 

Fig. 17. Variety of pore shapes and pore sizes in Zdirection at different section views of Split-P lattice in the specific morphology (SP05U140) designed in the 
current study. 
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4.2. Structural morphology of fabricated Ti6Al4V split-p lattices 

To improve the quality of 3D printing and increase the dimensional 
accuracy of the as-built samples, appropriate supports were added to the 
CAD model of the Split-P lattices as shown in Appendix B, Fig. B.1. In 
Split-P structure, self-supporting of the lattice depends on the size of the 
unit cells and wall thickness. With large-size unit cells, the suspended 

area in the air and consequently the risk of unsuccessful 3D printing can 
increase. By increasing the thickness of the lattice, the suspended area 
can be reduced and a self-supporting Split-P lattice can be achieved. 
Among the designed lattices in this study, the SP06U125 lattices has 
natural connections and does not require any additional support. 

The current study shows RD discrepancies between as-built lattices 
and CAD designs. These differences may be due to the unmolten powder 
particles attached to the lattice surfaces, leading to high surface 
roughness. Split-P lattice has the highest surface area among Gyroid, 
Diamond, and Primitive TPMS (Table 1). The large surface area in-
tensifies the interaction between the powders and the consolidating base 
materials [40]. Therefore, in Split-P structures, the particles of partially 
melted metal powder adhering to the surface of the specimen may affect 
the measured RD, as reported in [18]. Blockage-free samples confirm 
SLM’s capability to fabricate Split-P TPMS lattices. The experimental 
results of the actual (fabricated) RD are fitted to those of the CAD model 
with a mathematical relationship of RDActual = 1.24(RDCAD) − 7.55 with 
a coefficient of determination of R2 = 0.98, as shown in Appendix E, 
Fig. E.1. Accordingly, the correlation can be used as a guideline for the 
design of Split-P lattices. 

Fig. 18. Comparison of the mechanical properties of Split-P lattices vs porosity; SP06 (SP06U125), SP04 (SP04U125), SP025 (SP025U125), SPIso1 (SP06U125Iso1), 
and SP140 (SP05U145); (a) Elastic modulus, (b) Yield, ultimate and plateau stress, (c) Load-bearing capacity (K), and (d) Collapse and densification strain. 

Table 8 
Comparison of mechanical properties of Split-P TPMS porous AM biomaterials 
with human bone tissue. Dash (–) indicates an absence of data.   

Split-P 
TPMS 

Unknown 
different 
region of 
human bone 

Proximal 
tibia 

Iliac 
crest 

Femoral 
neck 

Skull 

E(GPa) 1.50 
− 3.45 

0.01–1.57  
[84] 

0.2–2.8  
[43] 

3–4.63  
[85] 

0.75–4.5 
[40] 

2–6  
[82] 

σY(MPa) 55 - 
128 

– – – 55.3±
8.6 [43] 

– 

σU(MPa) 62 - 
170 

1.5–38 [84] – – – –  
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4.3. Effect of structural morphology on compressive behavior and 
mechanical properties 

This section discusses the results of Sections 3-2, 3–3, and 3–4. 
Porous scaffolds respond to compressive loading differently depending 
on their morphological parameters, such as porosity and pore shapes 
[59]. As a result of wall elements collapsing and load-bearing struts 
fracturing, all stress-strain responses of cellular lattices drop sharply 
after the first maximum strength, which is related to a brittle failure of 
struts in SLM processed Ti6Al4V lattice [60]. A significant drop can be 
seen for all lattices after reaching the ultimate strength, which is affected 
by the RD. This first sharp drop is at approximately 7%, 10%, and 6% 
compressive strains for SP06U125, SP04U125, and SP025U125, 
respectively. 

The load-bearing capacity K of lattice structures is also influenced by 
the structure’s morphology and RD [61] and depends on the first min-
imum stress value after the initial plastic failure and the ultimate stress. 
The minimum load-bearing capacity was recorded for SP06U125. 
SP025U125 and SP04U125 exhibits the highest load-bearing capacity, 
almost 50% greater than SP06U125. The compressive response of Split-P 

lattices indicates that the lattice with a lower porosity can behave like a 
solid block, resulting in higher shear stresses and a decreased 
load-bearing capacity, as reported in [61]. Therefore, the lattice’s RD 
can influence load-bearing performance. Tables 5 and 6 show that CM 
strongly influences mechanical properties. SP06U125Iso1, with lower 
RD than SP06U125, shows higher elastic modulus and strain collapse 
with almost the same load-bearing capacity. SP05U140 and SP04U125 
have nearly the same elastic modulus, while the RD of SP04U125 is less 
than the RD of SP05U140 by about 13%. The yield strength, ultimate 
strength, and load-bearing capacity of SP06U125Iso1 are greater than 
those of SP04U125. Among the five lattices, SP025U125 and SP06U125 
have the lowest and highest elastic modulus, yield strength, and ulti-
mate strength. The load-bearing capacity is highest for SP04U125 and 
lowest for SP05U140. 

In the plateau region, all lattices show stress values below the ulti-
mate strength, indicating that most of the energy is released during the 
first failure. However, the comparison between the stress-strain curves 
of different lattices shows that the plateau region demonstrates strain 
hardening and exhibits undulatory growth of stress due to the densifi-
cation stage. The layer-by-layer failure behavior of the lattice in the 

Fig. A.1. The effect of varying the isovalue on the resulting Split-P TPMS.  

Fig. A.2. The procedure of the designed Split-P lattices with changing the thickness, unit cell size and isovalue and CAD model of solid tensile specimens; (a) CAD 
models of Split-P lattices; (b) CAD model of tensile specimen (dimensions in mm). 
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lower RD causes noticeable stress fluctuations in the plateau stage. The 
significant magnitude of fluctuations in the stress-strain curve is due to 
the failure of the individual layers and buckling of the local unit cells. In 
the cases of SP06U125 and SP04U125, the plateau region demonstrates 
some strain hardening and exhibits undulatory growth of stress up to the 
densification stage. In contrast, SP025U125 exhibits severe fluctuations 
with four noticeable stress fluctuations. The deformation behavior of 

SP025U125 shows layer-by-layer collapse. Nevertheless, all samples 
densify at the end of the plateau stage, demonstrating an upward trend 
in stress-strain curves and reaching their initial peaks. Then, as the 
layers become denser at the end of the plateau, stress-strain behavior 
shows an increasing trend. The denser lattice structure exhibits a sharp 
increase in the elastic region, indicating high elastic modulus, high yield 
strength, and a large plateau region. It can be concluded that the 

Fig. B.1. CAD designs of the Split-P lattices and the regions that need support to avoid collapsing during AM processes; (a) SP025U125, (b) SP04U125, (c) 
SP06U1256-Iso1, (d) SP06U125 (e) Sectional view of Split-P lattice structure and areas that do not need self-supports, and (f) The influence of overhangs in bonded 
metal particles can result in deformation and collapse of the structure. 

Fig. C.1. Stress-strain curves of as-built Ti6Al4V tensile specimens under quasi-static tensile test at strain rate of 1mm/min, (a) Raw and filtered tensile test data of 
specimen 1, (b) Filtered tensile test data of specimens 1 and 2. 
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morphology of the unit cell, the thickness, and, thus, RD strongly in-
fluence failure mechanisms since a denser structure exhibits fewer 
fluctuations of the stress-strain curve and homogeneous behavior, 
leading to collapse as a compact material. Therefore, depending on the 
architecture, the lattices undergo different failure mechanisms [62]. A 
low RD leads to a layer-by-layer failure, while in structures with a high 
RD, the shear band is observed, as reported in [63]. We found that the 
Split-P TPMS lattices exhibit stretching and shearing in some areas due 
to their complex shapes, and the designed RD also influences failure 
behavior. 

The Gibson-Ashby model presents the relationship between the 
mechanical properties (elastic modulus and yield strength) and RD. The 
obtained value of the exponent n is close to 1, indicating stretching- 
dominated deformation [51]. Therefore, equations El/Es = 0.04 RD1.32 

and σl,Y/σs,Y = 0.04 RD1.32 establish the mathematical relationship be-
tween structural parameters and mechanical properties of Split-P TPMS. 
Accordingly, the actual mechanical properties of the 3D printed Ti6Al4V 

Split-P TPMS lattices can be predicted directly from the structural pa-
rameters (C, n). For Split-P lattices, when the modulus is expressed as a 
function of RD, the stretching deformation behavior becomes more 

Fig. C.2. Stress-strain curves of each group of Ti6Al4V Split-P lattice subjected to quasi-static compression test at strain rate of 1 mm/min, (a) Stress-strain response 
of three tested lattices of SP06U125, (b) Stress-strain response of three tested lattices of SP04U125, (c) Stress-strain response of three tested lattices of SP025U125. 

Fig. D.1. Different mesh sizes used in the FE analysis for the unit cell of SP04U125 with a size of 12.5 mm and RD of 16.74%; (a) Variation in solid mesh sizes varying 
from 0.5 mm to 0.2 mm (b) Applied boundary conditions used in numerical simulations. 

Table. D.1 
The convergence results performed for the elastoplastic response of SP04U125 
unit cell for solid elements in different sizes and shell elements.  

Average mesh 
size 

Total number of 
elements 

Difference in Ewith previous 
iterations 

Solid 
mesh 

0.5 18,130 – 
0.3 67,631 0.11 
0.2 282,673 0.11 

Shell 
mesh 

0.2 44,578 0.17  

Fig. E.1. The correlation between the CAD designed and actual (fabricated) RD 
of Split-P lattices at an isovalue of 0. 
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evident as the curve approaches a straight line [64]. For the same RD, 
lattices with stretching-dominated deformation modes exhibit higher 
elastic modulus and strength, making them desirable for lightweight 
structures, such as orthopedic implants [65]. 

According to Fig. 18, among all Split-P lattices, SP025U125 has the 
lowest mechanical properties (elastic modulus, yield stress, ultimate 
stress, and plateau stress); however, its load-bearing capacity is among 
the highest. Changing unit cell size (CM) and isovalue leads to a sig-
nificant change in mechanical properties [60]. Comparison between 
SP06U125 and SP06U125Iso1 shows that a 5% increase in porosity for 
SP06U125Iso1 results in the same elastic modulus but leads to a 
decrease in yield stress and ultimate stress. Both lattices show nearly the 
same plateau stress. SP04U125 and SP05U140 have almost the same 
elastic modulus while the porosity of SP04U125 is 4% higher than that 
of SP05U140.Yield stress and ultimate stress of SP05U140 are higher 
than those of SP04U125. SP05U140 has the lowest value of the plateau 
stress. SP04U125 has the highest load-bearing capacity among all Split-P 
lattices and SP05U140 shows the minimum value. SP025U125 exhibits 
maximum collapse strains, which can also be attributed to its 
load-bearing capacity. We conclude that the morphology of the unit cell 
strongly influences mechanical properties. 

The energy absorption capacity, representing the material’s resis-
tance to load without severe failure, is an important property in the 
design of orthopedic structures [66]. This property is influenced by 
several parameters, such as RD, pore size, unit cell size, and unit cell 
type, while the most influential is RD [20]. A lattice structure as an 
energy absorber, should be able to withstand large deformations under 
relatively constant stress to prevent the lattice from being subjected to 
excessive stress [67] to provide long-term endurance and the ability to 
withstand impact load [68]. In addition, reducing fluctuations can 
significantly increase energy absorption [67] as can be seen in the 
comparison of mechanical responses in Figs. 8, and 10. According to 
Fig. 10, the energy absorption capacity increases gradually with 
increasing RD. The major factors affecting the energy absorption char-
acteristics of a lattice structure are its plateau stress and densification 
strain; higher and longer plateau stress can improve the energy ab-
sorption [69]. 

Across all lattices investigated in the current study, high energy ab-
sorption (Fig. 10) was observed for SP06U125, SP04U125, and 
SP06U125Iso1, all of which showed high densification strain and high 
plateau stress (Fig. 18). Therefore, lattices have potential to be used for 
energy absorption applications. The energy absorption capacity of the 
lattices is in the range of 22.82 to 61.41 MJ/mm3. 

Finally, high standard deviation can be seen in some mechanical 
properties of the experimentally tested lattices, similarly as reported in 
[70]. More samples could be used for the cases with high standard de-
viation. Nevertheless, this study shows the ability of SLM to produce 
Ti6Al4V Split-P lattices under specific structural supports, considering 
existing errors. 

4.4. Numerical simulations 

Numerical simulations can predict the mechanical performance of 
additively manufactured lattice structures. However, the results do not 
agree ideally with the experimental data due to structural complexity 
and imperfect melting of the powder, as documented in previous studies 
[71]. Harrysson et al. [72] reported an error of 10.6–14.8% between 
experimental and computational results for the elastic modulus. An 
error of 30% between numerical and experimental results has been re-
ported in [73]. Ma et al. investigated the mechanical properties of 
Gyroid structures by experiment and FEA. Their results showed pre-
diction accuracy ranging from 30% to 56%. The authors’ prior study 
[40] also reported the high difference between FEA and experiment, 
with deviation percentages ranging from 8% to 41% for elastic modulus 
and 32% to − 24% for yield stress. 

A discrepancy between the computational results and the 

experimental test results is also found in the current study. These dif-
ferences can be attributed to the SLM additive manufacturing technique 
and insufficient melting of metal powders [74,75], which is high in 
Split-P lattices due to large surface area leading to partially melted 
powder adhering to the surfaces. The deviation between the experiment 
and numerical simulation may also be due to the assumed friction 
contact in FEA [76]. A maximum relative error of 32.40% was observed 
in the elastic moduli and 23.26% in yield stresses in this study. Our study 
shows acceptable error rates for mechanical properties compared to the 
previous literature. 

4.5. Lattice anisotropy comparison 

The current study used a numerical homogenization method to 
analyze the anisotropic elastic behavior of Split-P TPMS lattices. 
Isotropic lattices with appropriate porosity and mechanical properties 
are highly preferred for bone implantation [77,78]. In other types of 
TPMs, including Gyroid, Diamond, Schwarz P, F-RD, and Fischer-Koch 
S, increasing porosity leads to an increase in the deviation of the 
Zener ratio from 1 [79]. Increasing porosity and changing the unit cell 
morphology (i.e., increasing unit cell size and isovalue) increases 
anisotropy in axial directions. In all lattices, especially SP06U125Iso1, 
the stiff and soft directions are oriented axially and diagonally, respec-
tively. Future work can seek to investigate methods to control anisot-
ropy [78]. 

4.6. Human bone and split-p lattices 

Human cancellous and cortical bone have an elastic modulus of 
0.1–4.5 to 3–20 GPa and yield strength of 2–17 to 33–193 MPa, 
respectively [80]. The elastic modulus of the skull is in the range of 2–6 
GPa [81,82]. In the current study, 3D-printed Ti6Al4V Split-P lattices 
have mean elastic moduli of 1.55–3.48 GPa, lower than those of human 
cortical bone, and yield strengths of around 57–152 MP, which are 
comparable to those of cortical bone. Among all Split-P lattices, the 
elastic modulus and yield stress of SP025u125 are in the range and 
higher than those of cancellous bone, while the others are more suitable 
for use in the cortical bone and cortical part of the skull bone. Thus, SLM 
Ti6Al4V Split-P lattices are suitable structures for load-bearing appli-
cations due to their combination of high yield strength and low elastic 
modulus to eliminate stress shielding [83]. 

Finally, the current study has some limitations. More samples could 
be included in the analysis. Also, biocompatibility experiments were not 
conducted. Future work could explore biocompatibility and integration 
with bone. Additionally, functionally graded Split-P lattices were not 
considered in the current work. Future studies could address function-
ally graded Split-P lattices. 

5. Conclusions 

This study, for the first time, investigated experimentally and 
computationally the compressive behavior of Ti6AL4V SLM- 
manufactured Split-P TPMS lattices with different relative densities 
(RD) and cell morphologies (CM) for trabecular and cortical bone 
substitutes. 

The present study found that the size of the unit cells and the 
thickness of the walls can affect the manufacturability of Split-P lattices. 
With the large size of the unit cell, low wall thickness, and specific po-
rosities, the suspended area in the air and consequently the risk of an 
unsuccessful 3D printing process can increase. Therefore, appropriate 
supports should be added to the lattice. By increasing the thickness of 
the lattice, the suspended area can be connected and the Split-P lattice 
can become a self-supporting structure. However, the SLM-fabricated 
Ti6Al4V structures in this study show 9% to 34% higher RD than their 
CAD models. 

Under a compression test, the Split-P lattices exhibit a modulus of 
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elasticity (1.55 to 3.48 GPa) and compressive yield strength (57.95 to 
152.74 MPa), in the range of human bone. Among Split-P lattices with 
the same CM, SP06U125 exhibits higher elastic modulus, yield strength, 
and ultimate strength than SP04U125 and SP025U125. SP04U125 and 
SP025U125 have highest plateau stress and load-bearing capacity, 
approximately 50% higher than SP06U125. Gibson-Ashby model also 
indicates stretching-dominated deformation mechanisms in Split-P 
TPMS. In the group with the same RD and different CM including 
SP06U125Iso1 and SP05U140, the elastic modulus, yield strength, ul-
timate strength, plateau stress, and load-bearing capacity of 
SP06U125Iso1 are approximately 22%, 13%, 5%, 20%, and 55% higher 
than those of SP05U140. 

The comparison between these two groups and the investigation of 
the effect of CM and RD on mechanical properties concludes that solid- 
based Split-P lattice structure (SP06U125Iso1) with 79% porosity shows 
almost equal mechanical properties to SP06U125 with 74.81% porosity. 
The same can be seen for SP05U140 with a porosity of 79%, in terms of 
elastic modulus in comparison with SP04U125 with a porosity of 83%. 
Comparing mechanical properties including yield strength, ultimate 
strength, plateau stress, and load-bearing capacity between SP04U125 
and SP05U140 shows that changing CM strongly increases mechanical 
performance. Lattices exhibit an energy absorption of 22 to 61 MJ/m3, 
signifying high plastic deformation capacity. SP04U125 demonstrates 
energy absorption similar to SP05U140. SP06U125 shows the highest 
energy absorption, while SP025U125 shows the lowest. The comparison 
between SP05U140 and SP06U125Iso1 shows that solid-based Split-P 
lattices absorb energy 12% better than sheet-based lattices. Sheet-based 
lattices with the same cell morphology including SP06U125, SP04U125, 
SP025U125, and SP05U140, show two different failure behaviors, shear 
and layer-by-layer deformation. Significant 45○ shear deformation is 
found in SP06U125Iso1 lattice with solid-based morphology indicating 
that CM and RD can greatly influence the compressive deformation. 

The simulation results were confirmed through the compression tests 
on the samples and relatively errors were found between numerical and 
experimental results. Errors range from 6% to 32% and 3% to 28% in 
modulus of elasticity and yield strength respectively. In the von Mises 
stress and equivalent plastic strain distributions, Split-P lattice struc-
tures with different CM and RD show different stress and plastic strain 
concentrations. For the solid-based lattice structure SPo6U125Iso1, the 
highest von Mises stress is concentrated at the connection sites. In other 
Split-P lattices most stress concentration occurs in the top and/or bottom 

layer. Depending on the CM, stress concentration can also be seen 
dispersed in the middle layers. Homogenization study of the unit cells 
revealed a dependence between the Zener ratio and the CM. A sheet- 
based Split-P lattice exhibits almost isotropic moduli with a Zener 
ratio close to 1. SP06U125Iso1 showed the highest degree of anisotropy. 

This study shows that Split-P lattices are potential candidates in load- 
bearing applications as they exhibit mechanical properties comparable 
to cortical or trabecular bone. The focus of this study, however, was only 
on the specific relative density with homogeneous pores size with con-
stant wall thickness. Accordingly, future studies could investigate a 
sheet-based graded Split-P lattice structure with a variety of relative 
density variations. (Table 8) 
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Appendix A. Design of Split-P lattices 

Mathematical equation of Split-P TPMS structure in the Cartesian coordinate system (X, Y, Z) 

Mathematical form of Split-P lattice can be written as Eq. (A.1): 

φ = 1.1 (sin(2X)cos(Y)sin(Z)+ sin(2Y)cos(Z)sin(X)+ sin(2Z)cos(X)sin(Y)) − 0.2 (cos(2X)cos(2Y)+ cos(2Y)cos(2Z)+ cos(2Z)cos(2X))

− 0.4 (cos(2Y)+ cos(2Z)+ cos(2X)) − t (A.1)  

where, X, Y, Z = 2πni/Li, i = x,y,z, are the periodicities of the Split-P TPMS function, ni indicates the number of unit cells along with the directions X, 
Y, Z, and Li represents the unit size of the lattice structure in those directions. 

The effect of varying isovalue on the Split-P TPMS morphology 

Changing isovalue in TPMS lattice can affect morphology of the lattices. In the case of Split-P TPMS, the isovalue of zero maximizes SA and SA/VR. 
Increasing the isovalue can create a solid-network lattice with lower SA and SA/VR that more closely resembles trabecular bone. Fig. A.1 shows the 
change in Split-P lattice morphology. 

CAD. model of designed Split-P lattices and tensile specimens  
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Appendix B. Manufacturability of Split-P lattices 

Fig. B.1 shows the CAD designs of the Split-P lattices and the regions that need support to avoid collapsing during AM processes. It is worth 
mentioning that all supports were carefully removed to perform compression tests on as-built lattices. 

Appendix C. Mechanical tests 

Engineering stress-strain curves of two tensile specimens 

Fig. C.1 shows the engineering stress-strain curves of two tensile specimens obtained from quasi-static tensile tests. Raw data shows noisy data 
(Fig. C.1a). Therefore, a simple MAF algorithm is used to suppress the noises. Fig. C.1b represents the filtered data of two specimen tensile tests. The 
average values of modulus of elasticity, yield strength, and ultimate strength are 114.7 ± 3.7 GPa, 1182.8± 8.7 MPa, and 1268± 3.0 MPa, 
respectively. 

Stress-strain curves of Ti6Al4v Split-P lattices at isovalue of 0  

Appendix D. Mesh convergence study 

A mesh convergence study was performed for the unit cell of SP04U125 with a size of 12.5 mm under quasi static compression test up to 24% strain. 
The RD of the unit cell was set to 16.74% and solid mesh was generated using tetrahedral elements with the size of 0.5, 0.3, and 0.2 mm. Fig. D.1 
portrays the variation in solid mesh sizes and applied boundary conditions in numerical simulations. All boundary conditions are considered according 
to the Section 2.4. 

Table. D.1 summarizes the convergence results performed for the elastoplastic response of the unit cell. The results show that an average element 
size of 0.2 mm was adequate to obtain acceptable accuracy in the calculated responses and solid element of 0.2 mm can be used in numerical 
simulation of Split-P lattices. A comparison was also performed between the numerical results of 0.2 mm solid elements and shell elements, showing a 
good agreement. Thus, in the rest of this work the numerical simulations for lattice structures (not unit cells) used tetrahedral solid and shell elements 
of 0.2 mm. Depending on the lattice morphology, suitable element type was adopted. The solid elements were used for all unit cells and the 
SP06U125Iso1 lattice, while a shell mesh was used for the remaining lattices to reduce the computation time. 

Appendix E. Relationship between actual and designed RD of Split-P lattices 

The correlation between designed and actual RD can be derived based on the result presented in Table 4 for SP06U125, SP04U125, and 
SP025U125. Fig. E.1 shows the correlation between actual RDs is well fitted to those of CAD designs with the coefficient of determination (R2) of 
0.988. 
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A B S T R A C T

Irregular Voronoi-based lattice (IVL) structures in tissue engineering (TE) have significant potential for bone
regeneration. These scaffolds can mimic natural human bone interconnectivity by gradually altering strut
thickness (ST) and seed point space (PS), which affects both mechanical and biological characteristics. This
paper investigates the impact of design parameters, ST and PS, on Hydroxyapatite (HA) ILV structures’
mechanical properties (elastic modulus (E) and maximum compressive strength (MCS)) and geometrical
characteristics (pore number, size, and distribution, surface area (SA), and surface area-to-volume ratio
(SA/VR)). Four types of IVL scaffolds were designed; PC-TC (Constant PS-Constant ST), PC-TG (Constant PS-
Gradient ST), PG-TC (Gradient PS-Constant ST), and PG-TG (Gradient PS-Gradient ST). The study, conducted
through linear static structural finite element analysis (FEA) with maximum stress criteria, underscores
the profound impact of irregularity and morphology on mechanical performance and geometrical features.
Regarding SA and SA/VR, a comparison between PC-TC with other proposed scaffolds showed a minor
improvement for PC-TG, while higher significant improvements were found for both PG-TG and PG-TC. In terms
of pores distribution and number, no noticeable improvement was observed for the PC-TG scaffold compared to
PC-TC. In contrast, PG-TC and PG-TG lattices demonstrated a variety of pore distributions and approximately
doubled pore numbers. Studying mechanical properties, considering E and MCS, showcases substantial gains
for PG-TC. It, however, revealed that for the rest of the scaffolds, no enhancement was observed regarding
E. Based on these results, gradient PS proved to be more effective than gradient ST in enhancing mechanical
performance and geometrical properties. Due to these improvements, this study holds promise for expediting
bone regeneration and reducing postoperative complications in bone replacement applications.

1. Introduction

In bone tissue engineering (BTE), optimal restoration is ensured
by efficient and rapid bone replacements using advanced alternatives
such as scaffolds and implants instead of traditional methods (Alonzo
et al., 2021). Bone integrity can be compromised by traumatic injuries,
congenital defects, and degenerative diseases (Awad et al., 2014). By
designing and fabricating three-dimensional scaffolds and/or implants,
that closely mimic the interconnectivity and complexity of natural hu-
man bone, this challenge can be easily addressed (Amini et al., 2012).
Tissue engineers harness these structures and the regenerative abilities
of the body to develop bio-compatible alternatives that integrate easily
with the host bone, and enhance life quality (Awad et al., 2014).

Recent advancements in BTE have witnessed remarkable progress
in scaffold development, advancing the field of regenerative medicine.
Researchers have been focusing on creating scaffolds that mimic the
intricate architecture of natural bone, leading to more effective bone

∗ Corresponding author.
E-mail address: mareza@taltech.ee (M. Rezapourian).

regeneration (Vance et al., 2019; Robinson et al., 2021). Innovations
in the field have included the use of advanced materials such as
biodegradable polymers, hydrogels, and bioactive ceramics, which not
only provide mechanical support but also facilitate cell adhesion and
growth (Arjunan et al., 2020, 2021).

Cellular lattice structures mainly consist of regular and irregu-
lar morphologies. Arrays of the same units make up regular lattice
structures, while random morphologies generate irregular ones (Okubo
et al., 2023). Irregular lattice structures, as opposed to regular lat-
tices, offer several distinct advantages and benefits in the context of
bone implants. These advantages are gaining attention in orthopedics
and bioengineering because of the enhanced biomimicry, improved
stress distribution, high degree of customization, fracture resistance,
controlled porosity, reduced material usage, and enhanced biologi-
cal integration (Chen et al., 2021). However, not all cases can be
handled by a regular structure as the human bone trabecular part
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indicates non-uniformity in the diameter of the internal pores and
struts (Syahrom et al., 2013) indicating irregularity as a characteristic
of natural bone (Nie et al., 2017). Humans are also able to perform a
variety of functions in all directions because of a specific anisotropy
in bone structure (Chen et al., 2021). In other words, bionics depends
on the bone’s irregularity. In the case of neo-formed bone quantities,
irregular scaffolds have also outperformed regular ones (Rodríguez-
Montaño et al., 2019). In computed tomography (CT) images, the
morphology of natural bone appears as a Voronoi tessellation inspiring
the development of new methods for producing irregular scaffolds (Fan-
tini and Curto, 2018). Among different types of lattice structures,
irregular Voronoi tessellation pattern offers fascinating possibilities for
bone substitution (Wang et al., 2018; Chao et al., 2023). A Voronoi
tessellation structure mimics human bone’s intricate patterns (Wu et al.,
2023) by dividing a given space into cells defined by their proximity
to a seed point (Gómez et al., 2016). The irregularity of these types of
scaffolds enables us to adjust Voronoi cell size, shape, distribution, and
randomness of seed points. Therefore, by tailoring design parameters,
the required mechanical properties and desired geometrical features
such as porosity, SA, and pore size can be easily met (Wang et al.,
2018; Du et al., 2020). Through these specific customizations, cellular
adhesion, proliferation, and differentiation can be promoted (Chao
et al., 2023). This facilitates and increases nutrient diffusion and uptake
within the lattice structure. Therefore, VTL structures can be effectively
used in different kinds of medical applications since they show bio-
mimetic and functional properties (Frayssinet et al., 2022; Bhate et al.,
2019).

Among biomaterials, bio-ceramics stand out among all due to their
biocompatibility (Ruiz Henao et al., 2021; Przybilla et al., 2023),
excellent mechanical properties (Zhang et al., 2022; Charbonnier et al.,
2020), and versatility (Kumar and Mohanty, 2022). HA as a ceramic
is widely known as one of the most advantageous available choices
among bio-ceramics due to the akin to the mineral components of
human bone facilitating integration with surrounding tissue (Bellucci
et al., 2015; Zhang et al., 2022; Zhao et al., 2023). Additionally, HA
exhibits excellent biocompatibility and bioactivity for enhancing cell
adhesion, proliferation, and osteointegration (Zhao et al., 2023; Jiao
et al., 2022). Moreover, the gradual resorption of HA can occur con-
currently with new bone growth transferring mechanical loads slowly
from the implant to the regenerating tissue (Zhao et al., 2023; Dai
et al., 2019; Ghiasi et al., 2020) with no loss of mechanical support,
minimizing stress shielding and providing mechanical harmony with
the host bone (Bellucci et al., 2015).

Graded-porosity (functionally graded) lattice structures have gained
significant attention in orthopedic applications compared to their uni-
form porous counterparts due to their improved stress distribution
between host bone and implant that results in stress transition seam-
lessly, minimizing stress shielding (Rana et al., 2023), improving load
distribution, and reducing failure risks (Pagani et al., 2021). The tai-
loring of the design parameters in graded scaffolds such as pore size,
strut thickness, and material composition can lead to mechanical and
biological enhancements (Viet et al., 2023; Pompe et al., 2003) and
boost cell growth (Zhao et al., 2022). These customizations give them
specific applications in bone replacement. Additionally, the transition
zone between chondral and osseous phases at the bone-cartilage inter-
face can also be treated with functionally graded ceramics (Lowen and
Leach, 2020). Functionally graded Voronoi tessellation (FGVT) lattice
structures herald a new era in BTE (Abdullahi and Gao, 2020; Cheikho
et al., 2022; Leong et al., 2008).

In addition to those mentioned previously, there are many factors to
keep in mind when designing a mimicking scaffold, all of which have a
direct impact on the others. In this regard, modeling an optimized lat-
tice scaffold is challenging (Shirzad et al., 2021). This study employed a
numerical method to investigate the influence of the constant/gradient
mode of the design parameters, especially the variation in ST and
PS, within IVL scaffolds on the mechanical properties and geometrical

features of HA-based lattices. Specifically, we aim to understand how
changes in ST and PS influence SA, SA/VR, pore size, number, and
distribution in the scaffolds. Additionally, we aim to determine how
these variations affect the mechanical properties, including E and MCS
using maximum stress criteria, and assess how these changes can
enhance their potential for bone tissue regeneration.

2. Research gaps

In recent years, several studies have been conducted that imple-
mented the Voronoi-tessellation method to generate porous scaffolds
meant for BTE. Most of these researches normally focused on ex-
perimentally analyzing metallic and/or ceramic Voronoi-based porous
structures and the effect of irregularity and graded porosity on the
mechanical response. Wang et al. (2018) proposed a top-down de-
sign method to generate functionally graded porosity lattice scaffold
based on Voronoi-tessellation investigating how graded porosity can
affect mechanical properties. Fabricated lattice scaffold by Ti6Al4V
was tested experimentally by a quasi-static compression test and the
results showed that the mechanical properties were influenced by both
irregularity and porosity. Du et al. (2020) conducted an experimental
compression test for a metallic irregular Voronoi-tessellation porous
scaffold, which achieved the desired porosity and pore size range and
met the elastic modulus and compression strength in the range of hu-
man bone to achieve implant requirements. Jiao et al. (2022) fabricated
15 groups of Voronoi-based lattice scaffolds using HA and zirconia
by digital light processing (DLP). Experimentally tested manufactured
scaffolds under compression test, showed comparable mechanical prop-
erties with human bone and proved the direct effect of irregularity on
the mechanical response and conducted numerical simulation showed
good agreements with experiments. Frayssinet et al. (2022) conducted a
study on the assessment of the biomimetic capabilities of Voronoi-based
scaffolds in comparison with human bone in the case of histomor-
phometric and elastic modulus. Mimetic microstructures were found
to have histomorphometric features and elastic properties comparable
to natural human bone, demonstrating the capability of Vornoi-based
microstructures in bone application. Liu et al. (2021) developed a 3D-
printed beta-tricalcium phosphate Voronoi-based biomimetic scaffold
with different pore sizes and porosities by DLP. Experimental tests and
finite element simulations were carried out to assess how geometrical
parameters affect compressive strength, equivalent stress distribution,
and deformation response of 3D Voronoi porous materials.

Few studies have employed failure criteria numerically to calculate
optimal mechanical properties and geometrical features of ceramic-
based Voronoi lattice scaffolds. To address this research gap, this
study presents a numerical method using maximum failure criteria to
investigate how transitioning from constant to gradient of the design
parameters like ST and PS can improve geometrical features (SA,
SA/VR, pores size, number and distribution) as well as mechanical
properties (E and MCS) of HA IVL scaffolds.

3. Materials and methods

3.1. Voronoi-based porous structure design

Voronoi-based lattice morphology can have random seed point dis-
tributions resulting in regular or irregular pores distributions (Nikolić
et al., 2018; Wang et al., 2018). The first step in creating Voronoi-based
porous structures is generating initial seed points randomly distributed
within the specified volume. Each initial point corresponds to one
polyhedron generated in the volume. Afterward, the distance between
each polyhedron’s centroid point and the initial point is determined.
Tessellation occurs when the distance between two points is less than
a threshold. Otherwise, the centroid points will be considered new seed
points, and tessellation will proceed until the distance value is less
than the threshold. Afterward, beams can be generated along the edges
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Fig. 1. Graphical representation of Voronoi lattice structure including random points, polyhedrons, and final IVL scaffold.

Fig. 2. Unsmoothed and smoothed irregular Voronoi scaffold.

of the polyhedrons resulting in a scaffold that mimics bone (Deering
et al., 2021). When designing VTL structures, the number of points
(PN), PS, and ST are the most influential parameters leading to design
lattices with different percentages of porosity and pore sizes, and
interconnections between pores resulting in different structural lattice
geometries. The Voronoi tessellation can be described by the following
equations; An m-dimensional Euclidean space has a set of points as
below (Chow et al., 2007; Wang et al., 2018):

𝑃 = 𝑝1,… , 𝑝𝑛 ⊂ 𝑅𝑚, 2 ≤ 𝑛 ≤ ∞, 𝑝𝑖 ≠ 𝑝𝑗 , 𝑖, 𝑗 ⊂ 𝐼𝑛 = {1,… , 𝑛} (1)

Space can be divided into two parts by the line between 𝑝𝑖 and 𝑝𝑗 ,
where 𝐻𝑖(𝑝𝑖𝑝𝑗 ) is the part that includes 𝑝𝑖, then:

𝑉 (𝑝𝑖) = {𝑥 ∣∥ 𝑥 − 𝑝𝑖 ∥≤∥ 𝑥 − 𝑝𝑗 ∥} = ∩
𝑗∈𝐼𝑛⧵{𝑖}

𝐻(𝑝𝑖, 𝑝𝑗 ) (2)

𝑝𝑖 represents the seed points in the 𝑅𝑚 space in 𝑚 dimensions
and Voronoi diagram will be determined by 𝑌 (𝑝) = {𝑉 (𝑝𝑖),… , 𝑉 (𝑝𝑛)}.
Depending on the number and distribution of seeds, Voronoi diagrams
are formed.

The present study includes irregular pore distributions for all
Voronoi-based lattices. Fig. 1 shows a sample of random points, Voronoi
polyhedrons within the volume, and the final IVL scaffold.

In This study, IVL structures in uniform and graded PS and ST were
designed using nTopology software (Version 4.7.3). Four types of IVL
scaffolds were generated with tailorable pore size by adjusting the input
parameters (PS and ST) in the design stage while keeping the number
of seed points constant at 100. The design volume was considered a
cube with a length of 10 mm and a porosity of 73%. Additionally, in
IVL structures, the strut connections show sharp edges that can affect
mesh quality in FEA leading to errors in the final mechanical properties
results and causing stress concentrations. Therefore, all connection
sites were smoothed with a 0.1 mm grid size, using ‘‘Smoothen body
block’’ in nTopology software to eliminate all sharp edges. Greater
local curvature leads to more osteoblast differentiation (Rumpler et al.,
2008). Fig. 2 shows an IVL before and after the smoothing body.

Table 1
Design parameters and geometrical features of IVL structures; Constant(C), Gradient(G).

Lattices PS-ST PS (mm) ST (mm) SA (mm2) SA/VR (1/mm)

PC-TC C-C 2.50 0.70 1187.90 4.45
PC-TG C-G 2.50 0.46–1.41 1204.87 4.62
PG-TC G-C 2.50–0.80 0.50 1618.86 6.07
PG-TG G-G 2.50–0.70 0.45–0.60 1645.13 6.23

SA and SA/VR were also calculated with the related blocks in
nTopology software. The design parameters of four types of smoothed
IVL scaffolds are outlined below in Table 1.

Furthermore, Fig. 3 also depicts lattices and corresponding porous
scaffolds of different regularities. Moreover, note that the distribution
gradient of PS and ST is just regulated from the 𝑋-axis.

3.2. Maximum principal stress criteria

Maximum principal stress theory is considered an acceptable index
of failure for brittle materials, including ceramics (Darwich et al., 2023;
Gulec et al., 2017). Therefore, in this research, the maximum principal
stress theory was applied to determine material failure. Each stress
component is evaluated against the respective ultimate strength allow-
able of the material. For three-dimensional problems, the maximum
stress criteria are as follows (Knight and Reeder, 2006):

𝑒𝑡1 = 𝜎11∕𝑋𝑇 𝑓𝑜𝑟 𝜎11 ≥ 0 ; 𝑒𝑐1 = |𝜎11|∕𝑥𝐶 𝑓𝑜𝑟 𝜎11 ≤ 0

𝑒𝑡2 = 𝜎22∕𝑌𝑇 𝑓𝑜𝑟 𝜎22 ≥ 0 ; 𝑒𝑐2 = |𝜎22|∕𝑌𝐶 𝑓𝑜𝑟 𝜎22 ≤ 0

𝑒𝑡3 = 𝜎33∕𝑍𝑇 𝑓𝑜𝑟 𝜎33 ≥ 0 ; 𝑒𝑐3 = |𝜎33|∕𝑍𝐶 𝑓𝑜𝑟 𝜎33 ≤ 0

𝑒4 = 𝜏12∕𝑆12 ; 𝑒5 = 𝜏23∕𝑆23 ; 𝑒6 = 𝜏13∕𝑆13

(3)

Where 𝜎11, 𝜎22, and 𝜎33 is the stress component in X, Y, and Z directions
for each lattice structure, 𝑋𝑇 ∕𝐶 , 𝑌𝑇 ∕𝐶 , and 𝑍𝑇 ∕𝐶 are the compres-
sive(C)/tension(T) material normal strengths (or allowable stresses) of
the material in three directions, 𝜏 and 𝑆 are the shear stress component
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Fig. 3. Four types of smoothed IVL scaffold designed by varying ST and PS in a constant/gradient manner.

Table 2
Representation of the elements and nodes in the converged structural FE model.

Design Scaffolds

PC-TC PC-TG PG-TC PG-TG

Elements 555 108 553 442 578 607 555 615
Nodes 842 703 850 453 929 544 888 860

of the lattice in X, Y, and Z directions, and material shear strength (or
allowable) respectively. 𝑒𝑡∕𝑐𝑖 , is the ratio of stress components of the
material to the allowable value. Degradation occurs if the ratio exceeds
the unity, which initiates failure in the material. At different load levels,
different components may fail independently. In the current study, to
implement failure criteria a UMAT code was incorporated into ABAQUS
to compile the analysis.

3.3. Finite element simulation of IVL scaffolds

To study the effect of the uniform and gradient PS and ST on the
mechanical properties of IVL structures, linear static structural analysis
was employed, and maximum stress criteria were applied. Two impor-
tant parameters including E and MCS (𝜎𝑐) were calculated. ABAQUS
(6.19) software incorporated with a UMAT code was used to assess the
compressive behavior of the designed scaffolds. Two rigid plates were
placed on the top and the bottom of all scaffolds. To define boundary
conditions (BC), a 1 𝐾𝑁 axial load was applied on the top plate in the 𝑍
direction and all degrees of freedom except the displacement normal to
load were fixed, while the bottom plate’s BC was fully constrained in all
directions. In addition, the type of contact between the rigid plates and
all scaffolds was designed to be frictional with a friction coefficient of
0.1 to avoid any rotation. Quadratic tetrahedral elements were assigned
for all lattice structures.

Mesh sensitivity analysis was conducted and three different mesh
sizes of 0.25 (M25), 0.20 (M20), and 0.15 (M15) mm were selected for
mesh refinements based on the convergence of E. The details about the
elements and nodes in the converged structural FE Model are listed in
Table 2. FE analysis in this study was performed using an AMD Ryzen
9 3900X- 12 Core Processor 3.79 GHz with 64 GB RAM.

Table 3
Mesh sensitivity analysis results.

Mesh size (mm) E (MPa) Discrepancy (%) Solution time (hr:min)

0.25 198.45 0.00 01:27
0.20 212.25 6.90 02:38
0.15 211.01 0.59 05:07

FE simulation in this study was performed considering the 35%
vol% HA (35% HA, 13.98% Resin, 35.75% HDDA, and 15.27% Dis-
persant) with mechanical properties of a 4 GPa elastic modulus, an 8
MPa breaking strength, and a 0.27 Poisson’s ratio. More detail about
the preparation material was provided in Kang et al. (2022).

4. Results and discussions

4.1. Verification of FEA and mesh sensitivity analysis

FE analysis was carried out on the different IVL scaffolds to find
out the relationship between scaffolds’ irregularity and mechanical
properties. To verify the FE results, CS scaffold was selected from
research (Kang et al., 2022) and a compression test was performed
numerically. With maximum errors of 1.4% and 2.1%, elastic modulus
and compressive strength were found to be in good agreement.

The mesh sensitivity results are presented in Table 3. Upon compar-
ing the convergence of the E, a significant discrepancy was observed
between the E values for mesh sizes M25 and M20, with an error of
6.9%, while M15 exhibited a much lower error of only 0.59%. These
findings indicate that coarser meshes result in less accurate E values,
whereas finer meshes lead to convergence. Therefore, mesh sizes of
0.15 and 0.20 mm are recommended for the final scaffold design.
Although the solution time for M20 is shorter than that of M15, with
a reduction of approximately 50%, when dealing with IVL structures
featuring gradient ST, opting for the smaller element size ensures better
element alignment with curves and surfaces, making an element size of
0.15 mm the preferable choice for all porous scaffolds in this study.
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Fig. 4. An illustration of the SA and SA/VR of four designed IVL scaffolds and their improvements over PC-TC lattices.

Table 4
SA and SA/VR of the designed IVL scaffolds and the percentage improvements of SA
and SA/VR in comparison with PC-TC lattice.

Lattices SA (mm2) SA/VR (1/mm) 𝐼𝑃𝑆𝐴 (%) 𝐼𝑃𝑆𝐴∕𝑉 𝑅 (%)

PC-TC 1187.90 4.45 0.00 0.00
PC-TG 1204.87 4.62 1.43 3.82
PG-TC 1618.86 6.07 36.28 36.40
PG-TG 1645.13 6.23 38.49 40.00

4.2. Irregularity effect on the SA and SA/VR

SA and SA/VR are two of the most interesting geometrical fea-
tures especially for bone replacement applications which affect both
scaffold’s biological and mechanical performance (Yoo, 2014). Growth
factors, nutrient exchange, and the interactions between surrounding
cells are directly influenced by these two factors (Nguyen et al., 2019).
Due to SA/VR’s effect on fluid permeability, a higher SA/VR indicates
greater growth and more optimal adherence of cells (Vijayavenkatara-
man et al., 2018). A scaffold with a higher SA/VR led to a higher
collision of O2 molecules with cells, leading to an increased O2 transfor-
mation and consumption in the scaffold which results in a higher flow
rate to improve O2 delivery to the cells (Vijayavenkataraman et al.,
2018). It was found that gradient mode directly influences SA and
SA/VR of IVL scaffolds. Table 4 shows SA and SA/VR values and their
improvement percentages (𝐼𝑃𝑆𝐴 and 𝐼𝑃𝑆𝐴∕𝑉 𝑅) in comparison to the
PC-TC scaffold.

In lattices with constant PS, changing ST to the gradient mode can
increase SA and SA/VR by about 1.43% and 3.82% respectively, which
is not much. By switching PS from constant to the gradient mode, the
scaffold with constant ST shows improvements of 36.28% and 36.40%
respectively, and when it comes to gradient thickness, improvements
increase by 38.49% and 40.00%. As the results indicate in Fig. 4, the
highest increase in SA and SA/VR can be seen in the scaffold with
both gradient PS and ST while the lowest one is related to the scaffold
with constant PS and ST, followed by the lattice with constant PS and
gradient ST. It is found that generally higher SA and SA/VR lead to a
higher percentage of cell attachment (Murphy and O’Brien, 2010).

These two factors significantly impact the success and effectiveness
of BTE for a variety of reasons as follows: providing larger SA leading
to promoting cell attachment and proliferation, facilitating nutrient
exchange due to the diffusion of nutrients and oxygen, enhancing inter-
action between the newly formed bone and the adjacent native bone,
development of vascular network due to more development of blood
vessels (Henkel et al., 2013), and expediting regeneration speed by
providing more space and controlling and customizing SA/VR leading
to improve effectiveness in bone tissue regeneration (Melchels et al.,
2010).

4.3. Irregularity effect on pore size, pore numbers, and pores distribution

A study into porous implants demonstrated that the largest pore size
(350um) facilitated higher cell proliferation in vitro post-seeding (Mur-
phy and O’Brien, 2010). Another research, also reported that the
preferred pore size selection for trabecular bone based on irregular
Voronoi lattice structure is in the range of 458.80–989.10 um (Li et al.,
2022). According to recent studies, the desired pore size for simulating
cell proliferation and differentiation should be in the range of 20–
1200 μm (Liang et al., 2022; Biemond et al., 2011; Baksh et al., 1998).
As a result, the pore size distributions must belong to a variety of
ranges (Zhao et al., 2018). As shown in Fig. 5, the scaffolds in this
study showed a good assortment of sizes that make them suitable for
bone replacement.

Fig. 5 displays the color bar of the lower and upper bounds of the
pore size. Fig. 6 also depicts the point maps of each pore inside each IVL
structure, the indicator spheres that display the pores, their diameter
with the center of the points, and the number of pores. Each colored
point on the map in Fig. 6 represents a pore whose diameter can be
read from the colored bar in Fig. 5. As can be seen in Figs. 5 and 6,
applying the gradient option in the design of IVL structures leads to
an increase in the number of pores that increases the pores with the
desired size which are in the range of human bone. The highest pore
number of 847 is observed in the PG-TG scaffold with gradient PS and
ST followed by the PG-TC scaffold with 780 pores, and the lowest one
is reported in the PC-TG scaffold with 320 pores followed by the PC-TC
lattice with 322 pores.

It was found that applying a gradient to both PS and ST can increase
the number of pores with desirable size. This results in an increase in
SA and SA/VR, both of which are essential factors in bone growth and
cell adhesion.

4.4. The effect of gradient on numerically estimated mechanical properties

von Mises stress distribution and displacement for each Voronoi
scaffold are shown in Fig. 7 and 8. For all Voronoi scaffolds, von
Mises stress distribution was observed in the connection sites and there
is no sign of stress concentration in any area. As it is visible, most
area of PC-TC and PC-TG scaffolds undergoes stress but in the case of
PG-TC and PG-TG, the intensity of the stress distribution is less than
others and more stable. Results confirmed the importance of geometry
on the load distribution on the Voronoi porous scaffolds. The risk of
failure is higher in the PC-TC and PC-TG scaffolds due to large stress
distribution in connection sites. Among all Voronoi porous scaffolds,
PC-TC exhibited the lowest displacement in the load direction while
the maximum value was observed for PC-TG followed by PG-TC and
PG-TG.

Mechanical properties of the designed porous scaffold such as elastic
modulus and maximum compressive strength are summarized in Ta-
ble 5 and Fig. 9 shows the stress–strain curves of the lattice structures.
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Fig. 5. Pore size of the four types of designed IVL structure with the lower and upper band; Dimensions in (mm).

Fig. 6. Point maps, indicator spheres, indicator spheres inside the scaffolds, and the number of pores.

These results confirmed that in compression with TC-PC lattice, keeping

constant the PS and applying a gradient on the ST has a diminishing

effect of −11.04% on the elastic modulus but an improvement of 135%

can be seen in maximum compressive strength.

In the field of BTE, E and MCS are critical mechanical properties.

All factors of mechanical mimicry, preventing stress shielding, cell

differentiation, and implant stability depend on the elastic modulus of

designed scaffolds (Li et al., 2019; Jiang et al., 2015; Fu et al., 2013).
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Fig. 7. Von Mises stress distribution of IVL scaffolds under compression load..

Table 5
Elastic modulus and maximum compressive strength of the Voronoi-based scaffolds.

Lattices 𝐸 (MPa) 𝜎𝑐 (MPa) 𝐼𝑃𝐸 (%) 𝐼𝑃𝜎𝑐 (%)

PC-TC 238.58 0.60 0.00 0.00
PC-TG 212.24 1.41 −11.04 135.00
PG-TC 271.23 1.61 13.68 168.33
PG-TG 241.02 1.07 1.02 78.33

Elastic modulus represents the ability of the scaffold to resist deforma-
tion when subjected to an applied load to ensure structural support and
maintain the appropriate load-bearing characteristics. A well-matched
elastic modulus helps distribute loads more evenly between the implant
and the surrounding bone reduces the risk of stress shielding and
promotes healthy bone remodeling (Li et al., 2019). An appropriate
elastic modulus can influence cell behavior, including differentiation
into osteoblasts (bone-forming cells). Mesenchymal stem cells are also
sensitive to mechanical cues. Therefore, it is essential to have an
appropriate elastic modulus that encourages the desired cell responses
and bone formation (Li et al., 2019; Jiang et al., 2015). For load-bearing
applications, such as hip or knee replacements, an implant’s elastic
modulus is crucial for its long-term stability. A mismatch in elastic
modulus between the implant and the surrounding bone can lead to
implant loosening and failure (Li et al., 2019). Load-bearing capacity,
scaffold durability, and reduction of post-operative complications are
other factors that can be achieved by ensuring maximum compressive

strength to prevent implant failure, loosening, or bone loss (Fu et al.,
2013; Zhang et al., 2018).

Applying gradient on the PS causes improvement in both elastic
modulus and compressive strength about 13.68% and 168.33% re-
spectively. Gradient mode also improves mechanical properties when
both PS and ST are graded. The highest improvements were reported
for the PG-TC scaffold with 13.68% and 168.33% in elastic modulus
and compressive strength. Fig. 9 shows the stress–strain curves of four
Voronoi porous scaffolds in this study. In the literature, the elastic
modulus of cancellous bone was reported in the range of 0.4 to 4.5
GPa, and the yield strength of the spine, tibia, and proximal femur
was reported in the range of 0.56 to 55.3MPa (Kang et al., 2022).
In this research, all the scaffolds showed mechanical properties in the
range of human bone and among them PG-TC scaffold shows the best
performance in terms of strength and stiffness.

4.5. Clinical implications

The findings of our study bear significant clinical implications for
the field of bone substitution therapies. The optimization of IVL struc-
ture through the manipulation of design parameters, such as PS and
ST, provides an opportunity to enhance the mechanical properties of
bone implants. By maximizing the elastic modulus and maximum com-
pressive strength while adhering to the maximum stress criteria, our re-
search supports the development of scaffolds that can better withstand
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Fig. 8. Displacement of IVL structures under compression load.

Fig. 9. Stress–Strain curve of all Voronoi-based lattice structures.

compressive loading. These improvements can translate into reduced
risk of implant/scaffold failure and fracture, decreased post-operative
complications or the need for early implant removal, a longer lifespan
for the implant/scaffold due to the stability of implant/scaffold, and
ultimately, improved patient outcomes (Prasadh and Wong, 2018).

Furthermore, our optimized lattice design, which simultaneously max-
imizes SA and SA/VR, pore size, and pores distribution, offers the
potential for enhanced tissue integration and osseointegration. This
aspect is of paramount importance in bone substitution therapies, as it
promotes faster healing and the establishment of a strong and durable
connection between the implant/scaffold and the surrounding bone
tissue (Wang and Yeung, 2017). Consequently, our findings provide a
basis for the design of more effective bone implants that can contribute
to the successful and sustainable restoration of bone function in clinical
practice.

4.6. Limitations

The success of bioengineered scaffolds for bone regeneration pur-
poses is strongly dependent on proper scaffold design to promote
mechanical and biological performance. Several studies have investi-
gated lattice structures to achieve predefined mechanical properties.
Those studies were often aimed at maximizing scaffold stiffness and
strength while imposing a suitable porosity for mimicking bone prop-
erties. Most of the studies primarily employed periodic designs that
were repeated in three directions to generate scaffolds (Rezapourian
et al., 2023, 2022, 2021). However, human bone has no homogeneous
structure. It is necessary to optimize/improve mechanical properties by
analyzing irregular lattice structures such as Voronoi tessellation lattice
scaffolds, particularly investigating how designed parameters such as
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PS, ST, and PN affect mechanical properties using maximum stress
failure criteria. Despite this, this study has several limitations.

Recent advances in bone biomechanics have led to the development
of FE modeling as an effective tool. However, it is not without limita-
tions. The validation test of the scaffolds was performed by FEA using
a redesigned scaffold and referenced material properties (Kang et al.,
2022). Detecting mechanical properties revealed a discrepancy between
validation results and reference analysis with maximum errors of 1.42%
and 2.12%, for elastic modulus and compressive strength respectively.
The results of FEA in this study may be affected by this error.

Due to the limitations of the analysis method, we did not directly
observe or predict the specific failure modes in the lattice structures.
The analysis primarily focused on assessing the elastic response and
maximum compressive stress. To gain insights into the failure modes
and fracture behavior of these lattice structures, a more comprehensive
analysis, such as dynamic or fracture mechanics analysis, would be
required.

We also need to determine the manufacturability of the scaffolds
with HA or other ceramic materials and check how well the manu-
factured scaffolds are matched to the designed lattice structures. The
complexity of the optimized/improved scaffold architectures requires
specific AM/3D printing techniques to increase the accuracy of fabri-
cated lattices. Each 3D printing technique has limitations depending
on which material is used. This work is also limited by the lack
of experimental compression tests to fully investigate the mechanical
and damage behavior of different morphologies and biological tests to
investigate the effect of geometrical features on cell growth. Therefore,
in this study, the AM of the proposed lattice scaffolds with bioceramic
material was one of the limitations.

Finally, scaffolds can be limited in their application. The implants
cannot be used in all areas of the body, as their mechanical properties
limit their use to the spine, tibia, and proximal femur.

5. Conclusions

In this study, we conducted a comprehensive investigation into the
effects of varying design parameters including ST and PS, on HA-based
IVL scaffolds for BTE based on static structural FEA and maximum
stress criteria. The main findings of the current study provide valuable
insights into the potential for enhancing the scaffolds’ mechanical prop-
erties and geometrical characteristics. Results demonstrated that the
morphology and irregularity of the IVL scaffolds can directly affect the
geometrical properties, such as pore sizes, distributions, and numbers,
as well as SA, and SA/VR, and mechanical properties such as E and
MCS. Following is the summary of the main findings of this study:

We observed that transitioning from constant ST to a gradient mode
had a negligible effect on SA and SA/VR. In contrast, altering PS from
constant to gradient demonstrated substantial improvements. The most
significant enhancements were achieved when both PS and ST were
subjected to gradient changes. In summary, PS and ST play a key
role in optimizing geometrical features that result in enhanced bone
regeneration.

Additionally, the investigation of pore number and distribution
within the scaffolds revealed that specific designs, such as the PG-
TG lattice, yielded the highest pore count and diverse pore size and
distributions, closely followed by the PG-TC scaffold. Conversely, scaf-
folds with constant PS and gradient ST showcased lower corresponding
values. These results highlighted the capacity to customize scaffold
porosity to mimic the interconnected nature of natural bone. By in-
creasing pore numbers, we can improve SA and SA/VR, which are two
factors that contribute to better biological performance. Gradient PS
combination with gradient/constant ST increases the pores in the range
of human bone. A greater variety in the number of pores and their size
was observed in PG-TG followed by PG-TC, Pc-TG, and PC-TC.

In terms of mechanical properties, shifting from constant PS to
gradient PS decreased E while improving MCS noticeably. Similarly,

the combination of gradient PS and constant ST yielded noteworthy
enhancements of E and an impressive gain in MCS. Conversely, gradient
PS combined with gradient ST, resulted in a negligible E improvement
and minimum MCS enhancement among others. Furthermore, consid-
ering only gradient ST had a negative effect on E while improving MCS.
These outcomes underscore the critical role of design parameters in
optimizing scaffold mechanical performance.

When considering the effects of irregularity on the stress distribu-
tion and displacement, the PG-TC lattice shows less area subjected to
stress followed by PG-TG. The worst candidates were PC-TC and PC-
TG in which more struts and curves had to deal with greater stress.
Moreover, PC-TC had the least displacement in the load direction
among all Voronoi porous scaffolds, followed by PC-TG, PG-TC, and
PG-TG.

In total, PG-TC offered the best performance considering both geo-
metrical and mechanical properties among the presented morphologies.
It showed the importance of implementing gradients in the design pa-
rameters to achieve better geometrical and mechanical characteristics.

This study shows that all the designed Voronoi lattices are potential
candidates for bone replacements as they exhibited mechanical and
geometrical properties comparable to the trabecular bone of the spine,
tibia, and proximal femur.

6. Future research directions

Looking ahead, the findings from this study illuminate promising
opportunities for future research in the field of tissue engineering and
scaffold design. Based on the insights gained from the analysis of IVL
structures, researchers can explore the potential for customizing these
scaffolds even further.

Future investigations might delve into the precise relationships
between ST, and PS, and even other designed factors such as PN and
their effects on biological and mechanical performance. Additionally,
there is scope to expand the study to include a broader range of ma-
terials beyond HA and investigate the implications of diverse material
properties including metals and other bioceramics.

To acquire a deeper understanding of the failure patterns, struc-
tural fracture characteristics, and damage behavior of the designed
IVL lattices, it is essential to involve quasi-static or dynamic analysis
and incorporate other constitutive models, such as Johnston-Holmquist
(JH) into commercial finite element codes for in-depth investigation
of how these types of lattice structures behave mechanically, and how
the designed parameters will affect other mechanical properties such
as energy absorption, load-bearing capacity.

Furthermore, as the field of tissue engineering advances, integrating
advanced computational methods, such as artificial intelligence and
machine learning, can offer a novel dimension in optimizing these types
of scaffold designs.

To investigate the manufacturability of the proposed Voronoi lattice
in the present study, additive manufacturing techniques, especially
selective laser melting (SLM), would be used to conduct experimental
tests and compare mechanical properties with FEA calculations of HA,
other bioceramics, or metals. The future endeavors hold the promise of
enhancing the effectiveness and suitability of Voronoi lattices in bone
regeneration and other tissue engineering applications, advancing this
field and contributing to its potential clinical applications.
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