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Abstract

:

Due to their excellent properties, triply periodic minimal surfaces (TPMS) have been applied to design scaffolds for bone tissue engineering applications. Predicting the mechanical response of bone scaffolds in different loading conditions is vital to designing scaffolds. The optimal mechanical properties can be achieved by tuning their geometrical parameters to mimic the mechanical properties of natural bone. In this study, we designed gyroid scaffolds of different user-specific pore and strut sizes using a combined TPMS and signed distance field (SDF) method to obtain varying architecture and porosities. The designed scaffolds were converted to various meshes such as surface, volume, and finite element (FE) volume meshes to create FE models with different boundary and loading conditions. The designed scaffolds under compressive loading were numerically evaluated using a finite element method (FEM) to predict and compare effective elastic moduli. The effective elastic moduli range from 0.05 GPa to 1.93 GPa was predicted for scaffolds of different architectures comparable to human trabecular bone. The results assert that the optimal mechanical properties of the scaffolds can be achieved by tuning their design and morphological parameters to match the mechanical properties of human bone.
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1. Introduction


Diseases, injuries, and trauma damage and degenerate tissues in the human body, requiring repair, replacement, and regeneration treatments. After blood, bone is the most common transplanted tissue, and the standard treatment for bone grafts, including the golden standard of autologous grafts, has risks associated with limited donors, donor-site morbidity, contamination, germ transmission, and immune reactions [1]. Bone tissue engineering using three-dimensional (3D) temporary biodegradable or biocompatible porous scaffolds manufactured through additive manufacturing (AM) is developing as a potential replacement for using bone grafts to cure bone injury and recover damaged bone tissues [2,3]. Scaffolds improve stem cells’ adhesion, proliferation, and differentiation to form new tissues in the injured or diseased organs [4]. It also facilitates the flow of waste and nutrients, has a degradation rate that matches neo-tissue growth, and has mechanical properties equivalent to host tissues [5]. Apart from the materials of scaffolds, the architecture of scaffolds is crucial to influencing the mechanical and degradation properties to help bone tissue regeneration and repair the injury [6]. The scaffold architecture has an interconnected pore–strut network of different porosities, which can be achieved by tuning its morphological parameters, such as relative density or volume fraction (Figure 1). Morphological parameters of scaffolds, such as pore and strut sizes, can affect cell behaviour, neo-tissues’ function, and their mechanical stability in tissue regeneration applications [7]. Earlier research showed that a minimum pore size of 100 µm helps transport metabolic wastes, and pore sizes greater than 300 µm enhance the formation of neo-capillaries and neo-bone tissues. Tiny pores induce cell attachment before osteogenesis, and large pores help support vascularisation for successful bone growth [8]. A scaffold design involving pore size, geometry, volume fraction, and its related porosity influences the mechanical performance of scaffolds, especially in terms of stiffness and strength relative to that of natural bone, so that they can withstand different loading conditions [9]. For designing tissue scaffolds without adverse effects on nearby surrounding bone tissues, a close value of effective elastic modulus to that of bone is needed.



Traditional chemical methods to fabricate scaffolds of required pore sizes have limitations in controlling the spatial and temporal qualities of 3D microarchitecture and are restricted to fabricating scaffolds of simple macro-architecture, which may not achieve the purpose of regeneration of complex functional tissues [10]. AM such as 3D printing combined with computer-aided design (CAD) can now fabricate scaffolds of complex and patient-specific geometries with controllable architecture and desired properties. The conventional lattice scaffold designs have anti-biomorphic and anti-machinable pore microarchitectures of sharp twisting straight corners, thus making an unsuitable environment for cell attachment and growth [11,12]. Therefore, more focus is turned on the scaffold designs to achieve an integrated hierarchical porous architecture and intricate anatomical shapes to perform the required mechanical stability, diffusion, and permeability functions to regenerate biological tissues. TPMS, accurately described by implicit mathematical functions, are minimal surfaces of zero mean curvature with structures repeating in three dimensions [13]. The scaffold geometries based on TPMS improve cell proliferation and increase augmentation of tissue growth by using smooth, non-tortuous pores [14,15]. TPMS-based scaffolds have proven to have better structural rigidity, high fatigue resistance, porosity, and elastic modulus similar to those of bones [16,17]. The designs of 3D scaffolds based on TPMS have been demonstrated recently with an SDF method by Yoo et al. to create a complex internal micro-structure of well-connected pore networks and external surface features like that of an anatomical model [18,19,20]. Lee et al. designed functionally graded scaffolds (FGSs) by developing mathematical filtering to modify the SDF distribution to change the morphology of a TPMS structure [21]. Walker et al. utilised the SDF method with gyroid architecture to design porous poly(propylene fumarate) scaffolds of user-defined pore and strut sizes and porosity to achieve optimal mechanical properties, degradation, and tissue growth [6]. Yanez et al. designed normal and deformed gyroid porous titanium structures with different porosities, which have good stiffness and strength under other compressive loads for bone defect applications [22].



FEM is vastly used when traditional analytical and experimental methods cannot solve the problems of domains with complex geometries, different loading situations, and material properties. The advantages of FEM include lessening project development time, reducing trial-and-error testing needs, and enhancing product safety [23]. In total hip arthroplasty, Mehboob et al. utilised 3D FE models of solid CoCr alloy and porous titanium stems to predict stem stiffness on periprosthetic bone formation and stress shielding [24]. Yue et al. employed FEM for the prediction of mechanical behaviour, the permeability of Voronoi tessellation-based irregular porous scaffolds, and cube/diamond/rhombic/dodecahedron/octahedron unit-cell based lattice scaffolds for investigation of the relationship between structural properties, mechanical strength, and fluid flow [25]. FEM is also applied in different research works involving scaffolds of various geometries and materials in bone tissue engineering applications for the prediction of mechanical properties under compressive loading, stiffness, deformation behaviour, permeability, a mechanical stimulus at a cellular level, and bone remodelling required for bone ingrowth inside the scaffolds [25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45].



In this research, five uniform scaffolds of gyroid architecture with user-specified inputs of pore size (200 µm to 1000 µm) and strut size (200 µm) were designed based on TPMS and the SDF to achieve the required porosities (approximately 50 to 90%) for bone tissue engineering. Tissue engineering users can specify the precise feature dimensions of a scaffold architecture with this method, and different architectures can be achieved by varying these feature dimensions. Additionally, a computational simulation based on the FEM was performed on these designed scaffolds to evaluate their mechanical behaviours under compressive loading with insight into how the morphological properties affect the mechanical properties, as illustrated by the workflow structure (Figure 2). These given TPMS scaffolds were modelled such that the predicted effective elastic moduli were in the preferable range of human trabecular bone.




2. Materials and Methods


nTopology (Version 3.27.2, non-commercial license) software was used to design scaffolds and perform numerical FE simulation in a Z2-G4 workstation (128 GB RAM, i7-9700 CPU @3 GHz, 8 Cores). The gyroid scaffolds were designed using TPMS with the SDF method. LabVIEW was used to find the periodic coefficient and level constant values needed for the design of gyroid scaffolds of dimensions of 5 × 5 × 10 mm3. In the FE simulation, two plates (5.5 × 5.5 × 0.5 mm3) were kept above and below the scaffolds for uniform compression.



2.1. Design of Scaffolds


2.1.1. Implicit Description of TPMS


The gyroid surface can be represented by an implicit mathematical equation based on Level-set methods (LSM). In the LSM, a surface or shape is divided into two specific phases, separated by an iso-surface boundary: a solid network of interconnected struts and void pores.


F(G) = Sin (Nx) Cos (Ny) + Sin (Ny) Cos (Nz) + Sin (Nz) Cos (Nx) − C








where F(G) is the implicit equation to design the gyroid scaffold; N = 2πn/L; n is the number of repeated cells in each direction; L is the unit cell length; N is the period coefficient for angular frequencies in x, y, and z directions; and C is the level constant. The relative density and the volume fraction of the porous structure (Table 1) are varied by the parameter C, and the size of unit cells is determined by the parameter N in every direction. The parameter N is like angular waves, and modifying the N alters the number and size of pores in the gyroid structure. At the value C = 0, the iso-surface divides the space into two equal volumes of solids and voids. By having either F(G) > C or F(G) < C, the relative densities of the surfaces are modified to create lattice structures. Thus, varying these parameters form a well-interconnected network of pores (voids) and struts (solids) resembling a biomimetic geometry to have a complex geometry.




2.1.2. Signed Distance Field


An SDF is a constructive depiction of a shape. It measures distance values to the iso–boundary of a shape (Figure 3) from defined points in 3D space. The positive and negative values of the distances indicate the outside and inside of the boundary of the given shape [19]. The SDF values provide an accurate distance to the zero-level set and define whether the points in the given space are on, outside, or inside the iso-surface [6].




2.1.3. Design of a Scaffold with an External Shape


The SDF was applied using a Boolean operation (intersection) between the obtained large gyroid surface and the cuboid shape (Figure 4). Due to this intersection, we can obtain a porous cuboid-shaped scaffold of gyroid architecture. This architecture is achieved by picking the highest scalar value at every point in the space between both implicit surfaces and recreating the gyroid surface beside the newly formed zero-level set. This concept can be extended to any arbitrary shape or anatomical model.


F(Gc) = Max (F(G), F(C))








where F(Gc) is the newly formed implicit gyroid surface in cuboid shape and F(G) and F(C) are the implicit functions to denote gyroid and cuboid surfaces, respectively.




2.1.4. Design of Scaffolds Based on User-Desired Pore Size (PS) and Strut Size (SS)


All of the parameters involved in the design of scaffolds were performed employing the following formulae [6]:




	(i.)

	
Calculate level constant (C) based on PS and SS:











  Pore −  size   and   Strut  −  size   ratio  ,    PSR  =   PS   SS    












C = −0.0006 (PSR)5 + 0.0162 (PSR)4 − 0.1722 (PSR)3 + 0.9142 (PSR)2 − 2.5329 (PSR) + 1.7889









	(ii.)

	
Calculate pore size (P2π) and strut size (S2π) for the period coefficient No = 2π:








P2π = −11.7311 C5 − 0.1307 C4 − 1.7987 C3 + 0.2070 C2 − 186.9928 C + 433.0114










S2π = −11.7311C5 − 0.0466 C4 + 1.7987 C3 + 0.0175 C2 − 186.9928 C + 433.0937









	(iii.)

	
Calculate the scale factor (SF) from either giving the desired pore or strut size;








   SF =    P  2 π     PS   =    S  2 π     SS     









	(iv.)

	
Calculate suitable period coefficient (N).








N = SF × No = SF × 2π









Five scaffolds with different user inputs of pore size (PS) and strut size (SS) were designed (Figure 5). The logical reason for keeping the strut size constant is to show how the architecture of the design varies by varying the pore sizes (refer to Appendix B).



	(i.)

	
PS200 (Pore Size 200 µm and Strut Size 200 µm);




	(ii.)

	
PS350 (Pore Size 350 µm and Strut Size 200 µm);




	(iii.)

	
PS550 (Pore Size 550 µm and Strut Size 200 µm);




	(iv.)

	
PS750 (Pore Size 750 µm and Strut Size 200 µm);




	(v.)

	
PS1000 (Pore Size 1000 µm and Strut Size 200 µm).









2.2. Creation of FE Volume Meshes


2.2.1. Meshing


The concept of meshing is that it divides the given structure into expectably shaped and mathematically described elements. These divisions help computing machines simulate real-world problems by numerically solving the related governing equations. The meshing process influences the speed and precision of simulation results, hence a trade-off between a simulation project’s mesh quality and computation time [46].



The meshing for simulation involves three types of meshing (Figure 6):




2.2.2. Converting the Implicit Body (Gyroid Lattice) into the Surface Mesh


The surface meshes (Figure 7) are technically two-dimensional elements, which are triangles in this case, used to approximate the external surface of the gyroid scaffold. The surface meshes can be exported as 3D printing files such as STL, OBJ, and 3MF for manufacturing. However, simulation does not accept a surface mesh, as this type of mesh does not have volume elements. The obtained surface meshes have closed, manifold, and non-self-intersecting elements. A tolerance of 0.1 mm was used in this conversion to balance between the mesh of reasonable size and computation time. A lower tolerance leads to finer meshes but demands more computation time. A minimum feature size of 0.1 mm was used to clean the mesh. The tolerance value was applied in meshing to discretise the implicit body into smaller elements.




2.2.3. Converting the Surface Mesh into a Volume Mesh


In this process, the surface mesh having triangular elements can be converted into a three-dimensional solid volume mesh of tetrahedral elements (Figure 8a). A tolerance of 0.1 mm, minimum feature size of 0.1 mm, an edge length of 0.1 mm, and a growth rate of value 1.005 were used for generating volume elements. Mesh convergence was achieved by varying the values of tolerance from 2 mm to 0.1 mm (Figure 9). A numerical simulation solves the given lattice or structure decomposing into a series of discrete finite elements to obtain accurate results for complex FE models. Every FE sums the degree of freedom (DOF) in each FE model, and more DOFs ensure better obtainment of the structural behaviour, such as displacement and von Mises stress in this case. Establishing convergence and determining mesh independence lead to an accurate model. Mesh convergence is performed on each FE model to resolve how many FEs are needed to ensure that the predicted mechanical result converges to higher accuracy irrespective of decreased element size or an increased number of FEs [47].




2.2.4. Converting the Volume Mesh into a FE Volume Mesh


The volume mesh can be converted into an FE mesh, which involves adding the integration points of the desired geometric order (quadratic) to each element within the given volume mesh at the midpoint of the mesh edges (Figure 8b). This conversion allows the FE mesh to be used for static structural analysis. The properties of the FE mesh, such as counts of elements, nodes, edges, and vertices, are given below (Table 2).





2.3. Simulation


2.3.1. FE Model


The material Ti-6Al-4V is assumed as a linear elastic isotropic material for the simulation (Table 3). The FE model uses all of the FE components (FE volume mesh and material properties) with boundary conditions needed to run a static analysis (Figure 10). The boundary conditions are a compressive force of value 300N applied on the top plate (movable) and a displacement restraint applied on the bottom plate (fixed).




2.3.2. Simulation Method and Static Analysis


This project used the method of solid elements to simulate the given lattices (Appendix D). The advantages of using this method are that it gives high accuracy of results with consideration of edge effects and with finding the maximum stress point [49]. The solid elements use the FE volume meshes of the whole lattice. The static structural analysis was performed to calculate displacements, strains, stresses, and reaction forces on the given FE model according to the applied boundary conditions. The relationship between the compressive loads and the displacements was considered linear, with an assumption of load used slowly on the model to reach the equilibrium state and neglecting all damping and inertial forces. Compressive force, compressive strain, effective or compressive elastic modulus, relative elastic modulus, stiffness, and elastic strain energy were calculated from the reactive force and the maximum deformation values obtained from FE simulation (Table 4). The maximum von Mises stress and the maximum deformation values were obtained from the von Mises and the maximum displacement contours from the static analysis.



Values of reactive force (Figure 11a), deformation, and von Mises stress were predicted from FE simulation. The equivalent area of the scaffold is 5 × 5 mm2 (Figure 11b), which is required to calculate the compressive stress.






3. Results and Discussion


3.1. Design and Morphological Parameters


The gyroid scaffolds with different pore sizes of 200 µm, 350 µm, 550 µm, 750 µm, and 1000 µm were designed using TPMS and implemented with SDF. The sizes of pores and struts are controlled by the parameter level constant (C), which then influences the structure of the gyroid lattice (Table 5). When the pore size increases, the pore/strut ratio increases and the level constant value drops (Figure 12b,f). As the pore size increases, the surface area decreases, which means that the mobility of cells increases and leads to more transfer of nutrients and more removal of waste materials (Figure 12a). However, this may also restrict cell attachment due to reduced surface area.



The SA: V ratio increases with the increase in pore size (Figure 12d). The high surface area to volume of gyroid architecture provides enough space to transfer oxygen and nutrients and, in turn, more communication with the surrounding environment. The incoming cells to the scaffolds need a large surface area to attach, grow, and multiply due to the enlargement of their cell membrane volumes. The cells do not grow or multiply if less SA: V [16]. Previous research by Arabnejad et al. shows that the porosity is varied by adjusting strut sizes of scaffolds with constant pore size. Contrary to that, this study shows that variation in porosities is achieved by altering different pore sizes with constant strut size. The scaffolds exhibit different porosities from 49.56% to 93.78% (Figure 12e), like that of cancellous bone, which has a porosity between 50% to 90% [50]. The higher pore sizes can lead to higher permeability. Pore sizes higher than 200 µm can have porosities higher than 50%. When C ≤ 0, the parts are solid; when C > 0, the parts are pores. Thus, the varying C changes the boundary of the solid and pore, which means a change in volume fraction (Figure 12h). When the pore size increases, the density of the lattice structure decreases and the volume fraction decreases (Figure 12g), and vice-versa (Table 6).




3.2. FE Simulation—Von Mises Stress and Deformation Prediction


The mechanical response of non-identical gyroid architectured scaffolds with different pore sizes under compressive loading was studied using FEM simulation in this research. The simulated results report the association between the applied load (300 N force) and the deformations caused by the load. The boundary conditions given in the FE models from the simulation evolved to give the distributions of stress and deformation. The visual results of the von Mises stress contour and the deformation are given (Figure 13 and Figure 14, respectively). The maximum compressive stress is found in the red colour of the contour, and the minimum compressive stress is denoted by its violet colour. The maximum von Mises stress is when the scaffold starts to yield or fracture beyond that point. The von Mises stress and deformation are found to increase once the pore sizes tend to increase. The maximum von Mises stress and maximum deformation are found in the scaffold PS1000 (Table 7).



The two crucial mechanical parameters, stress (σ) and strain (ε), are vital for assessing the relationship between the mechanical behaviour of the given scaffold material and the loads applied to it [51]. The mechanical properties of the scaffolds diminish when the porosity increases and the effective elastic modulus decreases due to increased porosity and pore size, which meet the prerequisites of human trabecular bones [52]. According to Gibson & Ashby et al. [53], the effective elastic modulus (Eeff) of a structure varies if the volume fraction of the structure changes, which is mentioned by the given formula:


Eeff = K × (Volume fraction)n








where Eeff = (elastic modulus of a lattice structure)/(elastic modulus of the given material). The constant K ranges from 0.1 to 4.0, and n~2 in deformation happening in a structure.



Thus, the effective elastic modulus can be tuned by altering the volume fraction of the scaffold architecture. When the volume fraction increases, the effective elastic modulus increases (Figure 15c). The higher porosity and pore size lead to decreased stiffness and effective elastic modulus (Figure 15a,b). This factor may lead to increased bone regeneration through high permeability of nutrients and increased cell growth. However, it may result in decreased mechanical stability due to increased pore volume. With an increase in volume fraction, the effective elastic modulus is found to increase in its values. The effective elastic moduli of the structures were found in the 0.05 GPa to 1.93 GPa range, matching the effective elastic modulus range of trabecular bone [54,55] (Table 7).




3.3. Discussion


Several research works have demonstrated that modifying mechanical structures’ design and morphological parameters enables their elastic properties to match bone-related properties. Barba et al. varied the solid fraction (15 to 85%) of TPMS to achieve the elastic properties of porous titanium for implant applications. The 300 to 600 µm pore size range is critical for osseointegration [56]. Naghavi et al. designed TPMS-based gyroid and diamond Ti6Al4V scaffolds for load-bearing orthopaedic implants to imitate mechanical properties of cortical bone, such as stiffness and strength, which were predicted numerically through FEM. It was established that the stiffness and strength of gyroid scaffolds with a pore size lower than 800 µm are inside the range of mechanical properties of cortical bone in compression [57]. Verma et al. developed TPMS structures and combined their morphological evaluation with the numerical findings of mechanical properties using FEM to achieve the requirements of using these structures as bone implants. It was calculated that the effective elastic modulus of the gyroid structure was 3.565 GPa, matching the properties of a trabecular bone [58]. Verma et al. again designed gyroid-based Ti6Al4V scaffolds with a range of porosities from 40% to 80% and found that the range of effective elastic modulus of 7.16 to 29.63 GPa is favourable for cortical bone implants [59]. Peng et al. designed anisotropic gyroid cellular structures of titanium alloys and applied FEM to find their elastic responses under compressive loading. Their effective elastic moduli ranged from 0.03 to 5.6 GPa, matching the elastic modulus of human trabecular bone [60]. Zaharin et al. examined the effects of gyroid Ti6Al4V unit cell scaffolds of pore size 300 to 600 µm. It was investigated that increased porosity decreased the yield strength and elastic modulus. It was concluded that the mechanical properties of scaffolds with a pore size of 300 µm only matched the bone properties [61].




3.4. Limitations


The main limitation of this research study is that the linear elastic model works well for small strains or deformations and considers a linear relationship between stress and strain components. The linear elasticity applies to situations where the yielding does not occur. A non-linear elastic model must be used if the deformation is large. The choice of a model depends on the material properties such as linear elastic, non-linear elastic, plastic, and viscoelasticity. Another limitation is that the designed scaffolds were not manufactured and have not undergone mechanical or permeability testing. Due to divergence generated by internal defects in additive manufacturing, considerable differences always exist between the mechanical properties predicted from FE simulation and that of parts manufactured. Any scaffold design must be optimised by increasing the relative density to minimise manufacturing issues [62]. This kind of FE simulation project requires high computational power to decrease the computation time due to a vast number of finite elements for obtaining an accurate geometric representation of the scaffold shape and accurate results.





4. Conclusions


This study used TPMS and SDF methods to design a gyroid architecture scaffold with different user-specific inputs (pore and strut sizes). FE simulation was applied to study the mechanical properties affected by morphology parameter variation of pore sizes. These five scaffolds with various pore sizes achieved a wide range of porosities (49% to 94%). The comparison of morphological properties from the design and the mechanical properties from FE simulation leads to the following conclusions.



	(i.)

	
The advantage of having TPMS with the SDF method is that the end user can give the desired pore and strut sizes and porosity to achieve the required architecture of scaffolds for effective mechanical and degradation properties.




	(ii.)

	
In the design of scaffolds, the level constant plays a vital role in tuning their interconnected architecture by deciding how many parts are to be solid (strut) or void (pores). This level constant influences the morphological parameters such as pore and strut sizes so that the pore–strut ratio decides the level constant variation, whereby a positive value results in more solid regions and a decrease in the level constant results in more solid regions and large pore sizes.




	(iii.)

	
The porosity of scaffolds can be controlled by modifying the pore size of the scaffolds, keeping a constant strut size. Thus, these morphological properties affect the architecture of the lattice, which in turn alters the total mechanical properties.




	(iv.)

	
The visual stress and deformation distributions are achieved using FE simulations, from which the values of mechanical responses are predicted.




	(v.)

	
The maximum von Mises stress and the maximum deformation increase due to decreased volume fraction and increased porosity.




	(vi.)

	
The effective elastic modulus of the scaffolds decreases with increased pore size and porosity. It was also predicted that the effective elastic moduli were in the 0.05 to 1.93 GPa range, matching that of trabecular bone.







The readers can reproduce the results by referring to the appendices, which show clear and understandable ‘how to do’ workflows. These workflows can also be applied to other geometrical designs of scaffolds on their own or by importing a mesh (.stl file) or cad file of any scaffold.
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Appendix A


Calculate level constant and suitable periodic coefficient to design TPMS-based scaffolds.
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Figure A1. Front Panel of Virtual Instrument (vi) for calculating C and N. 






Figure A1. Front Panel of Virtual Instrument (vi) for calculating C and N.
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Figure A2. Block diagrams of vi. 






Figure A2. Block diagrams of vi.



[image: Computation 11 00181 g0a2]






Appendix B. Creation of a Gyroid Scaffold in nTopology Software


The obtained values of C and N from vi (Appendix A) are fed into the gyroid equation, and the scaffold of required pore and strut sizes is created using mathematical operations. The obtained implicit body of the gyroid is large and can be trimmed into the required shape (5 × 5 × 10 mm cuboid shape in this project) using Boolean intersect (Figure A3). Suppose a user needs an anatomical shape of gyroid architecture with the required pore and strut sizes. The “Boolean intersect” operation must be used between the large implicit gyroid body and the anatomical shape (Figure A3).





[image: Computation 11 00181 g0a3] 





Figure A3. Design of a gyroid scaffold PS350 in nTopology. 






Figure A3. Design of a gyroid scaffold PS350 in nTopology.
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Figure A4. Conversion of Femur shape into PS350 gyroid architecture. 






Figure A4. Conversion of Femur shape into PS350 gyroid architecture.
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Appendix C. Creation of FE Volume Mesh in nTopology
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Figure A5. Different stages of meshing from surface mesh to FE volume mesh. 






Figure A5. Different stages of meshing from surface mesh to FE volume mesh.
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The quadratic geometric order-based FE volume mesh is preferred over the linear geometric order-based FE volume mesh to obtain the maximum accuracy in results. However, the linear geometric order-based FE volume mesh gives faster computation time.




Appendix D. Static Structural Analysis
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Figure A6. A FE model of PS350 and its related static structural analysis. 






Figure A6. A FE model of PS350 and its related static structural analysis.
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Figure 1. (a) A triply periodic minimal surface-based gyroid scaffold of pore size 1000 µm and strut size of 200 µm with a well-interconnected network of pores and struts helping the movement of oxygen, nutrients, and waste materials. (b) Illustration of how relative density affects volume fraction and influences the morphology of a unit cell. (c) Representative of a gyroid unit cell’s pore size (red) and strut size (black) [6]. 
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Figure 2. Workflow of the given research project for the design of scaffolds and FEM-based compressive loading simulation. The nTop notebooks for design of scaffolds (Appendix A and Appendix D), creation of FE volume mesh (Appendix C) and static structural analysis (Appendix D) can be seen. 
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Figure 3. An illustrative concept of an SDF in 2D. 
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Figure 4. The Boolean intersection between the gyroid implicit surface and the required shape (cuboid) of 5 × 5 × 10 mm3 to obtain a cuboid gyroid scaffold of 5 × 5 × 10 mm3. 
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Figure 5. Uniform Gyroid Scaffolds of different pore sizes (PS) ranging from 200 µm to 1000 µm with a constant strut size (SS) of 200 µm. 






Figure 5. Uniform Gyroid Scaffolds of different pore sizes (PS) ranging from 200 µm to 1000 µm with a constant strut size (SS) of 200 µm.



[image: Computation 11 00181 g005]







[image: Computation 11 00181 g006] 





Figure 6. Workflow of the conversion process of different meshes for simulation. 
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Figure 7. A surface mesh having triangular elements. 
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Figure 8. (a) A volume mesh having tetrahedral elements, which are 3D solid volume elements, different from a surface mesh of 2D elements; (b) A FE volume mesh having integration points of a geometric order added to a volume mesh. 
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Figure 9. Convergence plots of PS350 for (a) displacement and (b) Max. von Mises Stress (Remaining plots can be viewed in Supplementary Materials Figure S1). 
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Figure 10. Frontal and isometric views of an FE model, which is a combination of FE volume mesh with boundary conditions—a uniform force (Yellow) is applied on a top plate (movable), and a displacement restraint (red) is applied on a bottom plate (fixed). 
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Figure 11. (a) Reactive force. (b) Equivalent area of a scaffold. 
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Figure 12. Graph of Design and Morphological Properties: variations of (a) surface area with poresize, (b) level constant with pore / strut ratio, (c) period coefficient with level constant, (d) surface area to volume ration with pore size, (e) porosity with pore size, (f) level constant with pore size, (g) volume fraction with level constant, and (h) volume fraction with pore size. 
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Figure 13. FE models under compressive loading—the von Mises distribution of gyroid scaffold PS350. The stress values increment from violet (minimum value) to red colour (maximum value). The von Mises contours of other FE models can be seen in Supplementary Materials Table S2. 
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Figure 14. FE models under compressive loading. Displacement distribution of gyroid scaffold PS350. The displacement values increment from violet (minimum value) to red colour (maximum value). The displacement contours of other FE models can be seen in Supplementary Materials Table S3. 
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Figure 15. Graph of mechanical properties predicted from FE simulation: variations of effective elastic modulus with (a) pore size, (b) porosity, and (c) volume fraction; variations of (d) relative elastic modulus with volume fraction, (e) maximum von Mises stress with maximum deformation and (f) maximum von Mises stress with pore size. 
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Table 1. Formula for Porosity, Volume Fraction, and Relative Density.
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	    Volume   of   the   scaffold    = 1 −    Volume   of   the   scaffold     Volume   of   the   same   sized   cuboid      

    Volume   Fraction    = 1 − Porosity   

    Relative   Density    =    Density   of   gyroid   lattice     Density   of   the   given   material      










 





Table 2. Properties of FE volume mesh of scaffolds with top and bottom plates.
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	Label
	Element Count
	Node Count
	Edge Count
	Vertex Count





	PS200
	7,052,136
	11,570,625
	9,867,119
	1,703,506



	PS350
	8,386,979
	12,702,213
	10,945,522
	1,756,691



	PS550
	2,576,201
	4,442,317
	3,753,745
	688,572



	PS750
	1,794,654
	3,107,398
	2,623,529
	483,869



	PS1000
	1,155,452
	2,032,425
	1,711,706
	320,719










 





Table 3. Material Properties used in the simulation [48].
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	Material
	Young’s Modulus (E)
	Poisson Ratio (ν)
	Yield Strength





	Titanium Grade 5

(Ti-6Al-4V)
	114 GPa
	0.34
	883 MPa










 





Table 4. Formula for calculating mechanical properties.
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	    Compressive   Stress  =    Reactive   force   on   the   fixed   lower   side   of   a   scaffold     Equivalent   area   of   a   scaffold      

   Strain =   Deformation    Height   of   a   scaffold      

    Effective     (  or  )   Compressive   Elastic   Modulus  =    Compressive   Stress    Strain     

    Relative   Elastic   Modulus  =    Effective   Elastic   Modulus     Elastic   Modulus   of   the   given   material      










 





Table 5. Design of Uniform Gyroid scaffolds based on user-specific inputs (Pore and Strut sizes).
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	Label
	PS

(µm)
	SS

(µm)
	C
	N
	Surface Area of Scaffold (mm2)
	Volume of Scaffold (mm3)
	Porosity (%)
	Volume Fraction (%)
	SA:V (mm−1)





	PS200
	200
	200
	0.01
	13.52
	1831.62
	126.09
	49.56
	50.44
	14.53



	PS350
	350
	200
	−0.62
	9.90
	1191.99
	74.18
	70.33
	29.67
	16.07



	PS550
	550
	200
	−1.01
	7.27
	720.39
	41.50
	83.40
	16.60
	17.36



	PS750
	750
	200
	−1.18
	5.72
	469.93
	26.75
	89.30
	10.70
	17.57



	PS1000
	1000
	200
	−1.30
	4.54
	295.11
	15.56
	93.78
	6.22
	18.97







The surface area and volume of scaffolds are calculated using the mass properties block in nTopology. SA: V is the ratio of the surface area to the volume.













 





Table 6. Effects of pore size on relative density and volume fraction.
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	Pore size ↓, Relative density of the lattice ↑, Volume Fraction ↑

Pore size ↑, Relative density of the lattice ↓, Volume Fraction ↓










 





Table 7. Mechanical Properties under compressive loading obtained from FE simulation.
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	Label
	Reactive Force

(×10−2 N)
	Max.

Deformation

(µm)
	Max. Von

Mises Stress

(GPa)
	Strain

(µm/m)
	Stress

(N/m2)
	Effective

Elastic Modulus

(GPa)
	Relative

Elastic Modulus

(×10−3)





	PS200
	2.69
	5.58
	0.23
	558.00
	1075.40
	1.93
	16.92



	PS350
	3.03
	10.90
	0.35
	1089.53
	1212.00
	1.11
	9.74



	PS550
	4.35
	63.35
	1.34
	6335.41
	1740.00
	0.27
	2.37



	PS750
	7.91
	186.34
	2.21
	18,633.80
	3164.00
	0.17
	1.49



	PS1000
	9.40
	725.57
	6.82
	72,557.00
	3760.00
	0.05
	0.44
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Strut Size (urm) - Pare Size for Mo (um)
Hzap fi2z]
J 1 P_2pi=-11.7311%CAL-01307CAL-1, 798P C A3 + 0,207 C A 2-186,9928YC +433.0114; OE
2 S 2pi=11.7311%CAL-0.0466 C AL 41,798 CA T +0.01 75 C A2 + 186,992 8YC +433.0937 |p 2nil—e .
I = Strut Size for Mo {urm)
5 _2pi 23]

DE!
i n

OPTION 2 : BLOCK DIAGRAM

|STEF' 1: Calculation of Level Constant (C) Based on Porosity (n]l|

1
Z C=0780*n"3-1.1795%n " 2- 2. 520 n +1,4597 E
4 Pore Size for Mo {um) 2

Switch betareen
Desired Pore & Strut Sizes

1 P_2pi=-11.7311*CA5-0130C A1, 79870 A3 + 02070 A 2-186,9925%C +433.0114;
2 S 2pi=11.7311CAS-0.MBEYC AL+, 7I8P C A3+ 0.0 TIYC A2 +186,9928C +433.0937; |p 2pj

5 2pi . R—— 7
1] i m
TF

e
|Desired Strut Size {um]l| TEF|

Strut Size for Mo {um) 2
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STATIC STRUCTURAL ANALYSIS (Appendix D)
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CALCULATION OF LEVEL CONSTANT (C) AND SUITABLE PERIOD COEFFICIENT (N)
TO DESIGN TRIPLY PERIODIC MINIMAL SURFACES (TPMS) BASED SCAFFOLDS

GYROID EQUATION : G = SIN(Nx) COS(Ny) + SIN(Ny) COS (Nz) + SIN(Nz) COS(Ny) - C

CHOOSE ONE OF THE OPTIONS GIVEN BELOW

Two of these three inputs are required : Porosity, Pore size and Strut size

OPTION 1: ENTER PORE AND STRUT SIZES |

OPTION 2 : ENTER DESIRED POROSITY, PORE OR STRUT SIZE |

STEP 1

CALCULATION OF LEVEL CONSTANT (C)
BASED ON PORE-SIZE/STRUT-SIZE RATIO

Pore Size (um) Strut Size (um)
INPUT 350 200 INPUT
P/S ratio C
1.75 -0.624731

Use C to Calculate
suitable Period coefficient (N)

STEP 2
CALCULATION OF PORE AND STRUT SIZES
FOR THE PERIOD COEFFICIENT (No = 2 x pi)

Pore Size for No (um) Strut Size for No (um)
551.447 314.718
STEP 3
CALCULATE SCALE FACTOR (SF)
SF

1.57556

SF = (Pore Size for No) / (Desired Pore size) = (Strut Size for No) / (Desired Strut SE)]

STEP 4
CALCULATE SUITABLE PERIOD COEFFICIENT (N)

N
9,89956

N = (SF) x No = (SF) x 2 x pi

STEP1

CALCULATION OF LEVEL CONSTANT (C)
BASED ON POROSOTY (n)

n (%) c
INPUT 0 -1.19596
Use C to Calculate
suitable Period coefficient (N)
STEP 2

CALCULATION OF PORE AND STRUT SIZES
FOR THE PERIOD COEFFICIENT (No = 2 x pi)

Pore Size for No (um) Strut Size for No (um)
688.456 177.607

STEP 3

CALCULATE SCALE FACTOR (SF)
ENTER EITHER DESIRED PORE OR STRUT SIZE

DESIRED PORE SIZE (um) | DESIRED STRUT SIZE {um)
Select
INPUT| 350 ("' , 0 INPUT
® 9

SF
1.96702

SF = (Pore Size for No) / (Desired Pore size) = (Strut Size for No) / (Desired Strut Siﬁ)J

STEP 4
CALCULATE SUITABLE PERIOD COEFFICIENT (N)

N
12,3591

N = (SF) x No = (SF) x 2 x pi
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(a) Design of a gyroid architecture based on user specific inputs
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(c) Conversion to the required shape of scaffold

CREATION OF FE VOLUME MESH (A ppendix C)
() Conversion of an implicit body to surface mesh
(b.) Conversion of a surface mesh to volume tetrahedral mesh

() Conversion ofa volume mesh to an FE volume mesh

STATIC STRUCTURAL ANALYSIS (Appendix D)

(2. Creation of FE model with FE mesh, material properties, loading and
boundary conditions

(b.) Using FEM to predict von Mises stress, reactive force and deformation
under compressive loading
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