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ABSTRACT 

In this thesis, the focus is on using the fused deposition modeling (FDM) method to 

manufacture functional biodegradable nanocomposite Polymeric Bone Tissue Scaffolds 

(PBTS). PBTSs are complex products, which have attracted significant attention in the 

literature in recent decades. In this study, a commercial and user-friendly FDM 

manufacturing technique was used to fabricate Polycaprolactone (PCL)/Nano-

Hydroxyapatite (nHA)/Chitin-Nano-Whisker (CNW) nanocomposite scaffolds with 

advanced geometrical designs. The fabricated scaffolds were developed to have functional 

mechanical, biological, and biodegradation properties. Multiple stages of experimental, 

numerical, and analytical analyses were performed to achieve these goals. 

The scaffolds were manufactured in Triply Periodic Minimal Surfaces (TPMS) designs. 

The impacts of the advanced biomimetic designs, porosity, and biodegradation on the 

mechanical and morphological properties of the scaffolds were investigated. The 

nanocomposite filaments for the FDM method were produced using green manufacturing 

methods. The manufactured novel FDM filaments were characterized using Thermo-

Gravimetric Analysis (TGA) and Fourier Transform Infrared Spectroscopy (FTIR) to 

ensure the precision of the nanocomposite contents. The FDM processing conditions of the 

novel nanocomposite filaments were optimized using Taguchi’s orthogonal array 

experimental design method to achieve the optimal mechanical properties and structural 

integrity. The 3D printed nanocomposite bone tissue scaffolds were characterized to assess 

their mechanical and biological properties. The biodegradation rates of the 3D printed 

Gyroid-designed nanocomposite PBTSs were estimated in sixty weeks of biodegradation, 

employing numerical, and experimental results. Machine learning methods were used to 

connect the independent experimental and numerical results and extract objective functions 

to model properties of the 3D printed nanocomposite PBTSs. Multi-objective optimization 

was performed to propose non-dominated optimal options for the PBTSs porosity and the 

nanocomposite fillers percentages. 

The results indicated that the proposed green manufacturing method successfully 

fabricated the nanocomposite FDM filaments with high precision. The FDM printed 

PCL/nHA/CNW nanocomposite PBTSs with Gyroid structure have high mechanical 

properties in the practical range of bone tissue scaffolds, enhance cell proliferation and 

attachment to the scaffolds and biodegrade in the practical period for PBTSs. The multi-

objective optimization method presents a few significant non-dominated optimal options, 

which can be selected based on the consumer’s priorities. 

 

 

Keywords: Bone tissue scaffold; Nanocomposite; Additive manufacturing; Chitin-Nano-

Whisker; Triply Periodic Minimal Surfaces 
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Chapter 1. Introduction 

Bone diseases are currently estimated to be a significant public health threat for almost 1.4 

million Canadians and 44 million U.S. citizens aged 50 and older. For example, as a major 

bone disease, osteoporosis caused almost nine million new bone fractures worldwide in the 

year 2000, and it has been estimated that more than 200 million people are suffering from 

osteoporosis. Every year thousands of bone grafting surgeries are performed worldwide to 

treat bone defects and diseases [1-4]. In recent decades, tissue engineering (TE) is 

advancing significantly to replace the conventional approaches for restoring and repairing 

damaged bone tissue. Bone tissue scaffolds prepare a suitable environment for native tissue 

to grow and shape the extracellular matrix (ECM). Bone tissue scaffolds have to acquire 

specific properties to meet the bone cell regeneration requirements and be practical 

products. The morphological, mechanical, biodegradation, and biological properties are the 

key factors to develop and manufacture a practical product. Polymeric bone tissue scaffolds 

(PBTS) are significantly pursued in recent decades as a response to address all of the 

required standards of the practical bone tissue scaffolds. This study focuses on developing, 

processing, and characterizing biodegradable PBTSs with novel nanocomposites and 

advanced geometrical designs using the fused deposition modeling (FDM) manufacturing 

method. 

1.1 Motivations for Research and Principal Research Objective 

Bone Tissue Engineering (BTE) is a very active interdisciplinary scientific research area 

within the Tissue Engineering (TE) field, which addresses a global health threat by 

focusing on developing bone regeneration processes that result in functional biological 
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substitutes that can restore, maintain, improve or entirely replace the biological functions 

of the damaged bones. Biodegradable polymeric bone tissue scaffolds (PBTS) research 

field is one of the most active areas of BTE, which is advancing parallel to other techniques 

and sciences in the BTE knowledge. As the research field on PBTSs continues to advance 

in many directions, as indicated in the open research literature, further advancement of the 

bone scaffold properties and the improvement of the current state-of-the-art in this specific 

field were the principal motivations for undertaking this research study.  

The principal objective of the research presented in this thesis was to develop and introduce 

novel nanocomposite filaments as building materials into the additive manufacturing to 

fabricate biodegradable biocompatible PBTSs with advanced material compositions and 

geometrical designs, to achieve products with functional mechanical, biological, and 

biodegradation properties and add more information to the current state of the art. 

Biodegradable PBTSs have a few critical requirements that have to be satisfied to 

manufacture a practical product. Manufacturing techniques and the material composition 

of the products are under improvement in the literature to develop products with higher 

mechanical, biological, and biodegradation qualities. Many conventional manufacturing 

techniques cannot fabricate advanced 3D-designed PBTS or lack practical material 

selection opportunities. These two challenges have to be addressed in order to produce 

practical PBTSs. The scaffolds have to be designed and manufactured in advanced 

biomimetic structures with novel nanocomposites to respond to the products' 

biodegradation, biological, and mechanical requirements.  

FDM manufacturing is a commercial and user-friendly desktop 3D printer with fast 

prototyping capabilities. The accessibility of this manufacturing technique brings up the 
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opportunity of improving the properties of its products to fit the standards of bone tissue 

scaffolds. The FDM technique can fabricate parts with advanced 3D designs and operate 

with a wide range of materials. Improvement in the FDM filament's material compositions 

can enhance this manufacturing method's application for biomedical products. The 

manufacturing techniques of the biocomposites for bone tissue scaffolds are time-

consuming and expensive; thus, having a commercially available manufacturing technique 

can have financial efficacy implications as well.  

After choosing the manufacturing technique, the material composition of the products for 

tissue scaffolds needs significant attention, and always there are opportunities to improve 

the current state of the art. The final products have to be biodegradable and biocompatible 

PBTSs, which can be 3D printed in advanced biomimetic geometries using the FDM 

technique. Based on the product definition, literature review, and the manufacturing 

technique, novel nanocomposites have to be introduced to satisfy these requirements. 

Therefore, Polycaprolactone (PCL)/Nano-Hydroxyapatite (nHA)/Chitin-Nano-Whisker 

(CNW) nanocomposites were introduced as the composition of PBTSs in this study. The 

FDM filaments were manufactured with these compositions and were 3D printed to 

fabricate the final product.  

Another challenge to overcome was the manufacturing of the FDM filaments with the 

mentioned composition. In general, for blending nanofillers with a polymeric matrix, 

solvents are needed, and the majority of the solvents for practical polyesters like Polylactic 

acid (PLA) and PCL are highly toxic. Also, the solubility of Chitin-Nano-Whisker and 

evenly dispersion of its nanoparticles in the polymeric matrix using the conventional 

methods were not feasible for practical percentages. A green manufacturing technique 
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using ionic solvents was employed to overcome these challenges in this study. Using ionic 

solvents that are commonly referred to as green solvents with excellent temperature 

stability, made the precise manufacturing of the FDM filaments possible. After 

manufacturing the nanocomposite filaments, to enhance the 3D printed bone tissue 

scaffolds' properties, the FDM processing conditions of the nanocomposites were 

optimized using Taguchi’s orthogonal array experimental design method. 

In parallel to introducing a new material composition for FDM-based PBTSs, the 3D 

mechanical design of the products was considered to improve the quality of the products. 

The 3D design of the scaffolds has a significant and direct impact on cell proliferation, 

biodegradation, and mechanical properties of the scaffolds. In this study, a few Triply 

Periodic Minimal Surfaces (TPMS) designs with different porosities were manufactured, 

and the critical effects of the design on the properties of the PBTSs were assessed. Based 

on the assessments in this part of the research, the Gyroid design was selected as the 

primary option for the design of the PBTSs. One of the significant contributions of the 

current work to the literature was the experimental assessment of the long-term 

biodegradation impact on the mechanical properties of the TPMS designed PBTSs. 

Although the presented research is mainly an experimental study, numerical simulation 

was added to estimate and predict the biodegrading percentage of the bone tissue scaffolds 

in extended periods. The prediction of the exact biodegradation rate for the nanocomposites 

with advanced geometries is not practically feasible, but employing hybrid techniques can 

provide an educated estimation. Although the prediction is based on numerical results, the 

experimental data and analytical study assisted and directed the simulation results to 

achieve a more realistic prediction. Another non-experimental component of this study is 
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using machine learning techniques to connect and relate all of the experimental and 

simulation data and provide formulations for the critical properties of the manufactured 

PBTSs in this study. A multi-objective optimization method followed the formulation 

process to generate a set of non-dominated optimal suggestions for the final products with 

estimated properties.  

1.2 Summary of Thesis Contributions  

The novelties and contributions of the current research can be summarized as follows: 

 PCL/nHA/CNW nanocomposite FDM filaments for bone tissue scaffolds were 

introduced, manufactured, and characterized for the first time. 

 A green manufacturing method was employed to fabricate the nanocomposite FDM 

filaments. The employed manufacturing method effectively overcame the 

significant challenge of distributing Chitin-Nano-Whisker evenly in the polymeric 

matrix. 

 3D printing of bone tissue scaffolds using PCL/nHA/CNW nanocomposites was 

performed. The Taguchi orthogonal array method was employed to optimize the 

FDM 3D printing of the nanocomposites.  

 3D printing and characterization of bone tissue scaffolds with TPMS designs were 

carried out. The impact of design, porosity, and biodegradation on the scaffolds' 

mechanical and morphological properties were reported.  

 3D printed nanocomposite scaffolds were characterized to assess their mechanical, 

biodegradation, and biological properties. A mouse preosteoblast bone cell line was 

employed to assess cell proliferation and attachment to the scaffolds. 
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 The long-term biodegradation rate and pattern of the nanocomposite Gyroid 3D 

printed bone tissue scaffolds were predicted using numerical simulations, and 

experimental data. 

 Meta-modeling (a machine learning technique) was employed to formulate the 

properties of the PBTSs based on the Gyroid design porosity percentage and the 

nanofiller contents of the nanocomposites. Non-dominated Sorting Genetic 

Algorithm III (NSGA-III) multi-objective optimization method was employed to 

propose non-dominated optimal options for the 3D printed nanocomposite PBTSs 

with Gyroid design. 

 

1.3 Thesis Outline 

Chapter 2 includes background knowledge and literature review. The general research field 

of bone tissue scaffolds, additive manufacturing (AM), nanocomposites material selection, 

and background on the biomimetic geometrical designs were discussed.  

Chapter 3 describes the manufacturing processes and analytical methods of this thesis. In 

details, this chapter describes the design and manufacturing of the scaffolds with TPMS 

designs, explains the green manufacturing process of the FDM nanocomposite filaments 

and their optimal 3D printing assessment using the Taguchi method, describes the methods 

of numerical simulation and prediction of biodegradation rate, and explains the employed 

machine learning technique and multi-objective optimization method in the last section. 

Chapter 4 presents the experimental characterization methods to investigate the properties 

of the manufactured PBTSs. The methods to analyze the impact of design, porosity and 
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biodegradation on the mechanical and morphological properties of the TPMS scaffolds are 

described. Material characterization, mechanical testing, and biological properties 

assessment techniques to analyze the PCL/nHA/CNW nanocomposite PBTSs are 

explained, as well. 

Chapter 5 presents the results and discussions. The impact of design, porosity, and 

biodegradation on the scaffolds' mechanical and morphological properties is assessed. 

Material characterization results of the novel nanocomposite FDM filaments are reported 

in detail, and the FDM processing conditions are optimized using the Taguchi method. The 

mechanical and biological properties of the 3D printed nanocomposite PBTSs are 

investigated and explained. The products' Biodegradation rates are estimated in the long 

term, based on numerical simulation and analytical assessment results. In the last section 

of this chapter, meta-modeling and multi-objective optimization results are presented. 

Chapter 6 is devoted to discussions and conclusions. Also, a few recommendations for 

future works are discussed in this chapter. 
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Chapter 2. Background and Literature Review 

2.1 The Research Field Focusing on Bone Tissue Scaffolds 

2.1.1 Bone Tissue 

Bone is a composite structure of hydroxyapatite (Ca10(PO4)6(OH)2) crystals deposited 

within an organic matrix (95% is the type I collagen) [5]. Bone architecture is hierarchical 

and complex. The bone structure is divided into two main regions, including cancellous 

(spongy) bone and compact bone. As shown in Figure 2.1, cortical (compact) bone is 

shaped by a group of Osteons, which are multiple layer collagen fibers. The rest of the 

structure is a microcellular porous structure that is the spongy bone. The levels of bone 

hierarchy are shown part by part in Figure 2.1. These hierarchical levels are: (1) the 

macrostructure: cancellous and cortical bone; (2) the microstructure (from 10 to 500 µm): 

Haversian systems, osteons, single trabeculae; (3) the sub-microstructure (1–10 µm): 

lamellae; (4) the nanostructure (from a few hundred nanometers to 1 µm): fibrillar collagen 

and embedded mineral; and (5) the sub-nanostructure (below a few hundred nanometers): 

molecular structure of constituent elements, such as mineral, collagen, and non-

collagenous organic proteins. This structure is heterogeneous, anisotropic, has an 

optimized arrangement of components, and is irregular [6]. 
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Figure 2.1. Bone structure (Reprinted from Medical Engineering & Physics, Volume 20, 

Rho et al., Mechanical properties and the hierarchical structure of bone (reference [6]), 

Pages 92-102., Copyright (1998), with permission from Elsevier) 

2.1.2 Bone Disease and Conventional Therapies for Damaged Bone Tissue 

Bone diseases include infections, bone tumors, implant revisions, joint fusion, and bone 

loss by trauma. Conventional techniques for bone regeneration revolve around the natural 

bone structure and its derivatives. The primary practice is called grafting. Every year more 

than 500,000 bone grafting surgeries are carried out in the United States and almost 2.2 

million worldwide to repair bone defects [1, 2]. It is essential to understand the difference 

between grafting and implant. Implants do not contain cells, but the grafts contain cells. 

Grafting can be of three types; autograft, allograft, and xenograft [7, 8]. 

It is important to understand osteogenesis, osteoinduction, and osteoconduction to compare 

grafting processes. These processes occur through bone healing and new bone formation 

after the implantation of a graft. Osteoprogenitor cells live within the donor graft and could 
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proliferate and differentiate to osteoblasts and eventually to osteocytes. These cells 

represent the osteogenic potential of the graft. Osteoinduction is the host mesenchymal 

stem cells activation process that forms osteoblasts. Finally, osteoconduction pronounces 

the new Haversian systems' generation and shapes blood-vessel into the bone structure [7, 

8]. These three definitions characterize a highly effective graft. 

Autograft of bone uses the patient tissue as a donor to implant the bone in the same patient. 

Generally, the iliac crest is used in autografts [9]. Autografts are the gold standard in 

grafting practice. The first reason is that the autografts satisfy all of the mentioned bone 

regeneration criteria (processes of osteogenesis, osteoinduction, and osteoconduction). 

This type of grafting has ideal biological signals for integrating the new bone to the 

damaged site. On the contrary, Autografts have disadvantages of limitation in donor sites, 

restrictions in geometry, expensive past processing, and surgery complications [7, 10].  

Allograft is the process of harvesting tissue from a healthy human donor and its 

implantation in a patient. The main benefit of allografts is to eliminate the number of 

surgeries on the patient. This benefit brings the disadvantage of possible immune response 

activation in the patient’s body as the tissue origin is from another donor. Also, allografts 

pass through washing, freeze-drying, and a few other processes to decrease the risk of 

disease transmission and immunological responses, which reduces the osteogenic potential 

of the allograft [7, 11]. 

Xenograft is an alternative to autograft and allograft by replacing a human tissue donor 

with a non-human donor. The main concern is to ensure sterility and biocompatibility to 

avoid disease transmission. This type of grafting is mainly used as bone void fillers. 
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Xenografts critical disadvantages are disease transmission and ethical issues [7, 12]. 

Grafting processes, their advantages, and complications are summarized in Table 2.1. 

Table 2.1. Conventional therapies for damaged bone tissue 

Therapies Source Advantages complications 

Allograft   a human donor Eliminating the need for 

a second surgical site. 

Activate an immune response in 

the new host.  

Reduce the osteogenic potential 

because of freeze-drying, washing, 

gamma irradiation, and …  

Autograft  patient's tissue 

(usually the iliac 

crest)  

Mitigating the risk of 

immunological 

sequelae. 

High cell regeneration 

rate. 

Limited in quantity, shape 

restrictions, require extensive 

intra-operative modifications.  

Surgery includes inflammation, 

infection, chronic pain, and donor 

site morbidity.  

Xenograft non-human 

species 

Elimination of the need 

for human tissue 

Almost the same as allograft 

Risks of disease transmission  

Ethical issues 

 

2.1.3 Bone Tissue Scaffold 

TE is an alternative to the earlier mentioned conventional approaches (autografts, 

allografts, and xenografts) for restoring and repairing damaged bone tissue [13]. Bone 

tissue scaffolds prepare a suitable environment for native tissue to grow and shape the 

extracellular matrix (ECM). Bone tissue scaffolds have to acquire specific properties to 

meet the bone cell regeneration requirements. These properties can be categorized as 

morphological, materials and mechanical properties. 
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2.1.3.1 Morphological Properties 

Bone morphology consists of the spongy and cortical bone. Spongy bone has 50-90% 

porosity, 1.85 ± 0.06 g/cm3 apparent density, and pore sizes in the order of 1mm [14, 15]. 

The cortical bone has an almost a solid structure with a series of canals that results in 3-

12% porosity and an apparent density of 0.3± 0.10 g/cm3 [15, 16]. Porosity is the 

percentage of void space in a solid structure, and this morphological property of bone tissue 

scaffolds is independent of the material that is used to fabricate the structure. Porosity is 

essential for native tissue formation because of the need for cell migration and 

proliferation, and vascularization inside the scaffold. Pores are also improving mechanical 

interlocking in implantation and provide better mechanical stability [17]. Based on 

previous research works in the literature, a few limits and recommendations are proposed 

for the optimal porosity and pore size. In general, these recommendations are helpful to 

find a limit for the porosity and pore size, and then these factors should be optimized for 

specific designs and materials. The minimum pore size required to regenerate mineralized 

bone is considered to be 100 µm, although, in a recent research, this limit has been 

challenged. Large pores have substantial bone ingrowth, medium-sized pores (75–100 µm) 

are resulting in the ingrowth of mineralized tissue, and smaller pores are just helpful for 

the regeneration of fibrous tissue. Pore sizes smaller than 200 µm, because of the decreased 

oxygen and nutrient diffusion through the scaffolds, negatively affect the bone tissue 

regeneration process. In sum, scaffolds with a mean pore size of equal or higher than 300 

μm cause osteoblast proliferation and differentiation throughout the entire scaffold due to 

improved neovascularization and passage of oxygen and nutrients [15, 18-22]. Technically, 

by employing this information and considering the other related factors like mechanical 
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and biological properties of a bone tissue scaffold, an optimal customized porosity for the 

designed scaffolds is achievable. 

2.1.3.2 Materials and Manufacturing 

Bone native tissue is a structure composed of hydroxyapatite (Ca10(PO4)6(OH)2) crystals 

deposited within an organic matrix (95% is the type I collagen), as mentioned in previous 

sections [5]. By consideration of this composition, the materials and manufacturing 

methods are developed to fabricate bone tissue scaffolds. The materials and manufacturing 

processes are tightly related in bone tissue scaffolds production because of different 

limitations of the manufacturing methods in processing diverse raw materials. The main 

group of materials for bone scaffolds are ceramics, glasses, metals, natural polymers, 

polymers, and their composites. In Table 2.2, a few typical ceramics and glasses that are 

used in the literature with their related manufacturing methods, pore sizes, and porosity are 

reported. Polymeric and ceramic/polymer composites are among the trending materials for 

bone tissue engineering because they can simulate the natural composition of bone tissue 

scaffolds with high precision. Polymeric composites for bone tissue scaffolds mainly 

consist of synthetic polymers for their mechanical strength and one type of natural polymer 

for their biological properties. In Table 2.3, trending natural and synthetic polymers that 

are commonly used in the literature are reported [13]. There are numerous articles in the 

literature using polymeric, ceramic, and polymer/ceramic composites with different 

manufacturing processes. Although it is not possible to cover all of the related scientific 

articles in this section, in Table 2.4, a few studies on these types of composite materials 

and their related manufacturing processes are listed to represent the wide range of studies 
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and indicate the basic types of materials and fabrication methods that are used in the 

literature. 

Table 2.2. Typical ceramics and glasses materials for bone tissue scaffolds 

Type Material 
Manufacturing 

technique 

Pore size 

(µm) 

Porosity 

(%) 

Ceramics 

Hydroxyapatite [23] Sintering 
400 and 

800 

60 and 

70 

Hydroxyapatite [24] Sintering 500 77 

Hydroxyapatite [25] Sintering 400–600 80 

Hydroxyapatite/tricalcium 

Phosphate [26] 
Sintering 100-150 36 

Bioglass [27]         ----------------------- Foaming 100-600 --------- 

Glass/ceramics [28]        ------------------- 
Phase 

transformation 
10-300 43-51 

 

 

Table 2.3. Trending natural and synthetic polymers for bone tissue scaffolds 

Type Material Properties 

Natural 

Collagen 

Hydrophilic,  

cell adhesive,  

low mechanical properties 

Fibrin 

Chitosan 

Chitin 

Synthetic 

Polylactide (PLA) 
Slow degrading,  

high mechanical properties, 

satisfactory biological 

property 

PCL 

polylactide-co-glycolide (PLGA) 

Polyglycolide (PGA) 
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Table 2.4. The literature review on polymeric, ceramic, and polymer/ceramic composite 

materials for bone tissue scaffolds 

Material 
Manufacturing 

technique 

Pore size 

(µm) 

Porosity 

(%) 

Hydroxyapatite/poly(e-caprolactone) 

[29] 
Sintering 150–200 87 

Collagen/hydroxyapatite [30] Freeze-drying 30–100 85 

Hydroxyapatite/b-tricalcium 

phosphate/chitosan [31] 
Sintering 300–600 ----- 

Hydroxyapatite/chitosan-gelatin [32] phase separation <500 90.6 

calcium phosphate 

/poly(hydroxybutyrate–co-

hydroxyvalerate) And 

carbonated hydroxyapatite/poly(L-lactic 

acid) [33] 

selective laser sintering 

(SLS) 
500-800 60-70 

diethyl fumarate-Hydroxyapatite/poly 

(propylene fumarate) [34] 

Micro-Stereolithography 

(mSLA) 

125–135 

and 330–

360 

----- 

PCL [35] FDM ----- 70 

β‐tricalcium phosphate (β-TCP) [36] SLS 600, 1300 ------ 

HA/PLA, HA/PCL, 6P53B glass/PLA 

…. [37] 

Robocasting/Robotic 

assisted deposition 
200–500 75 

PLA [38] FDM and gas foaming 
100–800 

1–10 
------ 

β-TCP/PCL [39] 3D printing 300 ------ 

High molecular weight PCL/Low 

molecular weight PCL/HA [40] 

Supercritical CO2 gas 

foaming 
132-612 22.4-73 

poly(vinyl alcohol)/ β-TCP [41] FDM 675 40 
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PCL composites with: tricalcium 

phosphate (TCP), HA, Bio-Oss (BO), 

and decellularized bone matrix (DCB) 

[42] 

FDM 800 

60 

(design 

porosity) 

PCL/ β-TCP [43] SLS ------- ------- 

poly(trimethylene carbonate) 

(PTMC)/HA [44] 
SLA 600 70 

PCL coated by HA/TCP [45] FDM ------- ------ 

PLA [46] FDM 
0, 150, 200, 

250 
------ 

PLA/Akermanite [47] FDM 200−400 ------ 

PLLA/HA [48] FDM ------- 60 

 

One of the critical features of PBTS materials is their biodegradability [49-51]. PBTSs 

should bio-absorb at a predicted rate, and the regenerated tissue should occupy the 

scaffolds 3-dimensional space in an ideal case [52]. Different wound conditions in 

individual patients need different biodegradation rates. For example, the degradation rate 

can be nine months or more for scaffolds in spinal fusion or less for scaffolds in the 

craniomaxillofacial applications [53, 54]. This fact makes the design of a scaffold with 

optimal biodegradation rate an engineering challenge [7]. Bone tissue scaffolds have to 

maintain mechanical strength for a particular amount of time, so materials should not 

degrade before transferring mechanical load to the newborn tissue; otherwise, the therapy 

would fail. On the other hand, the scaffold should not degrade too slow, as it would damage 

the surrounding tissues and impede the regeneration process [55, 56]. In sum, the bone 

scaffolds have to maintain part of their mechanical properties for a few months, and then 

they should be metabolized by the body after 12-18 months [50]. 
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2.1.3.3 Mechanical Properties 

Bone tissue scaffolds have to provide temporary mechanical support until the bone tissue 

is repaired and regenerated to restore the native biomechanical function. One of the most 

essential properties of a bone scaffold to be functional immediately after implantation is 

biomechanical properties that match the physical demand of the healthy surrounding bone 

to some extent [20, 50, 57, 58]. Also, the scaffold's mechanical strength affects the 

mechanotransduction of the adherent bone cells on the scaffold. These cells show a crucial 

role in bone repair and remodeling [59]. TE struggles to repair or replace the tissues with 

predominantly biomechanical functions, like bone tissue scaffold [57]. In Table 2.5 and 

2.6, mechanical properties of bone tissue are reported. The test method to assess 

mechanical properties of native bone tissue affects the final results, as shown in Table 2.7. 

The mechanical properties achieved by compression test on the whole bone structure are 

almost 60% lower than mechanical testing results on a rod or beam of the bone structure 

[60]. Another factor that affects the mechanical properties of the scaffold is age. The 

mechanical strength increases until an adult person is 35 years old, and then it declines 2% 

after each decade [15]. The statistics are listed in Table 2.8. Therefore, by considering the 

presented literature and the ratio numbers in Table 2.7, the compressive mechanical 

strength requirement of a bone tissue varies from almost 0.5 to 16 GPa for the elastic 

modulus and from almost 6 to 124 MPa for the ultimate strength, from Trabecular bones 

to cortical bones, and the target manufactured bone tissue scaffolds have to stand in the 

mentioned range of the mechanical properties [15, 60].  
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Table 2.5. Mechanical properties of cortical bone 

Cortical bone  [60] Elastic modulus (GPa) Ultimate strength (MPa) 

Compression test  23 ± 4.8 200 ± 36 

Tensile Test 19.6 ± 6.2 141 ± 28 

Torsional Test  3.3 ± 0.1 69 ± 9 

Bending test [60, 61]  15.5 181 

 

Table 2.6. Mechanical properties of Trabecular bone 

Trabecular bone [15] Elastic modulus (GPa) Ultimate strength (MPa) 

Compression test [62, 63] 0.443 ± 0.002 6.05 ± 0.75 

 

Table 2.7. The effect of the testing method on the reported mechanical properties of bone 

tissue 

Compression test Cortical 

bone [60] 
Whole Bones 

Rods or 

Beams 
Difference Ratio (%) 

Ultimate strength (MPa)  125 ± 58 202 ± 40 77 61.8 

Elastic modulus (GPa) 10.3 ± 5.7 16.5 ± 3.6 6.2 62.4 

 

Table 2.8. The effect of age on mechanical properties of bone 

Age [15] 3 5 35 after maturation 

Elastic modulus (GPa) 7.0 12.8 16.7 Decline 2% after each decade 
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2.2 Additive Manufacturing  

Additive Manufacturing (AM) is a manufacturing technique that fabricates computer-

based 3D models by successively printing computer generated 2D layer slices layer-by-

layer on top of each other [64, 65]. AM applications are limitless in various research fields 

and industries, including biomedical, healthcare, aerospace, construction, and automotive 

[66-75]. Figure 2.2 represents the AM processing steps, which starts with a computer-aided 

design (CAD) 3D model and employs a slicing software to generate a G-code file that 

defines the pathway to fabricate the part, and at the end, it deposits the materials layer by 

layer and delivers the product [70]. AM techniques can 3D print a wide diverse range of 

polymeric materials, including thermoplastics and thermosets [76]. In addition to the 

conventional polymers, composite materials can be manufactured in precise geometries 

employing the AM technique [64, 67, 76]. AM includes many diverse technologies, which 

are developed to respond wide range of applications and the necessity of manufacturing 

complex parts. ISO/ASTM 52900 – 15 describes the AM processes into seven categories 

[77], including material extrusion (ME), powder bed fusion (PBF), vat 

photopolymerization (VPP), binder jetting, directed energy deposition, material jetting, 

and sheet lamination.  

ME is one of the most developed and extended AM techniques that include FDM, the most 

popular technique in the field. The ME technique employs a type of filament and extrudes 

the material through a nozzle and deposits the layers on top of each other on a movable 

build platform [64, 65]. PBF is another major AM technique, which includes selective laser 

sintering (SLS), as one of the most reputable techniques in the literature [64, 65]. PBF 

employs thermal energy to fuse regions of the build material's powder bed to fabricate the 
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final product. VPP operates by a liquid photopolymer in a vat, which is selectively cured 

by light-activated polymerization, based on the CAD design  [64, 65]. VPP includes two 

other types of well-known and reputable AM techniques called Stereolithography (SLA) 

and Digital Light Processing (DLP) [64, 65]. Three of the mentioned subsections (SLS, 

SLA, and FDM) are the most common AM techniques in the literature and will be 

discussed in more detail in the following sections [65]. The other techniques mentioned in 

the ISO/ASTM 52900-15 with a short description are mentioned in Table 2.9 (directed 

energy deposition is not mentioned, because it is used for metallic materials that are not 

related to this study's topic). 

Table 2.9. AM techniques for polymers classified by ISO/ASTM 52900 – 15 [77] 

AM technique Process technique for polymers State of fusion 

Material extrusion 
Extrusion of melted materials 

through a deposition nozzle 
Thermal reaction bonding 

Powder bed fusion 
Selective fusion of material in a 

powder bed 
Thermal reaction bonding 

Vat photopolymerization  
Light reactive photopolymer 

curing 
Chemical reaction bonding 

Binder jetting Reactive curing Chemical reaction bonding 

Material jetting 

Multi-jet melted material printing 

/ Light reactive photopolymer 

curing 

Thermal reaction bonding/ 

Chemical reaction bonding 

Sheet lamination 
Fusion of stacked sheets of 

material 
Chemical reaction bonding 
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Figure 2.2. AM processing steps (the figure was used from the references [65, 70]) 

 

2.2.1 Selective Laser Sintering (SLS) 

SLS is a powder-based AM method that employs a high-energy laser to fuse the powder 

particles, layer by layer. The laser is focused on the bed of polymer powder, as shown in 

Figure 2.3 [78]. The laser path and the shape of the related layer are determined by a CAD 

design in STL file format. Then the bed moves down, and a new layer is manufactured 

with the same process [79]. The processing conditions, including the laser scan speed, the 

powdered layer's thickness, the laser power, and the laser focusing radius, control the 

morphology of the scaffolds [80]. One of the benefits of SLS is that it does not require 
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support material or a separate feeder to fabricate the complex structures since unsintered 

powder supports each layer [81]. 

 

 

Figure 2.3. Selective Laser Sintering (SLS) (Reprinted from Composites Part B: 

Engineering, Volume 110, Wang et al., 3D printing of polymer matrix composites: A 

review and prospective (reference [67, 76]), Pages 442-458, Copyright (2017), with 

permission from Elsevier) 

2.2.2 Stereolithography (SLA) 

SLA is an AM method that utilizes UV light to polymerize liquid photopolymers. The first 

step is the exposure of the liquid's desired area to UV light, and then the photopolymer is 

polymerized and cured to form the first layer. The typical UV light wavelengths are 356, 

385, and 405 nm, respectively [82, 83]. This process continues to form the designed 3D 

structure. The SLA process is shown in Figure 2.4. SLA has two main branches of laser 

direct writing and mask image-projection. Mask image-projection employs a digital 
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micromirror device to polymerize and cure the photopolymers using UV or another light 

source. Laser direct writing uses a laser that is focused through an objective lens to 

crosslink and solidify the photopolymers [84, 85]. The most crucial advantage of SLA is 

using lasers that increase the resolution of the designed scaffolds [82]. The critical problem 

of SLA is the difficulty of developing proper photopolymeric solution composition for 

bone tissue scaffold. 

 

Figure 2.4. Stereolithography (SLA) (Reprinted from Composites Part B: Engineering, 

Volume 110, Wang et al., 3D printing of polymer matrix composites: A review and 

prospective (reference [67, 76]), Pages 442-458, Copyright (2017), with permission from 

Elsevier) 

2.2.3 Fused Deposition Modeling (FDM) 

FDM is a material extrusion based AM technique. The main components of the FDM 3D 

printers are shown in Figure 2.5. The filament is the FDM input material, which is in a 

standard radius depending on the FDM machine. The filament is inserted into the extruder 

nozzle's feeder, and the layer-by-layer deposition on the print bed starts [76]. The print 
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head moves in the X-Y plane, and the print bed moves on the Y-axis. The movements are 

defined by a G-code file, which is sliced based on the STL design file. FDM is the most 

popular AM technique because of its cost-effectiveness and flexibility in using a wide 

range of polymeric materials [86]. The main processing conditions to control FDM 

manufacturing are print speed, nozzle temperature, build plate temperature, and fan speed. 

 

Figure 2.5. Fused Deposition Modeling (FDM) (Reprinted from Composites Part B: 

Engineering, Volume 110, Wang et al., 3D printing of polymer matrix composites: A 

review and prospective (reference [67, 76]), Pages 442-458, Copyright (2017), with 

permission from Elsevier) 

2.2.4 Comparison Among the Typical Commercial AM Methods 

Most commercial AM methods can be divided into three categories of VPP, PBF, and ME, 

which include FDM, SLS. SLA and a few other techniques. The manufactured products by 

these methods have a few advantages and disadvantages that are critical to be used in 

biomedical applications. 
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VPP methods operate by photopolymers, which the definition itself is a significant 

disadvantage in material selection perspective. VPP methods are beneficial in the 

manufacturing of large parts, they have excellent process accuracy, and the parts have high 

surface quality with great details. Other than the critical material selection disadvantage, 

VPP products mostly have poor mechanical properties, and their precursors are expensive. 

SLA and digital light processing (DLP) printers are the most common VPP systems [65, 

69, 70, 87, 88]. 

PBF methods are relatively inexpensive and capable of fabricating parts using metals, 

ceramics, polymers, and their composites. The manufactured parts have high specific 

strength and relatively high resolution. Also, the powder bed acts as integrated support in 

the fabrication process. Although the mentioned advantages are significant, the PBF 

techniques have a few critical disadvantages too. The method is relatively slow, requires 

high power, and has limited scalability. The manufactured parts lack proper structural 

integrity, and their finish quality depends on the precursor. The other deficiencies of PBF 

are restriction in the powder particle size and poor reusability of unsintered powder. SLS 

is one of the most common PBF methods [65, 69, 70, 87, 88]. 

ME methods have the broadest range of material selection options, including polymers, 

ceramics, composites, hybrid materials, and biological contents. This property of ME 

methods is a significant advantage in the manufacturing of biodegradable bone tissue 

scaffolds. ME fabrication systems are inexpensive and can produce multi-material and 

multicolor parts. They can also manufacture fully functional parts, the process is easily 

scalable, and they are cable of 3D printing complex structures using nanocomposites. There 

are a few drawbacks in employing ME methods, including stepped-structured surface, 
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relatively low resolution, and the requirement for relatively medium-high temperature 

processes (depend on the materials). FDM, the most common AM technique, is categorized 

as a ME method [65, 69, 70, 87, 88]. 

By considering the advantages and disadvantages of the VPP, PBF, and ME methods of 

the AM, the ME has advantages that can be critical in manufacturing biodegradable PBTSs. 

Also, it is easier to enhance the ME systems’ fabrication process to diminish their 

disadvantages. VPP methods have the significant disadvantage of materials selection, and 

PBF is not operational for biological contents and has a few processing deficiencies that 

cannot be ignored in manufacturing biodegradable PBTSs using nanocomposite materials. 

Therefore, ME is more suitable for the mentioned application among the well-known 

commercial AM methods, and this conclusion brings up the FDM as the leading ME 

method. 

2.2.5 FDM Application in 3D Printing of Composite Filaments 

In this section, applications of the FDM method in the 3D printing of composites and its 

specific application in the biomedical research field are reviewed. AM enables efficient 

and cost-effective fabrication of the final products (bone scaffolds) with advanced 

geometrical designs [89, 90]. AM, especially FDM, can manufacture polymeric products 

using a broad range of thermoplastic composites [67, 91-94]. There are several recent 

publications on the FDM printing of polymeric composites in diverse fields of research. In 

a study by Masood et al. [95], they introduced a metal/polymer composite filament for the 

FDM technique in the application of rapid tooling for injection molding. Their results 

indicated that the thermal properties of the products are acceptable for the application. In a 

research work by Perez et al. [96], the impact of reinforcement on the properties of 
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acrylonitrile butadiene styrene (ABS) matrix in FDM printing was analyzed. They assessed 

two ABS-based composites and one ABS/elastomer blend. Their result showed that ABS 

reinforced with 5% by weight TiO2 had superior ultimate tensile strength, and 

ABS/elastomer blend enhanced the parts' surface finish. In improving creep and wear 

resistance of FDM printed parts, Bustillos et al. [97] employed graphene reinforced PLA 

composites to fabricate 3D printed parts. The composite improved the wear resistance of 

the parts by 14% and indicated a significant improvement in the related properties. In 

another study on FDM printing of wear-resistant composites, Olesik et al. [98] introduced 

Low-density polyethylene (LDPE) composites reinforced by the powdered waste glass. 

The reinforcement improved LDPE's wear resistance by 50%, and the composite indicated 

promising results for low-duty frictional applications. In a research by Christ et al. [99], 

highly elastic strain sensors were developed utilizing FDM printing of thermoplastic 

polyurethane/multiwalled carbon nanotube (TPU/MWCNT) nanocomposites. They 

reported that MWCNT improved the printability of the TPU, and the introduced 

nanocomposite is an exceptional piezoresistive filament for FDM printing of the desired 

parts. In another research work, Caminero et al. [100] assessed the impact of graphene 

nanoplatelets reinforced PLA on the mechanical properties, dimensional accuracy and 

texture of FDM printed parts. They reported a significant increase in mechanical properties 

of the 3D printed parts and indicated that the graphene did not decrease the dimensional 

accuracy of the parts. In a recent research publication by Alam et al., [101], 3D printing of 

PLA reinforced by magnetic and conductive fillers using the FDM technique was 

investigated. Their findings indicated that the PLA composites exhibited a higher 

degradation rate and enhanced bioactivity than the pure PLA matrix. In another research 
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by Lin et al. [102], manufactured carbon fiber (CF) reinforced polyetheretherketone 

(PEEK) composites by FDM technique and reported improvement in tribological 

properties of the composites compared to PEEK. Dul et al. [103] manufactured graphene 

nanoplatelets (GnP)/acrylonitrile-butadiene-styrene (ABS) composite filaments in a 

solvent-free process to be used as FDM raw material. They indicated an increase in elastic 

modulus and reduction in ultimate strength by increasing the GnP content of the 

composites. Also, the GnP content caused higher thermal stability in the matrix.  

There are a significant number of scientific articles on applications of FDM printing in the 

biomedical research field. In an early research by Zein et al. [104], PCL as a bioabsorbable 

polymer was employed to fabricate honeycomb-like pattern scaffolds using the FDM 

technique for TE application. In a later study by Kalita et al. [105], polymer-ceramic 

composites were manufactured using the FDM technique with 3D interconnected designs 

to promote biocompatibility of the bone tissue scaffolds. They used polypropylene (PP) 

polymer and tricalcium phosphate (TCP) ceramic to produce the polymer-ceramic 

composites. They indicated that their proposed composites were not toxic to the human 

bone cells, cell growth was decent on the scaffolds, and the scaffold's mechanical properties 

with the lowest porosity were higher. In a research by Kim et al. [106], bone tissue scaffolds 

were manufactured by the FDM method using poly(d,l-lactide:glycolide) (DL-PLGA) and 

β-tricalcium phosphate (β-TCP) nanocomposites, which were coated by hydroxyapatite 

(HA). Their scaffolds were implanted into rabbit hosts, and the results indicated the native 

bone tissue cell growth and high biocompatibility of the scaffolds. Zhang et al. [107], 3D 

printed Fe3O4 nanoparticles/bioactive glass/Polycaprolactone (Fe3O4/MBG/PCL) 

composites to manufacture multifunctional tissue scaffolds. Their scaffolds exhibited 
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decent mechanical and biological properties, which proved their product's relative 

effectiveness as a multifunctional tissue scaffold. In producing scaffolds for the hard-tissue 

engineering field of research, Ergul et al. [108] used a 3D printing technique to manufacture 

chitosan/poly (vinyl alcohol) hydrogels containing HA. They reported that HA content 

could improve the properties of the 3D printed bone tissue scaffolds significantly. In 

another recent research by Gloria et al., [109], polyester amide (PEA) impact on the 

properties of additive manufactured PCL scaffolds were assessed, and they reported 

improvements in the properties of the PCL matrix. Based on the discussed research articles, 

the FDM technique is a significantly beneficial manufacturing method to 3D print 

composite tissue scaffolds. 

2.3 PCL/nHA/CNW Nanocomposites Material Selection for the Development of Novel 

FDM Filaments 

In recent decades, advanced polymeric nanocomposite materials for biomedical 

applications with properties superior to traditional composites are rapidly developed. 

Nanofiller reinforcements, including nanoparticles, nanofibers, and nanoplatelets due to 

their large interfacial interaction area with the polymeric matrix, can improve properties of 

the matrix more significantly than traditional biocomposites [110]. PCL is an aliphatic 

polyester that is biodegradable and biocompatible. PCL is an invaluable polymeric matrix 

for tissue scaffolds because of its outstanding properties, including nontoxicity, 

biocompatibility, gradual resorption after implantation, and stable mechanical properties 

[111-114]. PCL has a melting point of under 100℃ that makes it an excellent polymeric 

matrix for biological natural fillers. Because the natural nanofillers mainly do not degrade 

in the range of PCL melting point in the polymeric processes that include thermal melting. 
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This fantastic property offers the opportunity of blending with novel fillers to improve the 

properties of the matrix [115-118]. 

The global interest in the scientific and industrial communities to employ chitin for 

improving their products' properties is increasing in many diverse fields, including 

pharmaceutical, drug delivery, and biocomposites. Chitin is the second most abundant 

natural polymer after cellulose and most commonly is extracted from crustacean shells 

[119, 120]. Crystalline whiskers are formed by acetyl-glucosamine monomers connected 

by 𝛽 − (1 → 4) linkages as repeating units in the chitin structure. The CNW form of the 

chitin is characterized by its rod-like structure with dimensions of approximately 200-500 

nm and 10-20 nm in the length and width, respectively [121, 122]. One of the significant 

advantages of CNW is its high modulus of 200 GPa, which makes it a satisfactory 

substitute for more common natural polymers to be employed as nanofiller [123, 124]. In 

a study by Feng et al. [125], Chitin Whisker (CW)- graft- Polycaprolactone (PCL) 

thermoformable composite was manufactured for biomedical applications. They reported 

the results on hydrophobicity, mechanical strength, and elongation for three different CW-

PCL combinations, and their reported results showed a slight decrease in tensile strength 

by increasing the CW content. However, the young modulus indicated an opposite pattern. 

In another research, CW content was proven to be effective in mechanical properties 

stabilization of PCL matrix over a more extensive temperature range than pure PCL 

products [126]. In a recent research by Anwer et al. [124], CNW was used as reinforcement 

for epoxy and they analyzed the morphological, fracture, mechanical, dynamic mechanical, 

and thermal characteristics of the final products. They indicated that the CNW was 

effective in improving the properties of the epoxy matrix. They experienced self-
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agglomeration of CNWs in concentrations over 0.5% while using the traditional solvents. 

In another application of CNW in the biomedical field of research, Wang et al. [127], 

employed CNW to enhance the properties of chitosan based injectable hydrogels. They 

reported improved mechanical properties of the hydrogels with CNW content and indicated 

high biocompatibility of the products. 

Hydroxyapatite (HA) is a commonly used filler to reinforce biomedical products, 

especially in orthopedic, dental, and maxillofacial applications, because it is 

biocompatible, bioactive, and osteoconductive [13, 128, 129]. In addition to the mentioned 

advantages, multiple studies indicate that no inflammation was observed around implanted 

HA scaffolds, and HA was surrounded by bone tissues and formed an osseous combination 

with bone tissues in those types of implants [130-133]. Many studies in the literature 

employ HA as filler in the PCL matrix to improve bioactivity and mechanical properties. 

In a research work by Xiao et al. [134], HA and chitosan were used as fillers to improve 

the PCL matrix properties. They indicated that HA initially improves the composite's 

mechanical properties, but by increasing the content by more than 5%, the mechanical 

properties experienced a decrease afterward. In another research publication by El-

Habashy et al. [135], the HA/PCL blend was investigated to enhance the osteogenic 

properties of bone tissue scaffolds. They indicated that hybrid bioactive HA/PCL 

composites have higher osteogenic properties than HA for bone regeneration. 

Trakoolwannachai et al. [136], assessed a broader range impact of HA in the PCL matrix. 

They extracted the HA from eggshell waste and manufactured the composites in three 

different combinations. Their results show that HA as a filler increased the thermal stability 
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of the PCL matrix and improved the swelling behavior of the composite. Also, the presence 

of HA caused an increase in the degradation rate of the PCL matrix. 

Considering the current state of the art in the field and the literature review, PCL was 

chosen as the polymeric matrix of the nanocomposite FDM filaments in this study and, 

CNW and nHA were selected as nanofillers to enhance the properties of the matrix. To the 

best of the authors' knowledge, PCL/nHA/CNW nanocomposites are being manufactured 

for the first time to be used as FDM filaments, especially by employing green 

manufacturing methods. 

2.4 Triply Periodic Minimal Surfaces Design of Bone Tissue Scaffolds 

In recent decades, TE applications are receiving significant attention in replacing damaged 

tissues with 3D biomimetic porous scaffolds. The properties of such structures are highly 

dependent on the architecture of the scaffolds; therefore, advanced manufacturing methods 

are employed to manipulate the pore distributions and 3D designs [137-139]. AM has 

proven to be highly effective at fabricating advanced geometric scaffolds with a wide range 

of materials [89].  

The morphological properties of PBTSs considerably affect the biological and mechanical 

properties of the scaffolds [140-142]. High porosity is essential for native tissue formation 

due to the importance of cell migration and proliferation on the scaffolds, as well as 

vascularization [15]. Pores also improve mechanical interlocking in implantation and 

provide better mechanical stability [17]. On the contrary, high porosity can reduce 

mechanical strength, and the scaffolds have to be immediately functional after implantation 

and be responsive to the physical demands of the healthy surrounding tissue [50, 57]. Thus, 
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advanced 3D designs of highly porous scaffolds are necessary to achieve an acceptable 

balance between the products' biological and mechanical properties [143]. Triply Periodic 

Minimal Surfaces (TPMS) are biomimetic or biomorphic designs that are under assessment 

for 3D scaffolds and have shown favorable performances in many cases [41, 144-147]. 

TPMS scaffolds have a mean curvature of zero that can facilitate the cell regeneration 

because of the agreement with the mean curvature of trabecular bone. In addition, TMPS 

designs have high surface per volume ratio, which can be a favorable property for tissue 

scaffolds. A few examples of the TPMS designs are presented in Figure 2.6 [148]. AM 

techniques, including FDM, can manufacture these structures with tunable porosity and 

acceptable surface quality [109, 149, 150].  

 

Figure 2.6. A few examples of the Triply Periodic Minimal Surface (TPMS) designs 

(Reprinted from Journal of the Mechanical Behavior of Biomedical Materials, Volume 

99, Lu et al., the anisotropic elastic behavior of the widely-used triply-periodic minimal 

surface based scaffolds (reference [148]), Page 58, Copyright (2019), with permission 

from Elsevier) 
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Research focus on 3D design, simulation, and manufacturing of TPMS scaffolds is 

increasing in the recently published articles. Ma et al. [151] employed the selective laser 

melting (SLM) technique to manufacture and analyze 316L stainless steel bone tissue 

scaffold with the Gyroid structure. They indicated that as the volume fraction increased, 

the elastic moduli and yield stresses of the structures improved. Also, they assessed mass-

transport properties through the metallic Gyroid scaffolds by computational fluid dynamics 

(CFD) simulation and reported promising results. In another numerical study, Ali et al. 

[137] used the finite element method to assess the mechanical behavior and permeability 

of Gyroid and lattice-based rectangular unit-cell scaffolds. Lozanovski et al. [152] 

presented a modeling technique to consider the AM defects in predicting mechanical 

properties and reducing the computational cost. They employed a Monte Carlo simulation 

approach to predict the stiffness of lattice additive manufactured scaffolds. Yang et al. [41] 

proposed an analytical approach to predict the Gyroid porous structures' mechanical 

properties and verified the model by finite element modeling and SLM experimental 

results. They proved that the proposed model is reasonable for low volume fraction designs. 

Lu et al. [148] presented a numerical method and an analytical approach to assess the 

anisotropic elastic behavior of a few TPMS designs. Their results could facilitate the 

selection of TPMS designs for different applications. Al-Ketan et al. [153] manufactured 

metallic parts of Gyroid and diamond TPMS designs and assessed the effects of relative 

density grading and cell size grading on the structures' mechanical properties. They 

investigated the effects of loading direction and force transfer patterns through the 

structures. Shi et al. [154] analyzed the rabbit bone morphology by CT scans and proposed 

geometrical parameters for TPMS structures to match the mechanical properties of the 
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native rabbit bone. Speirs et al. [155] studied the fatigue behavior of SLM 3D printed 

designs including TPMS scaffolds. They indicated that TPMS designs show superior 

mechanical properties compared to the conventional octahedron lattice structures. They 

also indicated that the metallic Gyroid structures fail in 45-degree shear plain. In another  

study, Abueidda et al. [156] employed 3D printing technique to manufacture polymeric 

Gyroid structures and investigated the mechanical properties experimentally and 

numerically. They concluded that their products have acceptable mechanical strength and 

can compete with other TPMS designs. 

One of the essential features of advanced bone tissue scaffolds is biodegradability [49, 50], 

which biodegradable polymeric scaffolds can perform this capability. PBTSs should 

degrade at a predicted rate, and ideally, the regenerated tissue should occupy the 3-

dimensional space created due to the degradation [52]. Different wound conditions in 

individual patients demand different biodegradation rates [53, 54]. This fact makes the 

design of a scaffold with optimal biodegradation rate an engineering challenge. 

Understanding the impact of design on biodegradation is essential, but it is sparse in the 

literature [157]. In sum, the TPMS designs exhibited significantly promising results to be 

employed as bone tissue scaffolds, but there are many opportunities to continue research 

in this area, and there are many aspects of this topic to be explained by new experiments. 
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Chapter 3. Manufacturing and Analytical Methods 

In this chapter, the manufacturing methods of the PBTSs were discussed along with 

analytical and numerical methods to predict the scaffolds' biodegradation rate in the long 

term and perform optimization. In the first section, the design and manufacturing of the 

TMPS scaffolds with different porosities were discussed to assess the impact of design, 

porosity, and biodegradation on the mechanical and morphological properties of the PBTSs 

with advanced designs. Then, green manufacturing of the FDM nanocomposite filaments 

was explained in detail. Afterward, the Taguchi orthogonal array method was discussed to 

optimize the processing conditions of the FDM 3D printing. In the next section, the 

numerical simulation method and analytical analyses were explained to assist prediction of 

the biodegradation rate in the long term. In the last section of this chapter, a machine 

learning method was described to relate and formulate the experimental and numerical 

results, and NSGA-III multi-objective optimization method was explained to optimize the 

extracted equations. 

3.1 Triply Periodic Minimal Surfaces Designed Scaffolds 

Triply Periodic Minimal Surfaces (TPMS) designed scaffolds were manufactured using a 

single polyester material to assess the impact of design, porosity, and biodegradation on 

the scaffolds' mechanical and morphological properties independent of their material 

composition. In this section, the manufacturing and the design process of the TPMS 

scaffolds were explained.  
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3.1.1 Manufacturing 

In this section, the scaffolds were manufactured with a nozzle size of 250 μm. The scaffolds 

were 3D printed with a wall thickness of 250 µm, layer thickness of 100 µm, printing speed 

of 10 mm/min, and 100% fan speed. The g-code files of the structural designs were 

generated by employing Ultimaker-Cura 4.2.1 slicing software. PLA filament of 2.85 mm 

in diameter, manufactured by Ultimaker, was used to produce all the scaffolds. PLA is a 

cost-effective, standard, and commercially available biodegradable polyester with the same 

dominant biodegradation mechanism as PCL. Because of the mentioned reasons, PLA was 

used for this section's analyses.  

3.1.2 3D Design of Triply Periodic Minimal Surfaces Scaffolds 

The scaffold architectures were designed according to three types of TPMS: Gyroid, 

Schwarz-D, and Neovius. Gyroid (this surface is an infinitely connected TPMS and does 

not contain straight lines or planar symmetries) and Schwarz-D (this surface is in the same 

associate family as Gyroid surface. The Gyroid’s angle of association with respect to 

Schwarz-D is approximately 38°) were chosen because they are well-known TPMS designs 

for biomedical applications in the literature. The Neovius design was investigated as it has 

not been sufficiently assessed in the literature. Each structure was designed with 60% and 

80% porosities to assess the effect of porosity on the properties. All of the structures were 

fabricated as cubes of 10 mm on each side. The Gyroid structure with 60% porosity is 

shown in Figure 3.1 compared to a one-dollar Canadian coin to show the precision of the 

designs. Gyroid structure was designed using the approximated surface formulated by 

Equation 3.1 [90, 148, 158]. The approximated formulations for Schwarz-D (diamond) and 
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the Neovius surfaces are presented in Equations 3.2 [148] and 3.3 [158], respectively. The 

corresponding designed structures are illustrated in Figure 3.2. 

𝑠𝑖𝑛(2𝜋𝑥) cos(2𝜋𝑦) + sin(2𝜋𝑦) cos(2𝜋𝑧) + sin(2𝜋𝑧) cos (2𝜋𝑥) = 0 (3.1) 

𝑠𝑖𝑛(𝑥) sin(𝑦) sin(𝑧) + sin(𝑥) cos(𝑦) cos(𝑧) + cos(𝑥) sin(𝑦) cos(𝑧)

+ cos(𝑥) cos(𝑦) sin(𝑧) = 𝑐 
(3.2) 

6(cos(2𝜋𝑥) + cos(2𝜋𝑦) + cos(2𝜋𝑧)) − 4 cos(2𝜋𝑥) cos(2𝜋𝑦) cos(2𝜋𝑧) = −3 (3.3) 

 

Figure 3.1. Gyroid structure with 60% porosity compared to a one-dollar coin 

 

 

Gyroid 60% 

 

Schwarz-D 60% 

 

Neovius 60% 

Figure 3.2. TPMS scaffold designs in this study 
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3.2 Green Manufacturing of the PCL/nHA/CNW Nanocomposite FDM Filaments 

3.2.1. Materials 

As discussed in the background and literature survey section, the novel PCL/nHA/CNW 

nanocomposites are selected for this study. As mentioned, to the best of our knowledge, 

these nanocomposites are being manufactured for the first time as FDM filaments and 

especially by using a green manufacturing method. Polycaprolactone (PCL), with an 

average Mn of 80,000 (melt flow index equal to 2.01 - 4.03), in the form of pellets (by 

Sigma-Aldrich), was used as the main polymeric matrix for the FDM filaments. 

Hydroxyapatite (nHA) nanopowder with particle size of lower than 200 nm from Sigma-

Aldrich (molecular weight of 502.31 g/mol and specific surface area of higher than 9.4 

m2/g) and Chitin-Nano-Whisker (CNW) provided by BOCO Bio-Nanotechnologies Inc. 

(density of 1.45 g/cm3, dimensions (L/W) of 200-500 nm/10-20 nm and specific surface 

area of 200-300 m2/g) were used as the nanofillers. 

3.2.2. Green Manufacturing of the FDM Filaments 

The green manufacturing of bio-nanocomposites is necessary due to health risk issues of 

commonly used toxic solvents, and the ionic solvents present a solution [159-161]. Ionic 

solvents are referred to as green solvents because they have significant advantages, 

including nontoxicity, non-volatility, easy recycling, non-flammability, and thermal 

stability [162, 163]. Many recent research works are using ionic solvents for manufacturing 

biocomposites. In a research study by Xiong et al., [160], 1-butyl-3-methylimidazolium 

chloride (BMIMCl) was used as an ionic solvent to manufacture cellulose/PCL blend films. 

They reported promising results on producing the proper solution blend, and their final 
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product quality was improved as well. These types of solvents specifically presented the 

opportunity to use the chitin more commonly in bio-nanocomposites; chitin shows 

dissolubility in most of the common solvents due to its structure, and the ionic solvents can 

be the solution [161]. In a research by Xie et al. [159], BMIMCl was employed to dissolve 

chitin and chitosan in the application of reversible sorbents of CO2. The solvent was 

effective in dissolving chitin and chitosan, and the products show significant CO2 sorption 

capacity. 

In this study, the composites were manufactured using green methods, and no toxic 

solvents were employed to distribute the nanoparticles in the matrix. The nanocomposite 

filaments were manufactured in three stages. The first stage was the distribution of the 

nanofillers in the PCL matrix using a green solvent. The second and third stages were 

extrusion based to inspect the quality, enhance the blending and manufacture the standard 

FDM filament.  

3.2.2.1 Stage One: Distribution of the Nanofillers in the PCL Matrix Using Green 

Solvents 

1-Butyl-3-Methylimdazolium chloride (BMIMCl) purchased from Sigma-Aldrich was 

employed as an ionic solvent to manufacture the green nanocomposites. This stage is the 

most critical part of the manufacturing process because it is essential to distribute the 

nanofillers evenly in the matrix and avoid the accumulation of the nanofillers in one spot 

(especially CNW), which makes obstacles to the FDM printing of the filaments. 

The BMIMCl solvent was added to a beaker, and then the nanofillers were added to the 

solvent [160] and heated up to 90℃. After 4 hours of mechanical stirring, the PCL pellets 
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were added to the solvent gradually in the next 5 hours, and the final solution was stirred 

for 30 hours, and at the end, the ionic solvent was removed [160, 164, 165]. 

3.2.2.2 Stages Two and Three: Extrusion 

The previous section's produced composites were extruded using a single screw extruder 

with a nozzle diameter of 1.75 mm and nozzle temperature of 90℃ ± 5℃. This first 

extrusion stage was intended to enhance the mixing process, and also the product was used 

to inspect the quality of the composites. If the ionic solvent was not completely removed 

before extrusion, the color of the material would change to dark brown during the 

extrusion. In such cases, the extruded composites were discarded. At the next inspection 

level, the Thermo-Gravimetric Analysis (TGA) results were used to confirm the solvent's 

removal. The acceptable nanocomposites were pelletized and again extruded with a nozzle 

size of 2.85 mm to produce standard filaments for FDM printing. The extrusion nozzle 

temperature was set to 100℃ in all of the extrusion processes.  

3.2.3 The Composition of Final Nanocomposite Filaments 

The compositions of the manufactured nanocomposite filaments are listed in Table 3.1. 

The maximum percentage of the fillers was kept at 3% by weight; because CNW is in 

emulsion form in water, distributing high percentages of CNW in the matrix is a great 

challenge as they intrinsically intend to accumulate [124]. Also, successful FDM printing 

of the nanocomposite filaments was possible just for under 4% of CNW content; with the 

4% CNW content, the extruder was clogged, and continuous printing was impossible. 

Multiple batches of each type of filament were produced to ensure the repeatability of the 

characterization results. Figure 3.3 represents the manufactured filaments. 
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Table 3.1. Manufactured nanocomposite FDM filaments 

Nanocomposite PCL (wt. %) nHA (wt. %) CNW (wt. %) 

PCL 100 0 0 

P-nHA1 99 1 0 

P-nHA2 98 2 0 

P-nHA3 97 3 0 

P-CNW1 99 0 1 

P-CNW2 98 0 2 

P-CNW3 97 0 3 

P-nHA1.5-CNW1.5 97 1.5 1.5 

P-nHA1-CNW2 97 1 2 

P-nHA2-CNW1 97 2 1 

 

 

Figure 3.3. The manufactured nanocomposite FDM filaments 
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3.3 Optimized 3D Printing of the Nanocomposites Using the Taguchi Method 

Numerous experiments have to be performed to achieve optimal processing conditions for 

3D printing of the nanocomposites. Taguchi orthogonal array is a method to save time and 

resources in these types of investigations and reduces the number of experiments to a 

reasonable number. This technique performs optimization by considering control 

parameters and their responses, which are defined and calculated by the operator. The 

optimal results of the processing conditions are predicted by analysis of variance [166-

169]. Taguchi method is introducing the variations by the signal-to-noise ratio factor, and 

the optimal parameters are selected based on the experimental processing conditions with 

the highest signal-to-noise ratio [170, 171].  

Therefore, the Design of Experiment (DoE) and Taguchi orthogonal array were used to 

optimize the processing conditions of the newly introduced nanocomposite filaments. Print 

speed, nozzle temperature, build plate temperature, and fan speed of the FDM 3D printing 

of the manufactured composites are the critical processing condition for the experiments; 

three levels of variations were defined for each of the parameters. The L9 three-level 

Taguchi orthogonal arrays were proposed to address the experimentation of four 

parameters with three levels of variation. Table 3.2 lists the standard Taguchi L9 proposed 

experiments [172]. In Table 3.2, the numbers 1, 2, and 3 represent the low, medium, and 

high levels of a factor, respectively. 

The Design-Expert DoE software was employed to apply the Taguchi method and optimize 

the results. As shown in Figure 3.4, the Taguchi method was selected, and the four 

parameters, their units, and the three levels are defined in the software. The study type was 

set to randomized factorial analysis.  Based on the defined parameters in this study, the 
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Taguchi orthogonal array recommended experiments are shown in Table 3.3 (the run 

numbers are not listed in the standard order of the Taguchi method). The experiments were 

performed, and the results were analyzed by Design-Expert software. The final products’ 

layer thickness, structural integrity, and compressive strength were analyzed to investigate 

the optimal processing conditions. Structural integrity was defined as a qualitative factor 

in the range of 0-100 (0, 25, 50, 75, 100) based on regular 3D printed parts visual 

inspections; 100 for the best structural integrity and 0 for the worst.  

 

Table 3.2. Taguchi L9 (four parameters with three levels) [172] 

Experiment Number Parameter 1 Parameter 2 Parameter 3 Parameter 4 

1 1 1 1 1 

2 1 2 2 2 

3 1 3 3 3 

4 2 1 2 3 

5 2 2 3 1 

6 2 3 1 2 

7 3 1 3 2 

8 3 2 1 3 

9 3 3 2 1 
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Figure 3.4. Parameters and their defined levels in the Design-Expert software for the 

Taguchi design (Screenshot) 

 

Table 3.3. The Taguchi orthogonal array proposed experiments 

Run 
Print speed 

(mm/s) 

Nozzle Temperature 

(℃) 

Build plate temperature 

(℃) 

Fan speed 

(%) 

1 15 100 50 80 

2 20 80 50 90 

3 15 120 30 90 

4 10 100 40 90 

5 15 80 40 100 

6 20 120 40 80 

7 10 120 50 100 

8 20 100 30 100 

9 10 80 30 80 
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3.4 Simulation and Prediction of Long-term Biodegradation Rate 

In this section, the finite element analysis method was employed to estimate the 

biodegradation rate and behavior of 3D printed polyester-based scaffolds with Gyroid 

designs in the long term. Understanding the degradation properties of polymeric scaffolds 

in biomedical applications is essential as it has considerable impact on the cell growth and 

structural integrity of the scaffolds with time. Gyroid structures were studied as they are 

one of the most commonly used TPMS scaffolds for biomedical applications [90]. 

Hydrolytic degradation was simulated by employing the COMSOL software package. In 

the first stages, the biodegradation of a polyester (PLA) was estimated by considering bulk 

and surface erosion, and mass loss of the scaffolds was predicted using the methods in the 

literature. PLA was used initially to validate the numerical results with the literature. 

Finally, the methods and analyses were linked to PCL matrix properties, and the 

biodegradation behavior of the manufactured nanocomposites was estimated in the long 

term. Although many factors affect the degradation rate of 3D printed scaffolds, which 

makes precise prediction not feasible, the method used in this study can help predict and 

understand the scaffolds' biodegradation rate in the long term by connecting numerical 

simulation, analytical assessments, and experimental data. 

3.4.1 Introduction 

Biodegradation of aliphatic polyesters including PLA and PCL is affected by five major 

chemical and physical factors, including polymer composition [173], degradation media 

[174], crystallinity and polymer morphology [175, 176], molecular weight [177, 178] and, 

the scaffolds geometry and morphology [179, 180]. Due to the high importance of the 

geometry of the scaffolds [181, 182], the 3D design of the tissue scaffolds is relevant to the 
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biodegradation rate and pattern of the structures [90, 157, 183, 184] and can be one of the 

factors to manipulate the biodegradation rate and pattern. In recent experimental research 

on the effect of design on biodegradation, it was shown that the Gyroid structure exhibits 

a very different pattern of biodegradation than simple cubic designs of bone tissue 

scaffolds, which makes Gyroid structure a more favorable design to manufacture a 

biodegradable bone tissue scaffold [90].  

The study of the biodegradation process is time-consuming, as the experimental analysis 

has to be done in an extended period. Therefore, numerical modeling of the scaffolds' 

biodegradation process receives significant attention in the literature [185]. Polymer chain 

scission is the primary chemical reaction that causes biodegradation of the aliphatic 

polyesters and follows by diffusion of monomers and oligomers [186]. Various 

mathematical models were developed to analyze this phenomenon. In a few studies, 

stochastic hydrolysis and erosion models were developed to predict mass loss and drug 

release, but they could not consider the autocatalytic effect in the hydrolysis reaction, 

which is a critical factor in many polyesters [187-189]. In a study by Zhang et al. [190], a 

model was presented which combined degradation and erosion phenomena. The model was 

over-complicated in practical applications and did not consider the autocatalytic effect of 

the hydrolysis process. In the model developed by Gopferich [191], biodegradation was 

divided into two phases by defining a critical molecular weight. They considered that 

before the molecular weight reaches the critical value, the mass loss can be neglected, but 

afterward, the structure would experience a large immediate mass loss [192]. Their model 

was incapable of linking degradation and erosion phenomena, and there was a considerable 

gap between their results and the available experimental data [193, 194]. Pan and Wang et 
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al. developed a reaction-diffusion model that considers the autocatalytic effect of the 

hydrolysis process and is valid for polyesters [184, 195]. The developed model can be 

applied in commercial software, including COMSOL, to simulate the hydrolytic 

biodegradation for the advanced geometries [184]. In a recent study by Sevim et al. [186], 

a proper connection was made between hydrolytic biodegradation and erosion to improve 

the previous model and provide a complete picture of the mass loss. 

In this study, the hydrolytic biodegradation process of Gyroid-based scaffolds was 

simulated using COMSOL commercial software, coupled with the SOLIDWORKS part 

design, using the presented mathematical models in the literature. The inherent property of 

FDM 3D printed structures, which are consist of repeating units of extruded filaments, was 

used to present an interpretation for hydrolytic biodegradation of 3D printed Gyroid 

scaffolds. In the end, the mass loss of the scaffolds was estimated by considering both bulk 

and surface erosion. 

3.4.2 Hydrolysis of Polyesters 

Hydrolysis of polyesters (PLA, PCL, and …) is defined as the reaction of water molecules 

with the polyester's ester bonds. This process results in the chain scission process of the 

polyester. Figure 3.5 and Equation 3.4 demonstrate the chain scission process of polyesters 

that was used for numerical simulation in this study [184]. The reaction of water molecules 

with the ester bonds yields two products, including a hydroxyl alcohol group (R ′ –OH) 

and a carboxylic acid end group (R–COOH), as shown in Equation 3.4: 

𝐸𝑆𝑇𝐸𝑅 𝐵𝑂𝑁𝐷 + 𝐻2𝑂 
𝐻+

→  𝑅 − 𝐶𝑂𝑂𝐻 + �́� − 𝑂𝐻                                                      (3.4) 



49 

 

where R and R ′ stand for the remainders of the polymeric chain. 𝐻+ catalyzes the reaction 

and because of the high degree of acid dissociation in the carboxylic end groups the 

reaction is autocatalytic. 

The total number of chain scissions of the ester bonds per unit volume of the material is 

defined as 𝑅𝑠. The changing rate of 𝑅𝑠 is represented in Equation 3.5 [195, 196]: 

𝑑𝑅𝑠

𝑑𝑡
= 𝑘1𝐶𝑒 + 𝑘2

⟋𝐶𝑒𝐶𝐻+                                                                                                  (3.5) 

where 𝑘1and 𝑘2
⟋ stand for the reaction constants, 𝐶𝑒 is the concentration of ester bonds, and 

𝐶𝐻+  is the concentration of 𝐻+.The hydrolytic biodegradation process depends on the 

defined terms. The next section presents the evolved and final equations, which were 

employed in this study.  

 

Figure 3.5. Hydrolysis process of polyesters (PLA as an example) (Reprinted from 

Modelling degradation of bioresorbable polymeric medical devices, Pan et al. (reference 

[184]), Modelling degradation of amorphous biodegradable polyesters: basic model, 

Pages 15-31, Copyright (2015), with permission from Elsevier) 



50 

 

3.4.3 Mathematical Equations 

The mathematical equations were defined based on the chain scission and the short chains' 

diffusion (small dissolvable molecules) [184]. Equation 3.6 is the partial differential 

equation (PDE) of the polymer chain scissions: 

𝑑𝑅𝑠

𝑑𝑡
= 𝐶𝑒0 [1 − 𝛼 (

𝑅𝑠

𝐶𝑒0
)
𝛽

] [𝑘1 + 𝑘2𝐶𝑒0
𝑛 [

1

𝑚
(
𝐶𝑜𝑙

𝐶𝑒0
)]
𝑛

]                                                         (3.6) 

where 𝑅𝑠 is the mole concentration of polymer chain scissions, 𝐶𝑜𝑙 is the mole 

concentration of dissolvable small molecules, and 𝐶𝑒0 is the initial mole concentration of 

ester bonds of the polymer chain. 𝑘1and 𝑘2 stand for the rates of non-catalytic and 

autocatalytic hydrolysis reactions, respectively. Parameters α and β are empirical 

parameters of the production rate of the small molecules by chain scission, m is the average 

degree of polymerization of the small molecules, and n is the exponent for acid 

dissociation.  

Equation 3.7 defines the PDE for the diffusion of the short chains: 

𝑑𝐶𝑜𝑙

𝑑𝑡
= 𝛼𝛽 (

𝑅𝑠

𝐶𝑒0
)
𝛽−1 𝑑𝑅𝑠

𝑑𝑡
+ ∑

𝜕

𝜕𝑥𝑖
(𝐷

𝜕𝐶𝑜𝑙

𝜕𝑥𝑖
)3

𝑖=1                                                                    (3.7) 

where D is the diffusion coefficient of small molecules in the biodegrading polymer and is 

defined by Equation 3.8. Parameter 𝑉𝑝𝑜𝑟𝑒 in the Equation 3.8 is defined in Equation 3.9, 

which stands for the porosity of the polymer caused by the loss of the small molecules. 

𝐷 = 𝐷𝑝𝑜𝑙𝑦𝑚𝑒𝑟 + (1.3𝑉𝑝𝑜𝑟𝑒
2 − 0.3𝑉𝑝𝑜𝑟𝑒

3 )(𝐷𝑝𝑜𝑟𝑒 − 𝐷𝑝𝑜𝑙𝑦𝑚𝑒𝑟)                                         (3.8) 

𝑉𝑝𝑜𝑟𝑒 =
𝑅𝑜𝑙−(𝐶𝑜𝑙−𝐶𝑜𝑙0)

𝐶𝑒0
= 𝛼 (

𝑅𝑠

𝐶𝑒0
)
𝛽

−
𝐶𝑜𝑙−𝐶𝑜𝑙0

𝐶𝑒0
                                                                  (3.9) 
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In Equation 3.8, 𝐷𝑝𝑜𝑙𝑦𝑚𝑒𝑟 and 𝐷𝑝𝑜𝑟𝑒 are diffusion coefficients of the small molecules in 

the non-degraded polymer and liquid-filled pores, respectively. In Equation 3.9, 𝐶𝑜𝑙0 stands 

for the concentration of residual monomers that may exist in the polymer. Equation 3.10 is 

the final equation that calculates the average molecular weight using the results of the 

previously defined PDEs: 

𝑀𝑛

𝑀𝑛0
=

1−𝛼(
𝑅𝑠
𝐶𝑒0
)
𝛽

1+𝑁𝑑𝑝0((
𝑅𝑠
𝐶𝑒0
)−(

𝛼

𝑚
)(
𝑅𝑠
𝐶𝑒0
)
𝛽
)

                                                                                      (3.10) 

where 𝑀𝑛0 is the initial averaged molecular weight and 𝑁𝑑𝑝0 was defined in Equation 3.11, 

which 𝑀0 is the molecular weight of a single repeating unit of the polymer. The constant 

values for the simulation were used, as reported by Pan [184]. 

𝑁𝑑𝑝0 =
𝑀𝑛0

𝑀0
                                                                                                                   (3.11) 

3.4.4 3D Design and Meshing 

Gyroid structures were designed using SOLIDWORKS commercial software, and they 

were imported to COMSOL geometry afterward. Figure 3.6 represents the designs in the 

3D space, x-y plane, and z-x plane. In addition to Gyroid design, three geometries, based 

on the shape of 3D printed filaments, were designed to reach an approximation factor for 

the 3D printed parts, as reported in Table 3.4. In the filament-based scaffolds' design, the 

extruded filaments were considered to be cylindrical and have the same percentage of 

overlapping volume for each deposition layer. The initial 3D simulation of Gyroid 

structures was performed for the uniform Gyroid scaffold, but the 3D printed structures are 

made by the deposition of filaments, and an approximation factor is crucial to relate the 
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simulation results. Three different mesh networks were used for the numerical simulation, 

and a mesh sensitivity analysis was performed to reach a precise meshing network with the 

lowest computational cost. This analysis was discussed in a separate section of the results 

and discussions. 

   

Figure 3.6. 3D designed Gyroid scaffold for numerical simulations 

Table 3.4. The filament-based designs for numerical simulations 

Sample Filament diameter (µm) 
Number of adjacent extruded 

filaments 

F-TH0.5 240 2 

F-TH1 240 4 

F-TH1.5 240 6 

 

 

3.4.5 Partial Differential Equation Inputs and Boundary Conditions 

A transient form was defined in Equation 3.12 to solve the general form PDE equations in 

the COMSOL. 

{
 

 𝑒𝑢
𝜕2𝑢

𝜕𝑡2
+ 𝑑𝑎

𝜕𝑢

𝜕𝑡
+ 𝛻. Г = 𝑓                   𝑖𝑛 𝛺

−𝑛. Г = 𝐺 + (
𝜕𝑅

𝜕𝑢
)
𝑇

µ                         𝑜𝑛 𝜕𝛺

0 = 𝑅                                                      𝑜𝑛 𝜕𝛺

                                                               (3.12) 
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In this equation, 𝞨 is the computational domain, and 𝝏𝞨 is the domain boundaries. 

𝑢 represents the PED variable and is equal to (𝑅𝑠, 𝐶𝑜𝑙)
𝑇 in this study. The terms of 𝑒𝑎, 𝑑𝑎, Г 

and 𝑓 are mass coefficient, damping coefficient, conservative flux vector, and the source 

term, which were defined based on Equations 3.6 and 3.7. Equations 3.13 – 3.16 represent 

these terms of the numerical model. 

𝑒𝑎 = [
0 0
0 0

]                                                                                                                 (3.13) 

𝑑𝑎 = [
1 0

(−𝛼𝛽) (
𝑅𝑠

𝐶𝑒0
)
𝛽−1

1
]                                                                                         (3.14) 

Г𝑅𝑠 = [
0
0
0
], Г𝐶𝑜𝑙 =

[
 
 
 
 −𝐷𝑥

𝜕𝐶𝑜𝑙

𝜕𝑥

−𝐷𝑦
𝜕𝐶𝑜𝑙

𝜕𝑦

−𝐷𝑧
𝜕𝐶𝑜𝑙

𝜕𝑧 ]
 
 
 
 

                                                                                       (3.15) 

𝑓 = [𝐶𝑒0 [1 − 𝛼 (
𝑅𝑠

𝐶𝑒0
)
𝛽

] [𝑘1 + 𝑘2𝐶𝑒0
𝑛 [

1

𝑚
(
𝐶𝑜𝑙

𝐶𝑒0
)]
𝑛

]

0

]                                                      (3.16) 

The initial values of the numerical simulations were considered as follow [184]: 

𝑅𝑠𝑖𝑛 = 0, 𝐶𝑜𝑙𝑖𝑛 = 𝐶𝑜𝑙0, 
𝜕𝑅𝑠𝑖𝑛

𝜕𝑡
= 0, 

𝜕𝐶𝑜𝑙𝑖𝑛
𝜕𝑡

= 0 

3.5 Machine Learning and Multi-Objective Optimization 

In this study, many experiments and simulations were performed to assess the impact of 

various factors on the performance of the bone tissue scaffolds. The impact of the TPMS 

designs and their porosity on the mechanical and morphological properties of the PBTS, 

before and after biodegradation, was assessed in an independent study from the variations 

of the material composition. The logical relations between the properties were extracted 
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and discussed. In another part of the experimental works, the PCL/nHA/CNW 3D printed 

nanocomposite PBTSs were developed, processed, and characterized, and all of the 

properties were reported independent from the structural design of the scaffolds. These 

experiments revealed explanations and relations to understand the impact of the 

nanocomposite materials on the properties of the scaffolds. These two parts were connected 

to achieve more comprehensive formulations to model the properties of the PBTSs. 

Because the impacts of the design and porosity were analyzed independently from the 

material composition (were achieved for a single polyester), the relations were applied to 

the experiments' results on PCL/nHA/CNW PBTSs, as those experimental results were 

achieved in an independent study (from the 3D design properties) too. These experimental 

works have been followed by numerical simulation and analytical assessments to 

extrapolate the results on the biodegradation rate of the products to the long term. 

All of the achieved results were analyzed using machine learning to predict and formulate 

the responses and generate multiple functions, one for each response. Afterward, these 

functions were optimized to recommend non-dominated options employing multi-

objective optimization. 

3.5.1 Meta-Modeling Using Genetic Programming 

3.5.1.1 Introduction 

Machine learning is used for meta-modeling of discrete experimental and numerical 

simulation data. Eureqa software, which uses Genetic Programming (GP), was employed 

to perform the meta-modeling of the data [197]. GP is a sub-branch of evolutionary 

algorithms that is used to achieve a symbolic regression tree corresponding to a 
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mathematical formula to fit a data set [198]. The fitting process is based on the optimization 

structure that minimizes the error of the symbolic tree (compared to the original set of data) 

by regression. This property makes the GP an excellent candidate for meta-modeling of 

complex experimental sets of data [199, 200].  

The symbolic regressions (solutions) are generated to shape an initial population, which is 

a set of solutions at an iteration of the algorithms. A tree-based encoding creates these 

initial expressions. An example of these expressions is shown in Figure 3.7 for the example 

of 10𝑥𝑡𝑎𝑛(2𝑥 + 3). The expressions are consist of two types of parameter groups, 

including functional primitives and a terminal set. For example, the functional primitives 

of the expression in Figure 3.7 are ×,+, and 𝑡𝑎𝑛, which are generally n-ary arithmetic 

functions. A terminal set consists of constants, decision variables, and other system 

parameters that supply the functions' arguments. The initial expressions are evolving 

through the process, and in each stage, they are associated with a fitness value that indicates 

the expression’s accuracy. In each stage, the algorithm evolves new solutions by using the 

previously generated solutions. Evolutionary variation mechanisms, including crossover 

and mutation, lead to many solutions constituting a population. After creating a population, 

the system operates by parent selection procedure, which means to choose solutions to 

extract new solutions from them. These expressions are called parent and offspring 

expressions. Crossover creates two offspring by interchanging parts of the parent 

expression trees, as shown in Figure 3.8. The mutation is applied in random alterations on 

a node-by-node basis of a branch or terminal node to produce new solutions, as shown in 

Figure 3.9. The final goal is to achieve a meta-model with an acceptable fitness value to 

the original data sets [198, 200]. 
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Figure 3.7. Tree-based representation of GP expressions for an example function 

 

 

Figure 3.8. Parent and offspring expressions created by crossover operation. Parent 1: 

Π*tan; parent 2: a*𝑟2; offspring 1: Π*𝑟2; offspring 2: a*tan 
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Figure 3.9. Mutation: before mutation, the function is  10𝑥𝑡𝑎𝑛(2𝑥 + 3), and after 

mutation, it transforms to  10𝑥/𝑡𝑎𝑛(2𝑥 + 3) 

 

3.5.1.2 Meta-modeling Definitions and Assumptions 

An initial population has to be defined to perform the meta-modeling of an experimental 

or a numerical simulation set of data. In this study, six objective functions as 𝑓1 − 𝑓6were 

extracted, which are the functions for (1) compressive strength, (2) average apparent 

modulus, (3) compressive strength after four months of biodegradation, (4) average 

apparent modulus after four months of biodegradation, (5) biodegradation percentage after 

six months, and (6) cell proliferation (OD × 1000), respectively. These functions were 

defined based on three variables of 𝑋1, 𝑋2 𝑎𝑛𝑑 𝑋3, which stand for the percentage of nHA 

filler in the nanocomposites, percentage of CNW filler in the nanocomposites, and porosity 

percentage of the Gyroid structural design of the scaffolds, respectively. 

The initial populations to extract these objective functions were defined using the data 

reported in sections 5.1, 5.4, 5.5, and 5.6. In the 𝑓1  and 𝑓2, the impact of design and porosity 
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on the mechanical properties that were reported in section 5.1, were superimposed on the 

impact of the nanocomposite filaments on the mechanical properties of the 3D printed 

PBTSs, which were reported in section 5.4; the initial population results were also 

experimentally confirmed for the PCL scaffolds, to assure the acceptable accuracy. The 

initial populations to extract the 𝑓1  and 𝑓2 objective functions are demonstrated in Figures 

3.10 and 3.11. In the 𝑓3  and 𝑓4, the impact of biodegradation on the mechanical properties 

of the Gyroid scaffolds that were reported in section 5.1, The results reported in section 5.4 

and the results of biodegradation rate in the long term that were achieved in section 5.6, 

were combined to define the initial population; these initial population results were also 

experimentally confirmed for the PCL scaffolds, to guarantee the acceptable precision. The 

initial populations to extract the 𝑓3  and 𝑓4 objective functions are demonstrated in Figures 

3.12 and 3.13. The initial population to extract the 𝑓5 , was defined based on the reported 

results in section 5.6 and is shown in Figure 3.14. The initial population to extract the 𝑓6 , 

was defined using the reported data in section 5.5 and by considering a positive impact 

factor for an increase in the porosity of the design that was experimentally confirmed for 

the PCL scaffolds to assure the acceptable accuracy. The initial population to extract the 𝑓6  

objective function is demonstrated in Figures 3.15. 
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Figure 3.10. The initial population to extract the 𝑓1  function using the meta-modeling 

 

Figure 3.11. The initial population to extract the 𝑓2  function using the meta-modeling 
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Figure 3.12. The initial population to extract the 𝑓3  function using the meta-modeling 

 

Figure 3.13. The initial population to extract the 𝑓4  function using the meta-modeling 
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Figure 3.14. The initial population to extract the 𝑓5  function using the meta-modeling 

 

Figure 3.15. The initial population to extract the 𝑓6  function using the meta-modeling 



62 

 

3.5.2 Multi-Objective Optimization 

The achieved objective functions by meta-modeling are optimized using the NSGA-III 

method. The NSGA-III algorithm was performed employing the PlatEMO MATLAB-

based platform [201]. This method is designed to encounter numerous objectives at the 

same time. The algorithm is the third generation of NSGA algorithms proposed by Deb 

and Jain [202, 203] to handle many-objective constrained optimization problems. The 

algorithm steps of NSGA-III (NSGA-III algorithm flowchart is shown in Figure 3.16 ) are 

described as follow [202, 204]: 

1. Calculating the number of reference points to place on a Hyper-Plane 

2. Generating the initial population randomly by considering the resources assignment 

constraints 

3. Applying the non-dominated population sorting mechanisms 

4. for 𝑖 = 1 stopping criteria do 

5. Selecting two parents P1 and P2, using the tournament method 

6. Applying the crossover with a probability of 𝑃𝑐 

7. Applying the non-dominated population sorting mechanisms 

8. Normalizing the population members 

9. Associating the population members with the reference points  

10. Applying the niche preservation operation 

11. Keeping the niche obtained solutions for the next generation 

12. end for 
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Figure 3.16. Flowchart of the NSGA-III optimization algorithm 
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In the optimization process, the six objective functions are defined as 𝑓1 − 𝑓6. The 

percentage of nHA content in the nanocomposites (𝑋1) and percentage of CNW content in 

the nanocomposites (𝑋2) were considered  0 ≤ 𝑋1 ≤ 3 and 0 ≤ 𝑋1 ≤ 3  to match the 

experimental results and the manufacturing restrictions. Also, 𝑋1 + 𝑋2 was defined to be 

equal and lower than 3. The porosity percentage of the Gyroid designed scaffolds (𝑋3) was 

defined as 60 ≤ 𝑋3 ≤ 90 to match the practical region close to the experimental data. 

Optimization was performed to maximize all of the functions to have maximum initial 

mechanical properties, mechanical properties after four months of biodegradation, 

biodegradation rate after six months, and cell proliferation. The results are reported as a set 

of non-dominated options for the optimal responses of the functions. 

 

 

 

 

 

 

 

 

 



65 

 

Chapter 4. Characterization Methods 

In this chapter, the employed methods to experimentally characterize the manufactured 

experimental specimen are introduced and explained. This study has been focused on two 

general types of products, including polyester scaffolds with advanced TPMS designs and 

PCL/nHA/CNW nanocomposite PBTSs. To assess the impact of design, porosity, and 

biodegradation on the mechanical and morphological properties of the PBTS, 3D structures 

with advanced TPMS designs and different porosities were manufactured using PLA, 

which is a polyester with the same type of dominant biodegradation mechanism of PCL. 

These experiments were defined to investigate the mentioned characteristics independent 

of the material composition of the scaffolds. In the next set of experiments, the 

nanocomposite 3D printed scaffolds were characterized to assess their material 

composition precision, mechanical properties, and biological characteristics. These 

characterizations are designed to assess the properties of FDM printed nanocomposites 

independent from their 3D design. The combinations of methods and analyses explained 

in this chapter will lead to analyzing the essential properties of the scaffolds. 

4.1 Effect and Impact of Design, Porosity, and Biodegradation on the Mechanical and 

Morphological Properties of the Scaffolds 

The main aim of this section is to assess the effects of design, porosity, and biodegradation 

on the mechanical and morphological properties of triply periodic minimal surface (TPMS) 

scaffolds. The TPMS scaffolds were designed and manufactured with different porosities 

using the fused deposing modeling (FDM) technique. The biodegradation tests on the 

scaffolds were performed for four and six months. The mechanical properties were 



66 

 

assessed employing ASTM standard compression test and an in-situ mechanical testing 

stage. The Microcomputed tomography (Micro-CT) technique was used to investigate 

detailed morphological properties of the scaffolds in 3D.  

4.1.1 Mechanical Testing 

Two methods were used to measure the mechanical properties of the designed scaffolds. 

In one, an in-situ testing stage of Micro-CT scanner SkyScan 1172 Bruker was employed 

at different stages of compression testing. The compression tests were carried out with a 

very low displacement rate. 3D scanning of the experimental samples was carried out at 

strains of 0%, 5%, and 10% before biodegradation and at strains of 0% and 3% after 

biodegradation to observe the effect of load on the morphology of the structures. The strain 

values for the 3D scans were chosen before reaching the mechanical failure of the scaffolds. 

All the tests were performed on the scaffolds before and after biodegradation to assess the 

impact of biodegradation on the mechanical properties. The images were captured with a 

pixel size of 8.99 µm, and the flat field correction was done to ensure the quality of the 

captured images [205-208]. The voltage and current of the X-Ray source were adjusted at 

67 kV and 147 µA, respectively. The 360° scans were performed with 0.6° steps, and an 

average of 5 images per step were taken. 

In the other method, the compression tests were performed on the scaffolds before and after 

biodegradation, using ASTM D1621-16 standard [209]. The tests were performed on at 

least five samples per design, as required by the ASTM standard. The tests were done using 

Lloyd LS100 Plus Materials Testing Machine with a displacement rate of 0.75 mm/min 

and test termination strain of 50%. 
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4.1.2 Biodegradation Impact Assessment 

The biodegradation assessments of the designed structures were performed after extended 

periods of 4 and 6 months. PBTS should preserve a portion of their mechanical strength 

and morphological properties over the biodegradation period to assist the native tissue to 

grow appropriately. This process will take a few months for the majority of applications 

[53]. Therefore, 4 and 6 months of biodegradation periods were chosen to analyze the 

variations of these properties. The scaffolds were kept in RPMI-1640 medium (from 

Sigma-Aldrich) inside an incubator, at the temperature of 37℃ with 5% carbon dioxide 

atmospheric condition. Multiple samples of each design were assessed. After the 

biodegradation period, the samples were washed using phosphate buffer saline (PBS) 

solution and iso-propyl alcohol 70%, and then they were air-dried at 40℃ for 8 hours 

before the assessments. 

High-resolution SkyScan 1172 (Bruker, Belgium) Micro-CT scanner was employed to 

study the biodegradation effects on the scaffolds' morphology. A Hamamatsu C9300 11 

Mp camera with a pixel size of 8.99 µm was used to capture the images. The details of the 

Micro-CT conditions were maintained the same as the conditions explained in Section 

4.1.1. 

4.2 Material Characterization  

4.2.1 Thermo-Gravimetric Analysis (TGA) 

The nanocomposites matrix (PCL) and the nanofillers employed in this study have 

distinguished thermal degradation behaviors, including mass loss patterns and the final 

residual weight percentage. By taking advantage of these properties, TGA was employed 
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to investigate the accuracy of the manufactured composites based on ASTM E1131 – 20 

standard [210]. PCL and CNW, along with all of the manufactured nanocomposite 

filaments, were heated at the rate of 10 ℃/min from 0℃ to 600℃. The patterns and 

residual weight of the composites were compared with the raw materials' patterns, and the 

content percentages of the nanocomposites were investigated. This process was done as the 

final material characterization method and as a quality control step during the 

manufacturing of the nanocomposites.  

4.2.2 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectra of the selected manufactured nanocomposite filaments were recorded 

employing a Perkin Elmer Spectrum 100 FT-IR spectrometer to identify the presence of 

the functional groups related to the nanofiller components in the nanocomposites. KBr 

powder was used as the matrix to fabricate the FTIR pellets for the tests. The transmission 

method was employed for the tests at room temperature. The spectra were recorded at an 

average of 16 scans in the standard wavenumber range of 400–4000 cm-1 at a resolution of 

4 cm-1. 

4.3 Mechanical Properties of the 3D Printed Nanocomposite Polymeric Bone Tissue 

Scaffolds  

The mechanical properties of the final 3D printed nanocomposite Polymeric Bone Tissue 

Scaffolds (PBTSs) were analyzed employing the ASTM D1621-16 standard [90, 209]. The 

structures were 3D printed in cylindrical form with a height of 4 mm and a diameter of 8 

mm. All tests were performed at least on five specimens of each nanocomposite PBTS. 

Lloyd LS100 Plus Materials Testing Machine with a displacement rate of 0.75 mm/min 
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and the test termination strain of 50% was used for the compression tests. Figure 4.1 

represents examples of the 3D printed mechanical testing specimens.  

 

 

Figure 4.1. Examples of the five mechanical testing specimens (PCL) as required by the 

ASTM D1621-16 (the circles around the samples are the build plate adhesions) 

4.4 Biological Properties of the 3D Printed Nanocomposite Polymeric Bone Tissue 

Scaffolds 

A preosteoblast bone cell line was employed to assess the biological properties of the FDM 

manufactured nanocomposite PBTSs. MTT assay and fluorescent microscopy were 

performed to assess cell proliferation and attachment to the scaffolds. Experimental 

biodegradation assessments were performed, and during the biodegradation process, the 

impact of the degraded materials on the pH of the media was assessed as well. 

Preosteoblast mouse bone cell line, MC3T3-E1 Subclone 4 (ATCC® CRL-2593™) [211], 

was employed for cell-based assays. Alpha Minimum Essential Medium without ascorbic 

acid (by GIBCO, Custom Product, Catalog No. A1049001) was employed as the growth 

medium. The cells were double-stained by DAPI (purchased from Sigma-Aldrich) and 

Phalloidin CF®640R (provided by Biotium Inc.) for fluorescent microscopy purposes. 

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assay provided by 

Thermo-Fisher Scientific was employed for cell proliferation assays. 
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4.4.1 MTT Assay 

MTT assay was performed to investigate cell proliferation on the manufactured 

nanocomposites. The composites were 3D printed in the exact size of the standard 96-well 

plates to enhance the quality of the test results, and they were fixed mechanically on the 

bottom of each well. The contact surface of each well with the cells was covered 100% by 

the nanocomposites by implementing this approach. As mentioned, the tests were all 

performed on the final 3D printed PBTSs. The scaffolds were sanitized before the cell 

culture in three consecutive steps, including rinsing with 70% isopropyl alcohol, rinsing 

three times with PBS, and exposure to UV light for 15 minutes.  

MTT assays were done after 1, 3, and 7 days of cell culture on each nanocomposite product. 

For each of the tests, five replicates of each composite were tested (cell culture was also 

done on the original surface of the wells as control samples). Figure 4.2 presents the 96-

well plates, which were prepared for the MTT assay for 1, 3, and 7 days, and Figure 4.3 

shows the plates inside the incubator. The number of initially seeded preosteoblast cells 

has to be selected to not confluent the plates before seven days to achieve reliable results 

for cell proliferation assessments. Based on previous studies in the literature [22, 211-215], 

3000 MC3T3-E1 cells per well were seeded on the scaffolds in the first stages (the initial 

number of cells per well was chosen by considering the number of cells seeded in the 

literature and their results). Based on the final results, most of the plates were confluent 

after 3-4 days of cell culture, and no comparison could be made to understand cell 

proliferation. Thus, the number of the seeded cells was reduced to 1000 MC3T3-E1 cells 

per well; this cell density demonstrated favorable results, and the cell proliferation 

comparative results after seven days of cell culture were achieved.  
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Figure 4.2. 96-well plates prepared for MTT assays 

 

Figure 4.3. MTT-assay 96-well plates inside the incubator 
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4.4.2 Fluorescent Microscopy 

Fluorescent microscopy was carried out to visualize the cell nuclei and actin filaments of 

the seeded MC3T3-E1 cells on the scaffolds after 1, 3, and 7 days of cell culture. A specific 

slide chamber was designed and manufactured using the FDM technique to culture the cells 

on the scaffolds embedded on a microscope slide. PLA filaments were used to manufacture 

the slide chamber because of the significant melt temperature difference with the main 

matrix of the manufactured scaffolds. The design consists of a base and a chamber (top 

part), as shown in Figure 4.4. The base was thermally fixed on the glass slides by heating 

the slides up to 140℃ and sealed using commercially available nail polish. The chamber 

was installed on the top of the area of interest to increase the slide chamber's capacity to 

hold the growth medium for the cells and was sealed around the edges. Afterward, the 3D-

printed scaffolds were fixed in the area of interest on the glass slides, and the gap was 

sealed using the raw material of each scaffold, as shown in Figure 4.5. 

The MC3T3-E1 cells were cultured for 1, 3, and 7 days on the scaffolds (Figure 4.6 presents 

the chamber slides inside the CO2 incubator). The cells were fixed using paraformaldehyde 

4% solution in PBS, and the 0.5% Triton X-100 solution was employed for 

permeabilization of the cells after fixation. After permeabilization of the cells, DAPI (by 

Sigma-Aldrich) and Phalloidin CF®640R (by Biotium Inc.) dilutions were used to stain 

the nuclei and actin filaments of the cells using the provided instructions by each of the 

manufacturing companies. Between each of the above steps, the cells were washed by 

rinsing three times with PBS. In the final stage, Invitrogen™ ProLong™ Gold Antifade 

Mountant with DAPI was used as the antifade mounting media. The cells were covered by 
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the slide cover glass and were cured for 24 hours before being sealed, and were refrigerated 

before visualization with a Leica DML fluorescent microscope. 

 

Figure 4.4. The manufactured chamber slides for cell culture on top of the scaffolds 

 

 

Figure 4.5. Fixed FDM printed nanocomposite scaffold on the manufactured chamber 

slides  
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Figure 4.6. Chamber slides inside the CO2 incubator 

4.4.3 Biodegradation and Acidity Analysis 

The 3D printed products of the manufactured nanocomposite filaments were kept in the 

Alpha Minimum Essential Medium without ascorbic acid (by GIBCO, Custom Product, 

and Catalog No. A1049001), which was initially used as the growth medium of MC3T3-

E1 cells, for four weeks inside a carbon dioxide incubator. The environmental factors were 

set on 37℃ and 5% carbon dioxide for the biodegradation period. The samples were 

weighted initially before biodegradation. After the degradation period, the samples were 

washed three times by PBS, air-dried at 40℃ for 4 hours, and weighted again. The weight 

difference was reported as the biodegradation percentage. In addition to the biodegradation 

percentage, the pH level of the buffer solution was tested after each step to test the impact 

of biodegraded content on the pH of the buffer solution using the HI-2211 pH meter (Hanna 

instruments). 
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Chapter 5. Results and Discussion 

In this chapter, the experiments, simulations, and data analyses results are reported and 

discussed in detail. The impacts of design, porosity, and biodegradation on the mechanical 

and morphological properties of the scaffolds were experimentally assessed, independent 

from the material composition of the 3D printed structures. In the next set of experimental 

analyses, the properties of the FDM manufactured nanocomposite Polymeric Bone Tissue 

Scaffolds (PBTSs) are investigated in detail, independent of their 3D design impact. The 

material characterization results were reported to investigate the accuracy of the 

manufactured nanocomposite FDM filaments, and the optimized FDM processing 

conditions of the nanocomposite filaments were discussed using the Taguchi orthogonal 

array method. Mechanical, biological, and biodegradation properties of the manufactured 

nanocomposite PBTSs were discussed using experimental characterizations. After a 

detailed discussion of the experimental data, numerical simulation was employed to 

estimate the biodegradation rate of the 3D printed nanocomposite Gyroid scaffolds in the 

long term. The Biodegradation rates of the PBTSs were estimated for sixty weeks of 

biodegradation based on the numerical analyses along with the state of the art 

biodegradation estimation techniques in the literature. In the mentioned sections, a 

significant amount of experimental and numerical data were achieved. The results were 

achieved in independent analyses and were required to be connected to analyze the impact 

of design and the nanocomposite contents of the bone tissue scaffolds altogether. For this 

purpose, machine learning techniques and multi-objective optimization were employed to 

analyze all sets of the available results and propose non-dominated optimal options for the 
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porosity and the nanocomposite contents of the PBTSs. Meta-modeling and NSGA-III 

multi-objective optimization methods were employed to achieve the mentioned goal. 

5.1 Investigation of the Effects of Design, Porosity, and Biodegradation on the 

Mechanical and Morphological Properties of the Scaffolds 

5.1.1 Impact of Design, Porosity, and Biodegradation on the Mechanical Properties 

In this section, part of the results of the characterization methods described in Section 4.1 

were analyzed in three stages. In the first step, the mechanical properties of the TPMS 

designs were compared for different porosities to assess the impact of design and porosity 

on the mechanical strength. In the second stage, the effect of biodegradation was 

investigated after six months of biodegradation. In the end, the effect of biodegradation on 

the failure patterns of the designs was assessed. 

5.1.1.1 Impact of Porosity and Design on the Mechanical Properties 

Table 5.1 shows the results of the compression mechanical testing on the scaffolds. The 

results indicate that Neovius structures (N60 and N80 stand for Neovius with 60% and 80% 

porosity) have inferior mechanical strength compared to Gyroid (G60 and G80 stand for 

Gyroid with 60% and 80% porosity) and Schwarz-D structures (S60 and S80 stand for 

Schwarz-D with 60% and 80% porosity). 

The N80 design exhibits a compressive strength close to S80, but its apparent modulus is 

inferior. The S60 scaffold showed the highest compressive strength and apparent modulus 

among all of the designs, but its mechanical properties dropped drastically on increasing 

the porosity. S80 exhibited much lower compressive strength than S60, as shown in Figure 

5.1. The Gyroid structure shows better stability with the increase in the design porosity. 
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G60 has lower mechanical properties than S60, but the compressive strength and apparent 

modulus did not change considerably on increasing the porosity. It can be concluded from 

the results that the Gyroid structure is the best choice for the high porosity scaffolds.  

The Schwarz-D structure exhibited an unusual response to mechanical loading in the case 

of the high porosity structures. The scaffold’s response to the compression load changed 

from a single-stage mechanical failure to multiple stages of failures. When the porosity 

was increased from 60% to 80%, the mechanical response indicated layer by layer failure, 

as shown in Figure 5.2. After each layer's failure, which follows by a sudden decrease in 

the mechanical properties, the remaining structure regains strength; this occurs multiple 

times before the total failure. 

Table 5.1. Mechanical properties of the TPMS scaffolds (ASTM D1621-16) 

Sample 
Average Compressive 

strength (MPa) 

St.  dev.  

(MPa) 

Average Apparent 

modulus (GPa) 

St.  dev.  

(GPa) 

G60 126.47 5.84 2.63 0.25 

G80 124.39 1.45 2.09 0.07 

S60 204.97 9.51 3.66 0.09 

S80 52.08 1.59 1.41 0.29 

N60 92.83 1.90 1.13 0.25 

N80 45.18 2.35 0.95 0.37 
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Figure 5.1. Representative stress-strain curves of the TPMS scaffolds 

 

 

Figure 5.2. Representative stress-strain curve of the Schwarz-D 80% scaffolds 
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5.1.1.2 Effect of Biodegradation on the Mechanical Properties 

Due to the significantly inferior mechanical properties of the Neovius scaffolds, they were 

not used for further evaluations. Mechanical properties of the other scaffolds after six 

months of biodegradation are given in Table 5.2 and shown in Figure 5.3 (AD stands for 

After Degradation).  

The results clearly show that the G60-AD scaffolds had the highest mechanical properties 

among the biodegraded scaffolds. The loss in the initial mechanical properties of the G60 

after six months of biodegradation was lower than the Schwarz-D scaffolds. The G60 

scaffolds initial compressive strength suffered a loss of 73% (G60-AD) after 

biodegradation, whereas the S60 scaffold lost almost 85% of its strength after 

biodegradation (S60-AD). More significantly, G80-AD lost 83% of their strength but 

retained strength of almost 20 MPa, which was still approximately more than half of the 

G60-AD scaffolds. The results for G60-AD and G80-AD indicate the same understanding 

regarding the effect of porosity on the mechanical properties of Gyroid structures, as the 

values are not considerably lower for G80-AD. S80 scaffolds lost all of their strength and 

completely disintegrated (S80-AD).  

Another significant observation was the transformation of the failure mode from ductile to 

brittle after six months of biodegradation. Figure 5.4 compares the stress-strain curves of 

G60 and G60-AD to emphasize on the differences. The results indicate that in addition to 

the reduction in the compressive strength and the apparent modulus, the mechanical failure 

mode changes to brittle in G60-AD. Similar results are shown in Figure 5.3 for the other 

scaffolds after biodegradation. 
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Table 5.2. Mechanical properties of the TPMS scaffolds after biodegradation (ASTM 

D1621-16) 

Sample 
Average Compressive 

strength (MPa) 

St.  dev. 

(MPa) 

Average Apparent 

modulus (GPa) 

St.  dev.  

(GPa) 

G60-AD 34.43 0.72 0.79 0.08 

G80-AD 21.01 6.52 0.63 0.22 

S60-AD 31.62 3.99 1.51 0.12 

S80-AD 0 0 0 0 

 

 

 

Figure 5.3. Representative of Stress-Strain curves of the TPMS scaffolds after 

biodegradation 



81 

 

 

Figure 5.4. Representative of Stress-Strain curves of the Gyroid 60% scaffolds before and 

after biodegradation  

 

5.1.1.3 Fracture Pattern of the Scaffolds 

Figure 5.5 shows the pictures of the mechanically failed scaffolds under the compression 

test before and after biodegradation. The G60, G80, and S60 scaffolds exhibited uniform 

deformation through all layers of the structure, which indicates the proper force 

transmission through the structures’ layers.  In the S80 scaffolds, the upper layers were 

crushed without any sign of failure in the lower layers, which can be due to weaker 

connections between the layers. After six months of biodegradation, all of the scaffolds 

experienced brittle failure, as demonstrated in Figure 5.5 for G60-AD, G80-AD, and S60-

AD. The failure occurs along the diagonal plane of the 3D structures, the normal failure 

plane under the compressive forces [155], which is the dominant cause of the failure. The 

comparison of S60 and S80, as well as S60-AD and S80-AD, reveals that by increasing the 
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porosity from 60% to 80%, the diagonal networks between the layers were significantly 

weakened, and the structure could not withstand compressive load on the diagonal plane 

anymore. S80-AD did not show any mechanical strength after biodegradation, and the 

structure failed just on touching the scaffolds. The S80-AD picture shows the structure 

after biodegradation without applying any compression load.  

 

Figure 5.5. Pictures of the failed TPMS structures under compression load before 

degradation (BD) and after degradation (a: G60 and G60-AD; b: G80 and G80-AD; c: 

S60 and S60-AD; d: S80 and S80-AD) 

 

5.1.2 Impact of Design, Porosity, and Biodegradation on the Morphological 

Properties 

The most critical morphological properties of PBTSs based on the literature are porosity, 

size (in this study, trabecular thickness distribution represents the variations in the size of 

wall thickness in the scaffolds), the shape of pores, and surface area per volume ratio [110, 

183]. These factors have diverse effects on the biological and mechanical properties of the 
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scaffolds. High porosity is a valuable asset for PBTSs as it improves cell migration and 

proliferation, which also increases the biodegradation rate [15, 183]. The impact of wall 

thickness depends on the design and is mostly effective on the biodegradation rate [179, 

181, 182]. The shape of pores (pore size, homogeneity, and the proportion of closed, blind-

end, or open pores) is defined by the manufacturing process or 3D design, which should be 

biomimetic to improve cell attachment and proliferation properties of the 3D scaffolds (in 

this study, the shape of pores vary by the TPMS designs) [183]. High surface area per 

volume is preferable for cell growth and increases the scaffolds' biodegradation rate [181]. 

All of the mentioned relations are applicable when the other factors remain constant. 

Therefore, assessment of these properties is of high importance. In each part of this section, 

the most related mentioned morphological properties were reported and assessed. The 

detailed morphological characteristics of the specimens, studied by Micro-CT scanning, 

are discussed in three major sections to separately assess the design, mechanical loading, 

and biodegradation impacts on the scaffolds morphology. The results of biodegradation 

were assessed after four (AD4) and six months (AD6). 

5.1.2.1 Impact of the Design Porosity on the Morphological Properties  

Figure 5.6.a shows the trabecular thickness distribution of the G60 scaffolds, which 

exhibits a skewed distribution with a median thickness of 464 µm and tissue surface area 

per volume of 577 µm−1. On increasing the porosity to 80% (G80 scaffolds), the median 

of trabecular thickness distribution reduced to 428 µm. The tissue surface per volume 

remained unchanged, which indicates that the surface properties remained intact in the 

design process.  
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(a) 

 

 

(b) 

Figure 5.6. Trabecular thickness distribution of the TPMS scaffolds with different 

porosities (a: Gyroid; b: Schwarz-D) 

The S60 trabecular thickness distribution is shown in Figure 5.6.b.  The median thickness 

is 410 µm, and surface area per volume is 574 µm−1. With an increase in porosity to 80% 

(S80), the trabecular thickness decreased, and the distribution shifted to the left (smaller 

thicknesses) by almost 127 µm, and the thickness median was reduced to 303 µm, but the 

tissue surface per volume slightly increased to 589 µm−1. The decrease in the median of 
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the S80 design was considerable, which caused a significant increase in the population 

density of very thin walls, as shown in Figure 5.6.b. This property could be the reason for 

the specific detected mechanical responses of the S80 scaffolds in Section 5.1.1.1. The 

decrease in the G80 median had effect mainly on the midrange of wall thicknesses, leading 

to higher mechanical stability after the increase in the porosity. To assess the mentioned 

fact quantitatively, the margin of the first 20% of the trabecular thickness spectrum can be 

considered as the range with the lowest wall thicknesses; the population density of the 

mentioned range had changed from 3% to 11% and from 4.5% to 3% for Schwarz-D and 

Gyroid scaffolds by the increase in the porosity, respectively. 

5.1.2.2 Effect of Compression Loading on the Morphological Properties 

In this section, the morphology of the TPMS designs before and after biodegradation was 

analyzed under mechanical loading. Figure 5.7 illustrates the internal structure of the G80 

scaffolds under compression loading at 0%, 5%, and 10% strains, and Figure 5.8 

demonstrates the internal structure of G80-AD6 at 0% and 3% strains acquired by the 

Micro-CT scanning technique. 

 

(a)  

 

(b)  

 

(c)  

Figure 5.7. Internal structure of the Gyroid 80% under compression before 

biodegradation (a: G80 at 0% strain; b: G80 at 5% strain; c: G80 at 10% strain) 
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(a) 

 

(b) 

Figure 5.8. Internal structure of the Gyroid 80% under compression after biodegradation 

(a: G80-AD6 at 0% strain; b: G80-AD6 at 3% strain) 

Figures 5.9 and 5.10 demonstrate the effects of compression loading on the scaffolds' 

trabecular thickness distribution, at 0%, 5%, and 10% strains and at 0% and 3% strains, 

before and after biodegradation, respectively. The results showed an initial minor shift to 

the left in the trabecular thickness distribution of the G60 scaffolds at 5% strain, which 

remained almost unchanged for the rest of the deformation (10% strain). Deformation in 

the layers due to their ductile mechanical responses could be the reason. The variations in 

the rest of the morphological properties of the G60 were not significant. After six months 

of biodegradation, the porosity of the G60 increased by almost 2%, and the surface area 

per volume decreased by almost 3%, under mechanical load. G80 and G80-AD6 show the 

same morphological variation trends as G60 and G60-AD6. 

S60 scaffolds experienced a 3% and 5% decrease in the porosity and increase in surface 

area per volume from 574 µm−1 to 599 µm−1 and 613 µm−1  at the strains of 5% and 10%, 

respectively. These variations can be due to the effects of deformation on the S60 scaffolds, 

which reduces the space between the adjacent layers and results in lower porosity and a 

very slight increase in the population density of thicker layers. After biodegradation, S60-
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AD6 experiences a decrease in the tissue surface per volume (from 578 µm−1 to 536 µm−1) 

and a notable increase in porosity by almost 6%. The S80 scaffold shows the same pattern 

of variations as the S60 under mechanical load. Due to the lack of sufficient mechanical 

strength in the specimen S80-AD6, the morphological results were not attainable under 

mechanical loading. 

 

 

(a) G60 

 

 

 (b) G80 

 

 

(c) S60 

 

 

(d) S80 

Figure 5.9. Trabecular thickness distribution of the TPMS scaffolds in 0%, 5% and 10% strains 

(a: G60; b: G80; c: S60; d: S80) 
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(a) G60-AD6 

 

 

(b) G80-AD6 

 

 

(c) S60-AD6 

Figure 5.10. Trabecular thickness distribution of the TPMS scaffolds after biodegradation 

in 0% and 3% strains (a: G60-AD6; b: G80-AD6; c: S60-AD6) 

 

5.1.2.3 Impact of Biodegradation on the Morphological Properties 

The effects of the biodegradation process on the TPMS scaffolds morphology are shown 

in Figure 5.11 and Table 5.3. In the G60 and G80 scaffolds, a decrease in the trabecular 
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thicknesses was observed upon biodegradation (Figure 5.11.a and b), which led to an 

increase in the porosity, as shown in Table 5.3. Increased porosity could be helpful in cell 

growth and expedite the biodegradation process afterward. Tissue surface per volume did 

not significantly change in Gyroid structures due to biodegradation, which indicates that 

the scaffolds surface properties were preserved during the biodegradation.  

Figure 5.11.c shows that the S60 scaffold experienced trabecular thickness reduction 

mostly at the midrange of thickness distribution under biodegradation, and as a result, the 

population density at the lower thickness range increased. Figure 5.11.d indicates that after 

biodegradation, the trabecular thickness distribution of the S80-AD6 scaffolds experienced 

a considerable increase compared to S80 scaffolds. The reason is the collapse of walls and 

their coalescence. These structures, after biodegradation, did not possess any mechanical 

strength, and while loading the sample in the Micro-CT stage and even during the CT-scan 

process (which contains movement and rotation), parts of the structure were collapsing and 

coalescing. The significant increases of 5.49% and 7.32% in porosity after four and six 

months of biodegradation, respectively, demonstrated a high biodegradation rate for the 

S80 scaffolds. Due to this high biodegradation rate, the structure did not show any 

mechanical strength after biodegradation. Based on these results, S80 scaffolds just can be 

utilized in applications that require a high biodegradation rate and low mechanical 

properties. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 

Figure 5.11. Trabecular thickness distribution of the TPMS scaffolds before and after 

biodegradation (a: G60 and G60-AD6; b: G80 and G80-AD6; c: S60 and S60-AD6; d: 

S80 and S80-AD6) 
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Table 5.3. Morphological properties of the TPMS scaffolds after biodegradation 

Structure 
Porosity increase by 

biodegradation (%) 

Tissue surface per 

volume (µm-1) 

Trabecular thickness 

median (µm) 

G60 Reference  577 ± 2 464 ± 9 

G60-AD4 3.25 ± 0.72 580 ± 1 426 ± 9 

G60-AD6 4.89 ± 0.69 580  ± 2 410 ± 9 

G80 Reference 577 ± 2 428 ± 9 

G80-AD4 3.61 ± 0.74 581 ± 1 415 ± 9 

G80-AD6 4.56 ± 0.72 592 ± 2 339 ± 9 

S60 Reference 574 ± 2 410 ± 9 

S60-AD4 2.79 ± 0.53 575 ± 2 401 ± 9 

S60-AD6 3.14 ± 0.78 578 ± 2 375 ± 9 

S80 Reference 589 ± 2 303 ± 9 

S80-AD4 5.49 ± 0.64 589 ± 1 357 ± 9 

S80-AD6 7.32 ± 0.81 591 ± 2 381 ± 9 

 

5.2 Material Characterization of the Nanocomposite FDM Filaments 

5.2.1 Thermo-Gravimetric Analysis (TGA) Results 

The nanocomposites' TGA results were analyzed after careful consideration of the PCL 

and CNW thermal degradation patterns. The characterizations were performed after 

dividing the nanocomposites into three groups based on the types of nanofillers in each 

composite. Nanocomposites containing CNW, nHA, and hybrid nHA/CNW were analyzed 

separately.  

Figure 5.12 shows the TGA results of PCL and CNW up to 600℃. PCL was completely 

degraded at 500℃, and only 0.2% ± 0.06% of the weight percentage had remained. CNW 
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is the natural content of the nanocomposites, and its observed initial weight loss from 

120℃ to 200℃ is mainly due to the loss of adsorbed water molecules, which is followed 

by a rapid weight loss starting after 250℃; at the end of the test, 28.5% ± 0.19% of the 

initial mass had remained. The nHA is not degrading in this range of temperature change, 

and its residual mass at the end of the tests will be 100%. 

 

Figure 5.12. TGA results of PCL and CNW 

The characterization of the nanocomposites precision was done based on the above 

analyses. In Figure 5.13, the TGA results for the composites with CNW nanofiller are 

demonstrated. The general trend of the TGA results was almost the same as PCL, but the 

mass residuals at the end of the experiment demonstrated a noticeable difference among 

the composites. The residual mass percentage was higher for higher percentages of the 
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CNW content, and the differences were evenly spaced in the graph. As shown in Figure 

5.12, 28.5% ± 0.19% of CNW mass would remain at the end of the experiment, which 

theoretically has to be almost 0.29%, 0.58%, and 0.87% for P-CNW1, P-CNW2, and P-

CNW3, respectively. By closer inspection of the temperature range of 460℃ to 600℃ in 

Figure 5.13, P-CNW1 residual mass was 0.52%±0.04% that is consist of 0.2% ± 0.06% 

PCL, and the rest is CNW that precisely proves the 1% content of CNW in the 

nanocomposites. The residual mass for P-CNW2 and P-CNW3 were 0.93% ± 0.05% and 

1.33% ± 0.08%, respectively. These results are clearly confirming the precise percentage 

of CNW content in the nanocomposites. 

 

Figure 5.13. TGA results of the PCL/CNW nanocomposites compared to PCL 
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The nanocomposites with nHA nanofiller have a straightforward factor for 

characterization, as the nHA content will not degrade in the range of under 600℃. Figure 

5.14 presents the TGA results of the nanocomposites with nHA nanofiller. By investigating 

the temperature range of 460℃ to 600℃, it is clear that the remained mass percentages for 

the nanocomposites are evenly spaced with variation values of close to 1%. P-nHA1 had 

1.19% ± 0.09% residual mass percentage at the end of the test, which stands for almost 1% 

of nHA content, and the rest is PCL, as mentioned above. The P-nHA2 and P-nHA3 tests 

exhibited remained mass percentages of 2.23% ± 0.11 and 3.18% ± 0.08, respectively. The 

results clearly confirm the precise nHA contents in the manufactured nanocomposites. 

 

Figure 5.14. TGA results of the PCL/nHA nanocomposites compared to PCL 
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Figure 5.15 demonstrates the TGA results of PCL/nHA/CNW nanocomposites in 

comparison to PCL. As discussed before, we expect almost 0.29% and 1% residual mass 

percentages for each 1% content of CNW and nHA, respectively. The P-nHA1-CNW2 

nanocomposites TGA results showed 1.85% ± 0.16% residual mass percentage at the end 

of the experiment, which perfectly confirms the nanofillers contents percentages, 

considering the 0.2% ± 0.06% remained mass of the PCL matrix. The TGA residual mass 

percentage results for P-nHA2-CNW1 and P-nHA1.5-CNW1.5 were 2.72% ± 0.13% and 

2.31% ± 0.08%, respectively. These percentages evidently confirmed the precision of the 

nanocomposites. 

 

Figure 5.15. TGA results of the PCL/nHA/CNW nanocomposites compared to PCL 
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5.2.2 Fourier Transform Infrared Spectroscopy (FTIR) Results 

The FTIR spectra of PCL, CNW, and nHA along with P-CNW3, P-nHA3, and P-nHA1-

CNW3 nanocomposite FDM filaments are reported in Figure 5.16 in the range of 900-2000 

cm-1 wavenumbers (this range was selected because it contains all of the required 

information to characterize the PCL matrix and the nanofillers). These nanocomposites are 

selected to represent each group of the fabricated FDM filaments (nanocomposites with 

nHA, CNW, and nHA/CNW nanofillers). The characteristic functional groups of PCL, 

CNW, and nHA were assessed to investigate the presence of the nanofillers in the matrix 

qualitatively. The ester carbonyl (C=O) functional group at the peak of 1733 cm-1 

wavenumber and the stretching C-O functional group at the peak of 1173 cm-1 wavenumber 

are the characteristic bonds of PCL [216-218], as shown in Figure 5.16. The amides (C=O) 

functional groups at the peak range of 1624 cm-1-1661 cm-1 wavenumbers are the 

characteristic bonds of the CNW [219] in the nanocomposites, and the peak of the 

Phosphate functional group at the range of 1047 cm-1-1062 cm-1 characterizes the nHA in 

the nanocomposites [136, 218, 220]. The FTIR spectrum of P-CNW3 indicated 

characteristic peaks of the amides and the ester carbonyl bonds at the expected 

wavenumbers, which characterizes both the PCL matrix and the presence of the CNW 

nanofiller. The FTIR spectrum of P-nHA3 showed a clear phosphate peak that indicates 

the presence of the nHA nanofiller. The P-nHA1-CNW2 nanocomposite filaments have 

nHA and CNW nanofillers, so the amides and phosphate peaks were trackable in the FTIR 

spectrum, as shown in Figure 5.16. In sum, the FTIR analysis of the selected 

nanocomposites proved the qualitative presence of the nanofillers in the nanocomposite 

FDM filaments. 



97 

 

 

Figure 5.16. FTIR spectra of CNW (black), PCL (red), nHA (blue), P-CNW3 (green), P-

nHA3 (purple), and P-nHA1-CNW2 (yellow), nanocomposite filaments 

 

5.3 Optimization of the 3D Printing Processing Conditions for FDM Filaments 

The experiments to optimize the 3D printing conditions of the nanocomposites were 

performed as instructed by the Taguchi method. The experimental results were inserted in 

the DoE software, and the analyses were performed based on those outcomes. Table 5.4 
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lists the responses for the nine experiments recommended by the Taguchi orthogonal array 

technique. 

Table 5.4. The responses of the Taguchi orthogonal array proposed experiments 

Run 
Print 

speed 

Nozzle 

Temperature 

Build plate 

temperature 

Fan 

speed 

Layer 

thickness 

Structural 

integrity 

Compressive 

strength 

 mm/s Celsius Celsius % µm  MPa 

1 15 100 50 80 85 75 16.09 

2 20 80 50 90 102 0 0 

3 15 120 30 90 92 75 10.48 

4 10 100 40 90 115 100 13.78 

5 15 80 40 100 89 50 8.81 

6 20 120 40 80 74 25 0 

7 10 120 50 100 81 0 0 

8 20 100 30 100 107 100 26.72 

9 10 80 30 80 128 25 4.17 

 

The analyses were performed factor by factor after achieving the experimental results. 

Figure 5.17 represents the half-normal plot for layer thickness analyses of the parts. In the 

analyses, the most outlined parameters have to be selected to analyze their significance. 

Figures 5.18 to 5.20 show the selection process of the factors in consecutive order. Based 

on the plot, print speed, nozzle temperature, and build plate temperature were chosen, and 

Table 5.5 presents the analyses results of these parameters. The P-value of the model does 

not show high significance for the selected parameters (a P-value lower than 0.05 indicates 

the statistical significance of the parameters). Among the three parameters, nozzle 

temperature had the highest impact on the layer thickness, and build plate temperature was 

the next.  
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Figure 5.17. Half-Normal plot of the processing parameters impacts on the layer 

thickness 

 

 

Figure 5.18. Half-Normal plot of the processing parameters impacts on the layer 

thickness; 1st step of selecting the effective parameters 
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Figure 5.19. Half-Normal plot of the processing parameters impacts on the layer 

thickness; 2nd step of selecting the effective parameters 

  

 

Figure 5.20. Half-Normal plot of the processing parameters impacts on the layer 

thickness; 3rd step of selecting the effective parameters 
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Table 5.5. Layer thickness response analyses 

Source 
Sum of 

Squares 
df Mean Square F-value p-value 

Model 2249.33 6 374.89 4.20 0.2049 

A-Print speed 592.67 2 296.33 3.32 0.2316 

B-Nozzle Temperature 992.00 2 496.00 5.55 0.1526 

C-Build plate 

temperature 
664.67 2 332.33 3.72 0.2119 

Residual 178.67 2 89.33   

Cor Total 2428.00 8    

 

The next response to analyze is the structural integrity, which its half-normal plot and the 

consecutive selections of the important parameters are shown in Figures 5.21 to 5.23. 

Nozzle temperature and build plate temperature are the two selected parameters based on 

the plots. The selected parameters are highly significant as the model has a P-value of 

0.0486, as shown in Table 5.6. The model’s significance was mainly because of the nozzle 

temperature, which has a very low P-value. The last analyzed response was the mechanical 

properties of the 3D printed parts. The half-normal plot and the selected parameters are 

shown in Figures 5.24 to 5.26. Nozzle temperature has a very high impact on the 

compressive strength of the parts, as shown in Table 5.7. The P-value of the nozzle 

temperature was 0.0292, and this magnitude of significance made the whole model 

significant too. Build plate temperature was less important compared to the nozzle 

temperature. 
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Figure 5.21. Half-Normal plot of the processing parameters impacts on the structural 

integrity 

 

 

Figure 5.22. Half-Normal plot of the processing parameters impacts on the structural 

integrity; 1st step of selecting the effective parameters 
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Figure 5.23. Half-Normal plot of the processing parameters impacts on the structural 

integrity; 2nd step of selecting the effective parameters 

 

 

Figure 5.24. Half-Normal plot of the processing parameters impacts on the compressive 

strength 
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Figure 5.25. Half-Normal plot of the processing parameters impacts on the compressive 

strength; 1st step of selecting the effective parameters 

 

 

 

Figure 5.26. Half-Normal plot of the processing parameters impacts on the compressive 

strength; 2nd step of selecting the effective parameters 
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Table 5.6. Structural integrity response analyses  

Source Sum of Squares df 
Mean 

Square 
F-value p-value 

Model 10833.33 4 2708.33 6.50 0.0486 

B-Nozzle Temperature 7916.67 2 3958.33 9.50 0.0302 

C-Build plate temperature 2916.67 2 1458.33 3.50 0.1322 

Residual 1666.67 4 416.67   

Cor Total 12500.00 8    

 

Table 5.7. Compressive strength response analyses  

Source 
Sum of 

Squares 
df 

Mean 

Square 
F-value p-value 

Model 563.14 4 140.78 6.09 0.0540 

B-Nozzle Temperature 448.25 2 224.12 9.70 0.0292 

C-Build plate temperature 114.89 2 57.45 2.49 0.1988 

Residual 92.43 4 23.11   

Cor Total 655.57 8    

 

The next step was the numerical analyses of the experimental results, considering the 

selected factors and their importance. To achieve the optimal desired parameters, the 

optimal target for each response and the importance levels of the responses are defined, as 

shown in Figures 5.27 to 5.29 and reported in Table 5.8. The layer thickness target was 

100µm, which is the defined layer thickness in the slicing software. The compressive 

strength was maximized, and the highest importance was set for this response. Structural 

integrity was maximized as well, with the same importance as layer thickness. 

After numerical analysis of the reported information in Table 5.8, the best option with the 

optimal processing condition was achieved. The top five options are reported in Table 5.9, 
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and Figure 5.30 demonstrates the critical design factors' interactions in the limits of the 

optimal processing condition. Nozzle temperature of 100℃, print speed of 15 mm/s, build 

plate temperature of 30℃, and fan speed of 100% were recommended with the highest 

desirability, equal to 98.7%. Because the PCL matrix is the dominant component of the 

nanocomposites, these processing conditions were used to 3D print all of the 

nanocomposites. 

 

Figure 5.27. Setting the optimal target for numerical analyses of the layer thickness 

 

 

Figure 5.28. Setting the optimal target for numerical analyses of the structural integrity 
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Figure 5.29. Setting the optimal target for numerical analyses of the compressive strength 

 

Table 5.8. The defined parameters of the numerical analysis 

Name Goal 
Lower 

Limit 

Upper 

Limit 

Lower 

Weight 

Upper 

Weight 
Importance 

Print speed (mm/s) is in range 10 20 1 1 3 

Nozzle Temperature 

(℃) 
is in range 80 120 1 1 3 

Build plate temperature 

(℃) 
is in range 30 50 1 1 3 

Fan speed (%) is in range 80 100 1 1 3 

Layer thickness (µm) 
is target = 

100 
74 128 1 1 3 

Structural integrity maximize 0 100 1 1 3 

Compressive strength 

(MPa) 
maximize 0 26.72 4.7863 1 5 
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Table 5.9. Optimal FDM printing processing conditions 

Optimal options 1 2 3 4 5 

Print speed (mm/s) 15 20 15 15 15 

Nozzle Temperature (℃) 100 100 100 100 100 

Build plate temperature (℃) 30 30 30 30 40 

Fan speed (%) 100 100 90 80 100 

Layer thickness (µm) 101.33 107 112 104.67 85 

Structural integrity 100 100 100 100 100 

Compressive strength (MPa) 29.61 26.72 25.85 24.52 23.35 

Desirability (%) 98.7 92.5 79.9 78.9 59 

 

 

 

  
 

Figure 5.30. Interaction of critical design factors in the limits of the optimal processing 

condition 
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5.4 Mechanical Properties of the 3D Printed Nanocomposite Polymeric Bone Tissue 

Scaffolds 

The mechanical properties of the manufactured nanocomposite Polymeric Bone Tissue 

Scaffolds (PBTSs) are reported in Table 5.10.  Figure 5.31 demonstrates the statistical 

analysis for the average compressive strength of the composites containing nHA or CNW 

nanofillers. The nHA content increased the mechanical properties of the scaffolds 

considerably, as shown in Table 5.10 and Figures 5.31 and 5.32. The mechanical properties 

enhancement by adding 1% nHA nanofiller to the matrix was noticeable but not statistically 

significant, as shown in Figure 5.31. The increases caused by 2% and 3% nHA content 

were significant, which proves the effectiveness of the nanofiller. Comparing P-nHA3 

compressive strength with P-nHA2, revealed that the improvement in the properties by 

increasing nHA content from 2% to 3% was statistically significant too. In general, by 

increasing the nHA nanofiller percentage from one to three percent, the improvement in 

mechanical properties was gradually increased, and in P-nHA3 composites, the average 

compressive strength and apparent modules were increased by almost 44% and 78% 

compared to PCL, respectively. 

 CNW was initially employed as a nanofiller to improve the biological properties of the 

scaffolds, but because of its distinguished fibrous morphology, it was expected to do not 

decrease the mechanical properties of the composites and even improve them. As 

demonstrated in Table 5.10 and Figures 5.31 and 5.33, the mechanical properties of the 

composites were slightly increased, and in general, adding the CNW content did not 

diminish the mechanical properties of the nanocomposites. The statistical analysis in 
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Figure 5.31 demonstrated the insignificant increase in the mechanical properties of the 

scaffolds by adding the CNW nanofiller. 

Table 5.10. Mechanical properties of the manufactured 3D printed nanocomposite PBTSs  

Nanocomposite 

PBTS 

Average Compressive 

strength (MPa) 

St. Dev. 

(MPa) 

Average Apparent 

modulus (GPa) 

St. Dev. 

(GPa) 

PCL 27.32 2.04 1.78 0.14 

P-nHA1 30.13 3.71 2.71 0.49 

P-nHA2 33.84 2.03 2.93 0.17 

P-nHA3 39.57 3.07 3.17 0.12 

P-CNW1 27.69 3.75 2.23 0.18 

P-CNW2 29.62 2.51 2.29 0.17 

P-CNW3 33.27 4.09 2.59 0.31 

P-nHA2-CNW1 37.55 2.14 2.17 0.15 

P-nHA1-CNW2 31.66 3.89 2.73 0.16 

P-nHA1.5-CNW1.5 39.25 2.86 2.75 0.18 
 

 

Figure 5.31. Average compressive strength (MPa) of 3D printed nanocomposite PBTSs 

with nHA or CNW nanofillers, including statistical analysis (statistically significant: P-

value <= 0.05).   stands for not statistically significant and for significant. 
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Figure 5.32. Stress-strain curves of the 3D printed nanocomposite PBTSs with nHA 

nanofiller 
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Figure 5.33. Stress-strain curves of the 3D printed nanocomposite PBTSs with CNW 

nanofiller 

 

The mechanical properties of the nanocomposites with nHA/CNW nanofillers are 

presented in Table 5.10 and Figures 5.34 and 5.35. P-nHA2-CNW1 and P-nHA1.5-

CNW1.5 nanocomposites showed significant improvement in both average compressive 

strength and apparent modules and contained a fair percentage of CNW in their matrix, 

which can improve the biological properties of the composites. In Figure 5.34, the average 

compressive strengths of the hybrid filler nanocomposites were compared with PCL, P-

nHA2, and P-CNW2 to statistically analyze the impact of the nHA/CNW nanofillers. The 
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results indicated that the increases in the mechanical properties caused by P-nHA2-CNW1 

and P-nHA1.5-CNW1.5 were statistically significant compared to the PCL matrix and P-

CNW2. The comparison of P-nHA2-CNW1 and P-nHA1.5-CNW1.5 with P-nHA2 

revealed that the increase caused by P-nHA1.5-CNW1.5 was statistically significant, but 

P-nHA2-CNW1 was not significant. The improvement in the mechanical properties by P-

nHA1-CNW2 was not statistically significant compared to PCL and P-CNW2. The P-

nHA1-CNW2 nanocomposites had lower mechanical properties than P-nHA2, but the 

statistical analysis indicated that the differences are not significant. 

 

Figure 5.34. Average compressive strength (MPa) of 3D printed nanocomposite PBTSs 

with nHA/CNW nanofillers, including statistical analysis (statistically significant: P-

value <= 0.05).   stands for not statistically significant and for significant. 
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Figure 5.35. Stress-strain curves of the manufactured 3D printed nanocomposite PBTSs 

 

5.5 Biological Properties of the Manufactured 3D Printed Nanocomposite PBTSs 

Biological properties of the 3D printed bone tissue scaffolds were investigated using MTT 

assay, fluorescent microscopy, and biodegradation experiments. MC3T3-E1 preosteoblast 

cells proliferation and attachment on the scaffolds were assessed quantitatively based on 

MTT assay results in 1, 3, and 7 days, which was followed by qualitative analyses by 

fluorescent microscopy images in the same periods. The impact of the nanocomposite 

fillers on the biodegradation rate of the scaffolds was analyzed, and the effect of released 

materials due to biodegradation on the pH of the media was assessed. 



115 

 

5.5.1 Cell Proliferation and Attachment 

Cell proliferation assay (MTT) results were generated for 1, 3, and 7 days of culture on all 

of the 3D printed nanocomposite PBTSs, as shown in Figure 5.36 (control samples results 

are included to demonstrate the scales of OD (optical density) for cell growth on top of 

wells with no scaffolds on them). The cell viability on all of the scaffolds, after one day, 

was very similar, and there were no noticeable differences. After three days of cell culture, 

a slight gradual advantage of having CNW nanofiller in the nanocomposites was 

noticeable. After seven days of cell culture, P-CNW3 indicated an exceptional cell 

proliferation compared to PCL. Also, P-CNW2, P-nHA1-CNW2, and P-nHA1.5-CNW1.5 

showed more than 20% higher cell viability than PCL after seven days of cell culture.  

 

Figure 5.36. Cell viability results after 1, 3, and 7 days of MC3T3-E1 cells culture on the 

3D printed nanocomposite PBTSs 
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Figure 5.37 presents the statistical analyses of the cell proliferation results after seven days 

of cell culture (statistical significant is defined as P-values smaller than 0.05). These results 

demonstrated that the CNW nanofiller facilitates the cell proliferation properties of the 

scaffolds significantly. Because MTT assays only measure the live and viable cells attached 

to the scaffolds, these results suggest that CNW improves both cell attachment and 

proliferation properties of the scaffolds. 

 

Figure 5.37. Cell viability results after seven days of cell culture on the 3D printed 

nanocomposite PBTSs including statistical analysis.  stands for not statistically 

significant and for significant. 

 

In Figures 5.38, 5.39, and 5.40, the fluorescent microscopy results of the MC3T3-E1 cells 

cultured on the scaffolds are presented. As shown in Figure 5.38, the cells' nuclei were 
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clustered together, representing healthy cell division, signaling, and growth behavior. 

DAPI staining of nuclei was robust, and in conjunction with actin filament staining, it is 

evident that the cells are adequately attached and displaying normal growth and stretch 

characteristics on the scaffolds. Figures 5.39 and 5.40 present the DAPI and Phalloidin 

CF®640R staining results for four selected scaffolds after 1, 3, and 7 days to compare the 

visualized results of fluorescent microscopy with the MTT assay. Based on MTT assay, 

PCL, P-CNW3, P-nHA3, and P-nHA1.5-CNW1.5 composites were selected for 

fluorescent microscopy.  

After one day of cell culture, the nuclei and actin filaments staining support the cell growth 

and viability demonstrated by MTT results. Initial cell growth was on limited areas on the 

scaffolds, and there were almost more than 50 percent empty areas on the scaffolds, as 

expected at low seeding numbers. After three days of cell culture, the covered areas on the 

scaffolds increased and were similar for all of the composites, with P-CNW3 and P-

nHA1.5-CNW1.5 nanocomposites showing the most vigorous cell growth and spread 

across the whole surface of the scaffolds. In contrast, PCL and P-nHA3 materials only 

supported limited and restricted growth across the scaffolds. After seven days of cell 

culture, the preosteoblast cells covered the P-CNW3 surface completely and evenly. The 

visualized actin filaments of the cells on the P-CNW3 demonstrated a genuine biological 

cell connection and attachment to the scaffolds. P-nHA1.5-CNW1.5 also showed growth 

and attachment, but to a lesser extent compared to P-CNW3. The results suggest the 

significant effectiveness of CNW nanofiller in long-term cell proliferation, attachment, and 

spread on the scaffolds. After seven days, cells were growing well on the PCL scaffolds, 

but as expected, the rate was lower than the composites with CNW content. P-nHA3 
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scaffolds experienced cell growth concentrated in just certain areas, and still, there were 

considerable uncovered areas on the surface of the scaffold after seven days of cell culture, 

although the cell growth rate and attachment in total were comparable to PCL. 

 

 

Figure 5.38. Nuclei and actin filaments of MC3T3-E1 cells growing on top of the 3D 

printed nanocomposite PBTSs (P-nHA1.5-CNW1.5 was employed as a representative) 
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Figure 5.39. Nuclei of MC3T3-E1 cells (fluorescent microscopy results of DAPI 

staining) after 1, 3, and 7 days of cell culture on the 3D printed nanocomposite PBTSs 
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Figure 5.40. Actin filaments of MC3T3-E1 cells (fluorescent microscopy results of 

Phalloidin CF®640R staining) after 1, 3, and 7 days of cell culture on the 3D printed 

nanocomposite PBTSs 
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5.5.2 Biodegradation  

Figure 5.41 presents the biodegradation rate of the nanocomposites after 7, 14, and 28 days 

and Figure 5.42 demonstrates the statistical analyses of the biodegradation rates after 28 

days. In general, the fillers caused a significant increase in the biodegradation rate of the 

PCL matrix. The reason can be media penetration into the matrix in higher paces due to 

the presence of the fillers. CNW content increased the biodegradation rate more 

significantly, and after 28 days of biodegradation, P-CNW3 exhibited rates higher than 4%. 

The statistical analyses in Figure 5.42 revealed that the increase in the percentage of the 

nHA nanofiller from 1% to 3% did not cause a significant increase in the biodegradation 

rate. The results for the nanocomposites with CNW filler demonstrate that P-CNW3 

significantly increased the biodegradation rate compared to P-CNW1, which indicates the 

high impact of the CNW content on the biodegradation rate. The P-nHA1-CNW2 and P-

nHA1.5-CNW1.5 demonstrated high biodegradation rates too, which were in the range of 

4-5% after 28 days. The increases in their biodegradation rates were statistically significant 

compared to the PCL matrix, P-CNW1, and P-nHA1 nanocomposites, emphasizing the 

impact of having both of the nanofillers in the matrix at the same time. The CNW impact 

along with nHA in these nanocomposites caused the high biodegradation rate, which can 

be the reason that P-nHA1.5-CNW1.5 had the highest biodegradation rate among the 

manufactured nanocomposites. Table 6 reports the data for pH variation of the media due 

to degradation of the nanocomposites after 7, 14, and 28 days. The results did not show 

any significant change in the pH, and the levels had remained in the range of 7.4, indicating 

a safe, osteogenic environment. 
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Figure 5.41. Biodegradation rates of the manufactured nanocomposites after 7, 14, and 28 

days 

 

Figure 5.42. Biodegradation rate of the nanocomposites after 28 days, including statistical 

analysis.   stands for not statistically significant and for significant. 
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Table 5.11. pH level of the media after biodegradation of the nanocomposites  

Nanocomposite 7 Days 14 days 28 days 

PCL 7.4 7.42 7.39 

P-nHA1 7.41 7.41 7.43 

P-nHA2 7.42 7.43 7.45 

P-nHA3 7.41 7.43 7.44 

P-CNW1 7.42 7.4 7.39 

P-CNW2 7.39 7.37 7.36 

P-CNW3 7.4 7.38 7.37 

P-nHA2-CNW1 7.41 7.4 7.41 

P-nHA1-CNW2 7.42 7.39 7.37 

P-nHA1.5-CNW1.5 7.42 7.41 7.43 

 

5.6 Biodegradation Rate Estimation in the Long Term 

In this section, the numerical simulations were analyzed, and the methods were developed 

to make an educated estimation of the biodegradation rate of the 3D printed nanocomposite 

PBTSs with Gyroid design in the long term. As mentioned before, many factors affect the 

degradation rate of 3D scaffolds, and precise prediction of the polyesters' biodegradation 

rate is not feasible. However, the methods used in this section can develop an 

understanding of the biodegradation rate to do a comparative study on the manufactured 

nanocomposites. 

5.6.1 Mesh Sensitivity Analysis 

Three different mesh sizes were defined to test the independence of the result from the 

employed meshing system. Free tetrahedral cells were used to produce the mesh. The 

inverted curved, very large, and very small elements were avoided to achieve high-quality 

mesh networks. The generated mesh networks are shown in Figure 5.43. Mesh sensitivity 
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analysis was performed by comparing the variations of the normalized molecular weight 

(Mn) for the Gyroid design. Table 5.12 reports the number of produced tetrahedral 

elements for each of the meshing networks. 

The normalized molecular weight over volume is presented in Figure 5.44 for a10-week 

period of biodegradation. The results were completely independent of the mesh size, and 

by increasing the mesh sensitivity, there were no noticeable variations in the results. 

Therefore, the mesh network with the lowest computational cost (Mesh-1) was selected as 

the mesh size for the simulations in this study.  

Table 5.12. Number of elements for each meshing networks of the mesh sensitivity 

analysis 

Title  Number of elements 

Mesh-1 23103 

Mesh-2 31522 

Mesh-3 42264 

 

   

Mesh-1 Mesh-2 Mesh-3 

Figure 5.43. The defined meshing systems of the mesh sensitivity analysis 
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Figure 5.44. Normalized molecular weight variations in a 10-week period of 

biodegradation for meshing networks of the mesh sensitivity analysis 

 

5.6.2 Validation of the Numerical Results 

The experimental data presented by Grizzi et al. [179] for the average molecular weight 

(Mn) were employed to validate the numerical results. A PLA plate with dimensions of 

15*10*2 mm was designed to match the experimental specimen. All of the simulation 

parameters in this paper were considered as reported in the experimental study. In Figure 

5.45, the numerical simulation results are compared with the experimental data [179] for 

20 weeks of biodegradation. The simulation results closely follow the same trend as the 

experimental data, especially in the long term as they coincide entirely. Therefore, the 
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numerical model could adequately predict the hydrolytic biodegrading over an extended 

period. 

 

Figure 5.45. Comparison of simulation results in this study with the experimental data 

presented by Grizzi et al. [179] 

 

5.6.3 Impact of 3D Printing Structure on the Average Normalized Molecular Weight 

Variations 

The 3D printed structures have a noticeable difference in mass distribution over the wall 

thickness compared to structures with uniform walls. The 3D printed structures by the 

FDM method are consist of repeating units of the extruded filaments. For example, by 

using an extruder nozzle with 250 µm in diameter and setting the extrusion thickness of 

240 µm in the FDM manufacturing process, the final Gyroid structure is supposed to be 
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made of repeating units of cylindrical extruded filaments with a diameter of 240 µm. To 

assess this factor, the results for a cube consist of 100 overlapping cylinders with a diameter 

of 240 µm were compared with a solid cube of the exact total dimensions. Figure 5.46 

indicates that the decrease in the average Mn overtime was considerably lower in the 3D 

printed cube sample. The lower reduction rate in the average Mn overtime means that the 

mass loss due to internal erosion will be delayed in the FDM printed parts; the reason can 

be the drastic difference in the mass concentration of the 3D printed products with a 

uniform solid cube. This observation shows that simulation results for the solid Gyroid 

designs made in SOLIDWORKS (not extruded) have to be approximated in order to reflect 

the manufacturing process. For the assessed cubic structures, the approximation factor was 

calculated to be 1.55. 

Before applying the approximation factor, the next step was to assess the impact of 

increasing FDM products' wall thickness on the average Mn. The increase in wall thickness 

of these products corresponds to adding more extruded filament units. Therefore, the 

samples shown in Figure 5.47 were designed to reflect this matter on the average Mn. 

Figure 5.48 shows that the Mn in these designs did not vary by increasing the structure 

wall thickness. By considering the mentioned conclusion, the 3D printed Gyroid designs 

in this study would have the same decline in the average Mn over time due to hydrolytic 

biodegradation that will be achieved by considering the approximation factor of 1.55. The 

finalized average Mn result for 3D printed Gyroid structures is shown in Figure 5.49. The 

average Mn is a critical factor in analyzing the mass loss due to biodegradation over time. 
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Figure 5.46. Normalized molecular weight variations for a 3D printed and a solid cube 

 

   

F-TH0.5mm F-TH1mm F-TH1.5mm 

Figure 5.47. The designs with the repeating overlapped extruded shape units 
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Figure 5.48. Normalized molecular weight variation of the designs with repeating 

overlapped extruded shape units 

 

 

Figure 5.49. Normalized molecular weight variations of the 3D printed Gyroid structures 

in 70 weeks of biodegradation 
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5.6.4 Mass Loss Prediction (Biodegradation Percentage) of the FDM Printed Gyroid 

Scaffolds 

Biodegradation causes mass loss in the biomedical devices by diffusion of the polymer 

short chains, internal erosion, and external erosion. In general, internal and external 

erosions are the dominant cause of mass loss, and the impact of diffusion of short chains is 

ignorable [186]. Therefore, estimation of the FDM scaffolds mass loss due to 

biodegradation is dependent on the internal and surface erosion.  

When Mn reaches below a critical value and the target mass is in contact with an eroded 

neighboring mass, the internal erosion occurs [191]. By reaching the critical Mn, mass loss 

of the interior regions of the scaffolds starts that can promote either a sudden or a gradual 

mass loss. To model the internal mass loss, an incubation period have to be defined to 

capture the processing speed [175]. Surface erosion starts immediately after the media 

surrounds the scaffold, which is independent of the critical Mn [221]. Figure 5.50 

represents the mass loss trends due to surface and internal erosion based on the mentioned 

theories [186]. 

The Gyroid 3D printed designs with the same extruded filament diameter reach the critical 

Mn simultaneously due to the hydrolytic degradation. Therefore, the most critical factor to 

estimate the mass loss of a tissue scaffold is the amount of mass reaching the critical Mn 

that is in contact with an eroded neighboring mass. To predict the mass loss due to internal 

erosion, the critical Mn was considered equal to 17000 g/mol, and the incubation period 

was set to a one-half week [186]. By considering these factors, Gyroid FDM structures 

would experience the mass loss just due to surface erosion in the first 15 weeks. After 

reaching the critical Mn, internal erosion starts, and the erosion rate was superimposed on 
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the surface erosion. The rate of internal erosion is highly dependent on the wall thickness, 

and the number of repeating units would play the primary role in the mass loss (due to the 

critical parameter of the mass contact with an eroded neighboring mass). Figure 5.51 

represents the estimated mass loss for the FDM Gyroid scaffolds with three different wall 

thicknesses (G-TH0.5, G-TH1, and G-TH1.5 are the designs with 0.5 mm, 1 mm, and 1.5 

mm wall thickness, respectively.). The results indicate that the mass loss percentage was 

reduced by almost 8% in the structure with 1 mm wall thickness (four adjacent filament 

units) compared to the scaffolds with 0.5 mm wall thickness. Therefore, in general, by 

increasing the wall thickness of the 3D printed parts, the mass-loss rate will reduce. 

 

 

Figure 5.50. Mass loss trends due to internal and surface erosion over time 
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Figure 5.51. Mass loss estimation of the FDM Gyroid scaffolds over time 

 

5.6.5 Mass Loss Prediction (Biodegradation Percentage) of the FDM Printed 

Nanocomposite Polymeric Bone Tissue Scaffolds 

PCL is another type of polyester with the same dominant mechanisms for biodegradation. 

The analyses and methods presented in the previous sections (5.6.1 to 5.6.4) are employed 

to estimate the biodegradation behavior of the nanocomposites. Experimental results of the 

nanocomposites were employed to predict the slope of the surface erosion part of the 

degradation graph over time and to estimate the critical point (critical Mn), which initiates 

the internal erosion (based on the previous sections, the critical point was estimated in the 

range of 12 to 18 weeks, so more experiments were performed in this specific range). These 

two factors are the most critical parameters in predicting the long-term biodegradation rate, 
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which were achieved using the experimental results. Figure 5.52 represents the 

biodegradation rate prediction of PCL compared to the experimental data, which indicates 

the critical point estimation process. The selected critical point for the PCL matrix was 

considered the same, for all of the nanocomposite Polymeric Bone Tissue Scaffolds 

(PBTSs), during the prediction process. The incubation period of the nanocomposite 

PBTSs was considered the same as the PCL scaffolds; thus, the internal erosion 

superimposed slop on the graphs was considered equal for all of the nanocomposites.  

Therefore, by considering the estimation mechanisms developed in section 5.6.4 and the 

above hypothesis, the biodegradation rate estimations over 60 weeks were achieved. 

Figures 5.53-5.55 present the estimated biodegradation results over time.  

 

Figure 5.52. Estimation of the slope of surface erosion biodegradation and the critical 

point of the internal erosion initiation, using the experimental results 
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In Figure 5.53, the degradation rates of the 3D printed nanocomposite PBTSs with nHA 

nanofiller, and PCL are compared. After 60 weeks (420 days) of degradation, PCL had lost 

almost 66% of its mass, but the PCL/nHA composites had lost more than 86% of their mass 

over the same period. In shorter terms, like six months, the differences were still noticeable, 

as the PCL lost almost 20% of its mass compared to 28-32% mass loss of the PCL/nHA 

nanocomposites.   

 

Figure 5.53. Estimated biodegradation rate of the 3D printed nanocomposite PBTSs with 

nHA nanofiller over 60 weeks 

 

Figure 5.54 presents the estimations for the 3D printed nanocomposite PBTSs with CNW 

nanofiller compared to PCL. After 60 weeks of biodegradation, P-CNW3 was completely 
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degraded, and P-CNW2 had lost more than 97% of its mass. P-CNW1 has a considerably 

higher biodegradation rate than PCL as well, and lost almost 90% of its mass in the same 

period. In shorter periods like six months of biodegradation, P-CNWs had lost substantial 

mass too, reaching to almost 35% for P-CNW3.  

 

Figure 5.54. Estimated biodegradation rate of the 3D printed nanocomposite PBTSs with 

CNW nanofiller over 60 weeks 

 

The hybrid nHA/CNW composites exhibited even higher increases in the biodegradation 

rate of the PCL matrix, as shown in Figure 5.55. P-nHA1.5-CNW1.5 had the highest 
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biodegradation rate among the manufactured composites and completely degraded after 

almost 52 weeks. Also, after six months of degradation, it already lost more than 40% of 

its mass. P-nHA1-CNW2 was degraded entirely after 60 weeks of biodegradation and 

reached to 33% mass loss after six months. Although P-nHA2-CNW1 had a high 

degradation rate compare to PCL and lost almost 90% of its mass after 60 weeks, its rate 

is significantly lower than P-nHA1.5-CNW1.5 and P-nHA1-CNW2. 

 

Figure 5.55. Estimated biodegradation rate of the 3D printed nanocomposite PBTSs with 

hybrid nHA/CNW nanofillers over 60 weeks 
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5.7 Meta-Modeling and Multi-Objective Optimization 

5.7.1 Meta-Modeling  

Six essential properties of the PCL/nHA/CNW 3D printed nanocomposite PBTSs were 

formulated using the meta-modeling technique. The equations are defined based on three 

variables, including nHA (X1) and CNW (X2) percentages in the polymeric matrix of the 

nanocomposites and the porosity percentage of the Gyroid design (X3). All of the 

formulations were achieved with “R-squared Goodness of Fit” higher than 99.5%, except 

the 𝑓5(𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑎𝑓𝑡𝑒𝑟 6 𝑚𝑜𝑛𝑡ℎ𝑠), which had “R-squared 

Goodness of Fit” of 98% because of the complicated correlations and the hardship to fit 

the formula with very high precision.  The extracted equations for the properties are 

presented in Equations 5.1-5.6. 

𝑓1(𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ) = 44.1 + 11.4𝑋1 + 4.59𝑋2 +

(2.68𝑋1
2)𝑋2 atan(11.4𝑋1

2 − 2.68) − 0.0616𝑋1𝑋3 − 7.33𝑋1𝑋2 − 0.0013𝑋3
2  

(5.1) 

𝑓2(𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑚𝑜𝑑𝑢𝑙𝑢𝑠) = 3290 + 2801𝑋1 + 1233𝑋2 − 13.3𝑋3 −

19.1𝑋1𝑋3 − 177𝑋2
2 − 190𝑋1

2 − 1014𝑋2tanh (2801𝑋1)  
(5.2) 

𝑓3(𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑎𝑓𝑡𝑒𝑟 4 𝑚𝑜𝑛𝑡ℎ𝑠 𝑜𝑓 𝑏𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛) = 29 +

0.856𝑋2 + 0.751𝑋1 + 0.634𝑋1
3 + 3.1(0.314𝑋1

3)𝑋2 − 0.248𝑋3 − 0.0201𝑋3𝑋1
2  

(5.3) 

𝑓4(𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 𝑎𝑓𝑡𝑒𝑟 4 𝑚𝑜𝑛𝑡ℎ𝑠 𝑜𝑓 𝑏𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛) =

1632 + 489𝑋1 + 62𝑋2 + 16.8𝑋2
2 − 2.61𝑋1𝑋3 − 117𝑋1𝑋2 − 0.146𝑋3

2 −

39.2𝑋1
2  

(5.4) 
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𝑓5(𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑎𝑓𝑡𝑒𝑟 6 𝑚𝑜𝑛𝑡ℎ𝑠) = 12.9 + 0.182𝑋3 +

0.195𝑋1𝑋3 + 0.075𝑋2𝑋3 − 2.03𝑋1𝑋2 − 1.53𝑋1
2 − 0.001𝑋1𝑋3

2  
(5.5) 

𝑓6(𝐶𝑒𝑙𝑙 𝑝𝑟𝑜𝑙𝑖𝑓𝑒𝑟𝑎𝑡𝑖𝑜𝑛 (𝑂𝐷 × 1000)) = 32.3 + 3.48𝑋3 + 𝑋1
4.37 + 32.3𝑋1𝑋2 +

4.5𝑋2
3 + 𝑋1𝑋2

2 + 0.183𝑋3𝑋2
2 − 13.1𝑋1 − 29.7𝑋2  

(5.6) 

A graph was plotted for each equation for a specific range of the nanofillers percentages 

and a certain porosity to analyze the extracted equations' correctness and precision. In these 

graphs, the porosity was fixed at 70% to analyze a 3D graph instead a 4D complicated one. 

The graphs were plotted in the range of 0.5% to 1.5% for both of the nHA and CNW 

nanofiller percentages. These ranges of the nanofillers were selected because their impact 

on the properties was more significant after 1%. Also, the 3D printed nanocomposite PBTS 

of P-nHA1.5-CNW1.5 demonstrated a very significant enhancement in the properties, and 

by selecting the mentioned range, the properties on the graphs were more easily trackable 

to validate the results. 

Figure 5.56 presents the compressive strength of the 3D printed nanocomposite PBTSs for 

a Gyroid design with 70% porosity, which was plotted using Equation 5.1. The results were 

satisfactory as the trends and the values were in the acceptable range. The graph indicates 

that the compressive strength was improving by the increase of nHA percentage, and there 

was a slight improvement by the increase in the CNW percentage. In higher percentages 

of nHA and CNW, the impact of CNW and nHA percentages (the other nanofiller) on the 

mechanical properties increased, respectively. 
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Figure 5.56. Compressive strength of the 3D printed nanocomposite PBTSs for 70% 

porosity Gyroid design 

 

Equations 5.2 was partly plotted in Figure 5.57, which presents the average apparent 

modulus of the 3D printed nanocomposite PBTSs with 70% porosity. The apparent 

modulus was increasing by the nHA nanofiller significantly, and the widespread impact of 

the nHA on the apparent modulus dominated the impact of CNW. CNW had an ignorable 

impact on the apparent modulus, and the trend in the graph shows just an insignificant 

decrease in the property by increasing the CNW percentage. The decrease even in the 

higher percentages of nHA is less than 0.2 GPa which is entirely ignorable. In general, the 

extracted equation was acceptable to model the average apparent modulus of the products. 
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Figure 5.57. Average apparent modulus of the 3D printed nanocomposite PBTSs for 70% 

porosity Gyroid design 

 

The compressive strength of the scaffolds after four months of biodegradation was modeled 

in Equation 5.3, which is plotted in Figure 5.58 for the porosity of 70%. The observed trend 

for the nanofillers' impact was almost the same as their impact on the compressive strength 

before biodegradation. The nanofillers increase the biodegradation rate of the scaffolds and 

also increase their mechanical properties, so the trade of between the initial properties of 

the nanocomposites and their higher biodegradation rate leads to the presented graph. In 

Figure 5.58, the properties for the scaffolds with 70% porosity were in the range of 12.5-

16.5 MPa for 0.5-1.5% of CNW and nHA, which the differences were not very significant. 
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Figure 5.58. Compressive strength after four months of biodegradation of the 3D printed 

nanocomposite PBTSs for 70% porosity Gyroid design 

 

Figure 5.59 shows a plotted surface of Equation 5.4 for the average apparent modulus after 

four months of biodegradation of the PBTSs with 70% porosity. In general, the average 

apparent modulus results after biodegradation were in the range of lower than 1.5 GPa, 

which was the same for the plotted area in Figure 5.59. Although the differences are not 

significant, the trend is interesting compared to the compressive strength after 

biodegradation. For the compressive strength, the impact of the increase in mechanical 

properties due to the nanofillers' presence was dominant, but in the apparent modulus, the 

high biodegradation rate of CNW was dominant in the high percentages of nHA, which 

caused reduction in the apparent modulus. 
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Figure 5.59. Average apparent modulus after four months of biodegradation of the 3D 

printed nanocomposite PBTSs for 70% porosity Gyroid design 

 

The meta-modeling results of the biodegradation rate after six months, had the lowest 

fitness percentage among all of the extracted equations. The partial plotted graph of 

Equation 5.5 is shown in Figure 5.60 for scaffolds with 70% porosity. The graph indicated 

that the high impact of the nanofillers’ presence on the biodegradation rate was projected 

correctly. The graph’s maximum line was close to the x-y plane's centerline, emphasizing 

the higher biodegradation rates in the nanocomposites with even and almost equal 

percentages of nHA and CNW. The maximum of the graph was reasonable and matched 

to the P-nHA1.5-CNW1.5 nanocomposite as expected. Therefore, Equation 5.5 was 

acceptable to model this property of the 3D printed nanocomposite PBTSs. 
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Figure 5.60. Biodegradation percentage of the 3D printed nanocomposite PBTSs after six 

months for 70% porosity Gyroid design 

 

The most stable extracted equation using meta-modeling was Equation 5.6 for the cell 

proliferation on the scaffolds. Figure 5.61 demonstrates the results of cell proliferation for 

the scaffolds with 70% porosity. The cell proliferation was improving significantly in the 

nanocomposites with a higher percentage of the CNW, and the impact of the CNW was 

dominant in the nanocomposite scaffolds with both nHA and CNW nanofillers. Based on 

the mentioned facts and the trend in the graph, the extracted equation was accurate to 

predict the cell proliferation properties of the 3D printed nanocomposite PBTSs.  



144 

 

 

Figure 5.61. Cell proliferation of the 3D printed nanocomposite PBTSs for 70% porosity 

Gyroid design 

 

5.7.2 Multi-Objective Optimization 

The NSGA-III optimization technique presents a few non-dominated optimal options as 

the result of simultaneous multi-objective optimization. The results are presented in 

Figures 5.62 and 5.63, and the detailed optimal options are reported in Table 5.13, in no 

order of preference as they are non-dominated. The optimization results are extensively 

validated with experimental results (at least 10 samples per property) and the errors for the 

validated optimal candidate solutions were less than 8%, 11% and 13% for the mechanical 

properties, cell proliferation and biodegradation, respectively. 

In Figure 5.62, compressive strength, average apparent modulus, cell proliferation, and 

biodegradation after six months (the color bar) of the optimal results were plotted. As 

shown in the graph, the optimal results cover a considerable range of the output variables. 
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The points with red color (high biodegradation rates) had high cell proliferation properties, 

but their mechanical properties were in a more diverse range; all of these options had low 

average apparent modulus, but their compressive strengths were changing in the range of 

40 GPa to 60 GPa. The options with lower biodegradation rates in Figure 5.62, mostly had 

higher average apparent modulus.  

In Figure 5.63, the relationship of compressive strength and average apparent modulus 

properties after four months of biodegradation with cell proliferation and biodegradation 

after six months were indicated for the optimal non-dominated options. This graph 

exhibited a more clear division in the results. The options with high biodegradation rate 

and cell proliferation had lower mechanical properties with no exceptions, and by moving 

toward the options with lower biological properties, the mechanical properties were 

increased. The reason can be the dominant impact of biodegradation on the mechanical 

properties after a few months of degradation, in the optimal results. 

The noticeable extracted information from the presented optimal results in Table 5.13 are 

as follow: 

 The majority of the optimal responses are PCL/nHA/CNW 3D printed 

nanocomposite PBTSs with more than 1% nanofiller percentage for both of the 

nHA and CNW. 

 The optimal results’ porosity was over the whole range of 60-90% for different 

material compositions and covered a wide range of responses. The nanocomposite 

fillers were covering for the decrease in the mechanical properties as much as 

possible by the increase in the porosity. Also, by the increase in the porosity, cell 

proliferation and biodegradation were increasing as expected. Therefore, the results 
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indicated that based on the specific applications and requirement for any specific 

porosity, a non-dominated optimal response can be offered. 

 The optimal non-dominated results for the PBTSs can have compressive 

mechanical strength as high as 51 to 61 MPa, average apparent modulus of 2.6 to 

5.1 GPa, significant cell proliferation properties, and maintain up to 20 to 23 MPa 

of their compressive strength after four months of biodegradation. 

In general, the multi-objective optimization based on the extracted equations of the meta-

modeling was significantly beneficial in connecting the experimental and numerical results 

of this study. The technique connected all of the independent experimental studies and the 

numerical results, and in conclusion, presented a few non-dominated optimal options by 

considering all of the extracted information and trends in the previous sections.  

 

Figure 5.62. Non-dominated optimal options presented by the NSGA-III multi-objective 

optimization technique for compressive strength, average apparent modulus, cell 

proliferation, and biodegradation after six months 
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Figure 5.63. Non-dominated optimal options presented by the NSGA-III multi-objective 

optimization technique for compressive strength and average apparent modulus after four 

months of biodegradation, cell proliferation, and biodegradation after six months 

 

Table 5.13. Non-dominated optimal options presented by the NSGA-III multi-objective 

optimization technique for the PCL/nHA/CNW 3D printed nanocomposite PBTSs 

𝑿𝟏 𝑿𝟐 𝑿𝟑 𝒇𝟏 𝒇𝟐 𝒇𝟑 𝒇𝟒 𝒇𝟓 𝒇𝟔 

1.28 1.71 60 59.89 4161.66 17.44 1365.96 35.19 305.48 

1.33 0.52 60 50.29 4426.55 17.59 1433.87 33.06 238.14 

1.32 1.54 60.07 57.93 4267.1 17.68 1372.12 34.94 293.09 

1.61 1.07 60.25 56.07 4688.24 19.83 1417.65 34.6 272.49 

1.18 1.77 62.67 55.9 3918.5 16.12 1305.2 36.3 316.59 

1.17 1.82 63.75 56.09 3848.38 15.79 1281.03 36.85 325.48 

0.5 2.3 64.88 44.47 2734.31 15.03 1263.84 37.55 340.32 

2.23 0.72 65.74 56.3 4988.34 23.07 1377.81 36.97 304.55 

1.24 1.75 65.94 57.56 3883.19 15.55 1235.3 37.65 330.99 

2.18 0.75 66.33 56.19 4922.71 22.66 1355.16 37.19 305.51 

1.17 1.79 66.47 54.88 3767.75 15.03 1221.57 37.85 332.97 
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2.47 0.52 66.88 55.75 5078.44 23.01 1402.43 37.43 314.97 

1.07 1.79 67.68 50.99 3615.8 14.36 1192.71 38.17 333.1 

2.36 0.5 69.09 54.29 4882.65 21 1341.26 38.22 312.04 

0.62 2.22 69.13 43.46 2832.87 13.87 1169.53 39.19 357.82 

1.44 1.56 69.3 60.77 4021.03 16.07 1167.32 38.79 336.95 

2.44 0.54 69.31 54.9 4914.85 22.11 1331.18 38.36 322.41 

1.49 1.47 69.57 60 4080.23 16.41 1166.58 38.77 332.82 

1.5 1.46 69.87 59.87 4082.54 16.42 1160.45 38.87 333.2 

1.29 1.61 70.07 55.84 3828.4 14.66 1144.34 39 337.43 

2.47 0.52 70.17 54.67 4879.45 21.8 1315.27 38.68 326.62 

0.58 2.27 70.89 43.03 2707.78 13.47 1134.29 39.96 368.59 

2.23 0.75 71.23 55.1 4684.43 21.56 1231.1 39.08 326.85 

1.53 1.37 71.37 57.83 4067.95 16.17 1130.22 39.28 332.8 

1.5 1.47 71.88 59.61 3989.23 15.79 1109.93 39.67 342.11 

1.31 1.64 72.11 56.69 3757.56 14.22 1094.13 39.89 349.29 

1.5 1.5 72.13 60.62 3972.2 15.78 1101.83 39.84 345.96 

2.44 0.54 72.19 53.9 4741.95 20.96 1254.64 39.42 332.12 

0.88 1.91 72.44 45.49 3209.53 12.82 1082.04 39.93 353.6 

2.3 0.62 72.85 53.47 4635.2 20.37 1213.57 39.62 328.94 

1.22 1.7 72.91 53.76 3619.81 13.46 1072.67 40.18 352.9 

1.42 1.57 72.95 59.56 3850.1 14.86 1076.76 40.22 352.09 

2.2 0.79 72.98 54.88 4564.78 20.94 1176.36 39.73 333.29 

2.23 0.61 73.44 52.66 4558.9 19.32 1195.52 39.75 324.44 

2.22 0.76 73.86 54.29 4531.28 20.61 1158.2 40.05 336.14 

2.32 0.5 74.01 52.41 4572.68 18.86 1205.61 39.94 325.86 

1.46 1.42 74.19 56.46 3880.72 14.77 1054.32 40.36 345.13 

2.18 0.8 74.24 54.5 4481.73 20.38 1139 40.19 337.19 

1.44 1.55 74.7 58.7 3798.42 14.44 1034.19 40.82 356.85 

2.26 0.68 74.82 53.11 4496.74 19.81 1146.39 40.33 336.35 

1.56 1.42 74.87 59.64 3928.3 15.56 1037.68 40.78 352.83 

2.24 0.73 74.87 53.56 4482.38 20.06 1136.3 40.38 338.3 

1.49 1.49 75.15 59.03 3842.97 14.8 1025.97 40.93 356.12 

1.12 1.83 75.39 51.34 3389.82 12.43 1009.63 41.35 371.18 
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1.51 1.48 75.55 59.51 3848.82 14.93 1016.33 41.09 357.92 

1.33 1.67 75.8 57.04 3623.01 13.3 1000.99 41.39 367.21 

1.54 1.39 76.01 57.33 3872.42 14.92 1010.62 41.06 352.67 

1.56 1.42 76.1 59.35 3878.22 15.23 1005.78 41.23 357.6 

1.42 1.53 76.22 57.01 3730.7 13.85 996.04 41.3 359.97 

1.28 1.69 76.42 55.24 3545.54 12.8 984.51 41.61 369.77 

2.25 0.67 76.55 52.4 4399.06 19.09 1099.76 40.92 341.74 

1.42 1.53 76.74 56.87 3709.82 13.7 982.58 41.49 361.99 

1.42 1.53 76.86 56.83 3705.09 13.66 979.52 41.53 362.45 

2.18 0.73 76.91 52.43 4338.92 18.74 1077.06 41.03 341.45 

2.29 0.52 77.11 51.27 4380.99 17.74 1112.43 40.97 335.97 

1.47 1.49 77.66 57.7 3726.52 13.91 960.25 41.83 365.06 

1.31 1.6 78.28 53.88 3531.65 12.43 939.16 42.06 369.51 

1.45 1.55 78.77 58.07 3642.06 13.38 927.44 42.35 373.51 

1.07 1.81 78.9 48.24 3231.4 11.32 921.19 42.45 380.22 

1.51 1.47 79.47 58.05 3685.76 13.76 912.81 42.49 372.26 

1.43 1.55 80.4 56.95 3564.87 12.77 883.89 42.91 379.05 

0.61 2.11 80.63 40.77 2602.29 10.84 892.68 43.02 394.39 

2.17 0.73 80.89 50.99 4115.93 17.26 962.53 42.35 354.93 

2.31 0.6 81.68 50.31 4132.29 17.08 965.57 42.59 359.37 

0.92 1.98 81.96 44.16 2922.38 10.37 846.15 43.88 403.78 

0.86 1.79 82.11 42.4 2947.31 10.19 839.24 42.9 380.42 

1.4 1.57 82.18 55.46 3459.56 11.95 834.64 43.53 386.09 

1.42 1.55 85.38 55.03 3352.58 11.22 744.85 44.65 398.33 

1.34 1.65 85.69 53.97 3252.08 10.54 734.06 44.92 405.02 

1.38 1.58 88.77 53.23 3181.02 9.94 645.97 45.83 412.92 

1.36 1.58 89.54 52.16 3138.96 9.58 623.97 46.04 414.87 

1.31 1.69 89.66 52.62 3065.8 9.25 618.26 46.39 424.11 

0.94 1.91 89.82 42.16 2729 8.26 627.87 46.41 429.15 

1.86 0.5 89.87 44.58 3525.08 10.78 715.84 43.74 355.99 

1.15 1.83 89.92 48.32 2902.92 8.53 615.18 46.68 432.19 

1.36 1.58 89.96 52.03 3122.28 9.46 611.33 46.18 416.54 

1.41 1.58 90 54.35 3151.79 9.86 607.88 46.33 419.69 
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Chapter 6. Conclusions and Suggestions for Future Work 

The main goal of this thesis was to introduce novel nanocomposite FDM filaments to 

manufacture biodegradable polymeric bone tissue scaffolds with advanced material 

compositions and geometries by 3D printing. As discussed in the background and literature 

review, the Polymeric Bone Tissue Scaffolds (PBTSs) have to achieve certain properties 

to be functional. Based on the type of bone tissue and the disease, the required 

characteristics vary case by case. In general, four fundamental characteristics have to be 

satisfied for a biodegradable PBTS to be practical, which can be summarized as follow: 

 The scaffold should have a biomimetic design with high porosity (60-90%) to 

encourage and enhance cell proliferation and attachment to the scaffolds. 

 The scaffolds' material compositions have to be non-toxic and enhance the 

regeneration and proliferation of the native cells. 

 The scaffolds should degrade and metabolize by the body after 12-18 months. Also, 

it is more satisfactory if the scaffolds maintain part of their mechanical properties 

for almost six months. 

 The compressive mechanical properties of bone tissue scaffolds should match the 

native tissue, which is in the range of 0.5 to 16 GPa for the elastic modulus and 6 

to 124 MPa for the ultimate strength (this range covers the whole structural 

spectrum of the bone tissue from trabecular bones to cortical bones). 

The products in this study were designed, manufactured, and characterized to meet these 

essential properties for a functional PBTS. The experimental analyses in the related 

sections to Triply Periodic Minimal Surfaces (TPMS) designed scaffolds indicated the 
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impact of the biomimetic designs, porosity, and biodegradation on the mechanical and 

morphological properties of the scaffolds, independent of the material composition. The 

scaffolds were manufactured by using a polyester polymer with the same dominant 

biodegradation properties of the main polymeric matrix of the manufactured 

nanocomposite PBTSs in this study. The TPMS designs indicated significant improvement 

in the mechanical properties and kept part of their strength even after six months of 

biodegradation. The Gyroid design is recommended as the primary design for the scaffolds 

for further studies. These structures have higher mechanical properties, stable mechanical 

strength on increasing porosity of the scaffold, and maintain a considerable portion of the 

properties after six months of biodegradation. The experimental results for TPMS scaffolds 

fabricated with a neat polyester can be summarized as follow: 

 The Schwarz-D scaffold with 60% porosity showed the highest mechanical 

properties compared to the other designs, but the mechanical properties were 

significantly reduced on increasing the porosity. 

 The Gyroid scaffolds maintained their mechanical strength and apparent modulus 

with increase in the porosity. 

 The Neovius scaffolds exhibited inferior mechanical properties compared to 

Schwarz-D and Gyroid scaffolds. 

 Six months of biodegradation depleted the mechanical properties of the structures 

with Schwarz-D design much more than the Gyroid scaffolds. The Schwarz-D 

scaffolds with 80% porosity completely lost their mechanical strength, while the 

Gyroid structures with different porosities maintained their mechanical strength. 
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 Biodegradation transformed the ductile failure mode of the TPMS scaffolds to 

brittle mode. 

 The Gyroid scaffold with 80% porosity was a very favorable design in terms of 

high porosity, compressive strength, and apparent modulus, as well as in preserving 

an acceptable percentage of its mechanical strength after six months of 

biodegradation. 

 

In the next set of experimental studies, novel nanocomposites of PCL/nHA/CNW FDM 

filaments were manufactured, and 3D printed to address the essential required material 

composition for a practical PBTS. PCL/nHA/CNW nanocomposite filaments for FDM 

were designed, developed, and manufactured using a green manufacturing method. The 

Taguchi orthogonal array method was employed to optimize the 3D printing processing 

conditions of the nanocomposites. The material characterization of the nanocomposites 

were performed by Thermo-Gravimetric Analysis (TGA) using ASTM E1131 – 20 

standard procedure and Fourier Transform Infrared Spectroscopy (FTIR) analysis. The 

mechanical and biological properties of the nanocomposite PBTSs fabricated by the FDM 

technique were investigated. MTT assay and fluorescent microscopy were employed to 

assess cell attachment and proliferation on the PBTSs. The assessments indicated that the 

employed materials and the 3D printed nanocomposite PBTSs were not toxic to the bone 

preosteoblast cells and significantly improved the cell proliferation and attachment to the 

scaffolds. The nanocomposites also increased the PCL matrix's overwhelmingly low 

biodegradation rate to fit into the practical range of the biodegradable PBTSs. The 

nanocomposite material selection improved the mechanical properties of the matrix, which 

was added to the increment in the mechanical properties caused by the 3D printing 
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processing conditions optimization using the Taguchi orthogonal array method. The 

nanocomposite fillers increased the average compressive strength and apparent modules of 

the PBTSs up to 44% and 78%, respectively. These parts of experiments were performed 

independent from the structural design, and the finding and understood relations were used 

for further analyses afterward. In general, the results of these parts of the experimental 

assessments can be summarized as follow: 

 The optimal 3D printing processing conditions are the nozzle temperature of 100℃, 

print speed of 15 mm/s, build plate temperature of 30℃, and the fan speed of 100%, 

with desirability equal to 98.7%.  

 The material characterization of the nanocomposites revealed that the proposed 

green manufacturing method was successful in the accurate fabrication of the 

nanocomposites. 

 The manufactured PBTSs that were fabricated by P-nHA3, P-nHA2-CNW1, and 

P-nHA1.5-CNW1.5 filaments had the highest mechanical properties. The nHA 

nanofiller significantly increased the mechanical properties of the PCL matrix. The 

CNW nanofiller did not diminish the mechanical properties of the PBTSs and even 

increased them slightly. 

 CNW significantly increased preosteoblast cells' proliferation on the scaffolds. P-

CNW3, P-CNW2, P-nHA1-CNW2, and P-nHA1.5-CNW1.5 exhibited more than 

20% higher cell proliferation than PCL, after seven days of cell culture. 

 The visualized fluorescent microscopy results of the cells' nuclei and actin 

filaments confirmed the MTT assay results. 
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 Although CNW and nHA nanofillers both increased the PCL matrix's 

biodegradation rate, CNW had a more significant impact.  

 After biodegradation, the nanocomposites did not considerably alter the pH of the 

media. 

The experimental results, numerical simulation, and analytical assessment were combined 

to extend the experiments' biodegradation results and predict the behavior in an extended 

long-term period. The predicted results indicated that all 3D printed nanocomposite PBTSs 

introduced in this study will biodegrade in the practical range of 12 to 18 months. P-

nHA1.5-CNW1.5 was predicted to biodegrade in almost 12 months completely, and P-

nHA1 entirely degrades in 17 months. The rest of the manufactured nanocomposite PBTSs 

were predicted to biodegrade in the range of 12 to 17 months. 

Based on the experimental results and numerical analyses, the final 3D printed PBTSs with 

Gyroid structure and using the PCL/nHA/CNW nanocomposites are practical products 

considering all of the mentioned critical requirements of the PBTSs. The meta-modeling 

was employed to formulate the relationship between the design and the nanocomposite 

material contents with the critical properties of the scaffolds and make a bridge between 

the independent experiments performed in this study. NSGA-III multi-objective 

optimization method was used to present a few non-dominated optimal options considering 

the design and nanocomposite contents of the 3D printed PBTSs. The final optimal 

products can have compressive mechanical strength of 51 to 61 MPa, average apparent 

modulus of 2.6 to 5.1 GPa, and significant cell proliferation properties. Also, they 

biodegrade in the practical range of less than 12 to 18 months and can maintain up to 20 to 

23 MPa of their compressive strength after four months of biodegradation. These scaffolds 
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have advanced biomimetic TMPS designs and practical material compositions as well. 

Comparing the results of this study with the critical requirements of the practical bone 

tissue scaffolds reveals that the products significantly serve the purpose and are practical 

biodegradable PBTSs. 

For future works, there are a few recommendations in both experimental and numerical 

simulation research approaches. As mentioned above, the PCL/nHA/CNW nanocomposite 

3D printed scaffolds were practical options for bone tissue scaffolds, and further 

experimental investigations on these types of nanocomposites can be done to continue the 

current research. Also, in the numerical simulation approach, there are few opportunities 

to investigate the biodegradation and mechanical properties of the scaffolds with advanced 

geometries. A few recommendations for future works can be listed as follow: 

 Animal testing for the proposed PBTSs in this study can be performed. The In-

Vitro studies in this thesis indicated significant cell proliferation and attachment to 

the scaffolds by using CNW and nHA nanofillers. In-Vivo experimentations can be 

helpful for further investigation of the proposed scaffolds’ properties. 

 Further investigations can be done on the PCL/nHA/CNW nanocomposites, using 

other common manufacturing methods for the same application or employing FDM 

manufacturing for other biomedical applications. 

 The biodegradation impact on the fracture pattern of TPMS scaffolds can be further 

investigated, especially by employing In-Vivo experimentations. 

 A new numerical approach can be developed to simulate the impact of 

biodegradation on the mechanical properties for different designs and material 

compositions in the long term. The presented experimental results of this study can 
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be a significant start point to develop a new numerical approach and validate the 

model with the presented experimental results. This approach can be beneficial for 

other similar studies in the future.  
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