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Abstract 

Biological and natural composites have been naturally optimized over millions of years. These 

materials benefit from high-performance responses under various loading conditions. Mimicking 

these materials offers the opportunity of understanding materials-design key features; and hence, 

the chance of developing such a high-performance material with synthetic constituents. The main 

objectives of this research are summarized as follows:  

(i) Develop a computational tool for assessing the elastic responses of biomimetic 

composites using 3D finite element micromechanical modeling.  

(ii)   Make a 3D-printable nanocomposite ink comprised of a plant oil-based polymer and 

nanoparticles for bone-mimetic applications.  

(iii)  3D printing nanocomposite filaments having staggered nanostructures and testing in 

order to validate 3D micromechanical models using mechanical properties. 

Two 3D finite element micromechanical models were developed to study biomimetic composites 

with non-uniformly dispersed staggered hexagonal platelets and cylindrical inclusions. A novel 

algorithm termed staggered hardcore algorithm (SHCA) was used to rapidly generate 3D periodic 

representative volume elements (RVE) for these types of microstructures. The spatial dispersions 

of inclusions in these generated 3D RVEs were assessed using autocorrelation analysis, 

demonstrating the effectiveness of the SHCA algorithm. A new technique was developed within 

the commercial finite element software ABAQUS to produce required matching mesh patterns on 

opposite surfaces of the 3D RVE, and to apply the corresponding periodic boundary conditions 

(PBCs) using custom PYTHON scripts. To verify the developed 3D RVEs, orthotropic elastic 

properties were computed and compared with available experimental data from literature for 

nacre-mimetic and short-fiber composites. Also, these data were compared with established 
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analytical models, namely modified shear-lag, Mori-Tanaka and Halpin-Tsai. These comparisons 

showed that 3D RVE predictions had excellent correlations with experimental data. The 

capabilities of the computational model were further demonstrated through a comparative study of 

orthotropic elastic constants for the cylindrical and hexagonal inclusion composites. The study 

revealed the necessity to use 3D micromechanical models with realistic inclusion dispersions for 

accurately assessing the response of high inclusion volume fraction biomimetic composites. These 

3D RVE models were also validated and compared with experimental data obtained in this study.  

Three-dimensional printable nanocomposite inks consisting of a plant oil-based polymer 

(epoxidized soybean oil acrylate (SOEA)), and nanohydroxyapatite (nHA) particles were made for 

different nHA volume fractions. Silanization process was implemented on nHA particles to 

enhance bonding between nHA and biopolymeric resins. A second ink was made by adding an 

additional monomer 2-hydroxyethyl acrylate (HEA) to SOEA for improving the rheology of the 

ink. Also, ethanol (EtOH) was employed during ink preparation to improve nHA particles 

dispersions. Using these two inks, bone-mimetic filaments with staggered nanostructures were 

fabricated with direct ink writing (DIW) technique. Thermogravimetric analysis (TGA), scanning 

electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDX) were performed to 

characterize the material microstructure. These analyses revealed actual nHA volume fractions, 

the effective value of Si on nHA, as well as, nHA dispersions and alignments in different regions 

of 3D-printed nanocomposite inks. A number of uniaxial tensile tests using a very small universal 

machine and digital image correlation (DIC) measurements were conducted to determine the 

mechanical properties of biopolymeric resins and 3D-printed nanocomposite filaments. 17%Si-

nHA/SOEA+HEA and 20% Si-nHA/SOEA ink had perfectly dispersed and aligned nanoparticles. 

Thus, the strength and toughness of SOEA+HEA and SOEA had been remarkably improved.  
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The extracted experimental data for both biopolymeric resins were used to run 3D finite element 

micromechanical models. While the experimental data for the nanocomposite filaments were 

employed to validate the 3D FE micromechanical models. Eventually, the results of 3D RVEs 

were compared with measured experimental data and Mori-Tanaka prediction. According to 

notable difference between the stiffness of biopolymeric resins and nanohydroxyapatite inclusions, 

the predictions of 3D RVEs were correlated well with experimental data particularly for Si-

nHA/SOEA+HEA ink. These comparisons showed the influences of inclusion misalignments and 

agglomerations as well as limitations of generating staggered nanostructures. 

The 3D RVEs had relatively good and acceptable predictions for nano-scale inclusions; while their 

predictions for micro-scale inclusions were more reliable. In future work, developed 3D FE 

micromechanical models may be used to predict the onset and evolution of local damage and 

cracking in different inclusion-reinforced biomimetic composites as well as local nonlinear or 

time-dependent behavior. Furthermore, these micromechanical models can be an applicable and 

efficacious tool in designing a variety of new composite material systems and optimizing their 

microstructures.  
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Chapter 1: Introduction  

1.1. Context and Motivation  

In the initial stages of technological development of humanity, a number of industries and 

technologies were built by the aid of biological and natural materials namely wood, shells, leather, 

and bone. Over the years, these material systems were gradually substituted by their synthetic 

counterparts which offered improved performance. Researchers continue to show interest in the 

sophisticated microstructures and unique characteristics of natural and biological composite 

materials, including high specific mechanical properties when compared to that of the constituents. 

Cutting-edge laboratory facilities and modeling tools currently provide the chance of deciphering 

the complicated interactions of mechanisms from atomic to macroscopic scale by which natural 

and biological structures enrich the distinctive mechanical properties. Today, there are many 

demands for low-density material systems which can address higher efficient technologies for a 

variety of strategic fields including medicine, transportation, and construction among others. In 

order to overcome this challenge, developing material systems which would offer simultaneous 

combinations of stiffness, strength, and toughness in a lightweight structure would require to be 

fabricated in practical-scale bulk geometries, high volume, and inexpensive cost. Recently, this 

achievement is a fashion goal among a number of research groups. Although several biomimetic 

materials have generated in laboratory scale, there is a considerable doubt concerning their 

capabilities to be scaled-up for diverse practical engineering applications.  

Human-engineered materials have been generated by the aid of synthetic compositions in an 

uncomplicated micro-scale structure. It has been ascertained that by manipulation of material 

nanostructures which previously were unattainable, a broad range of opportunities can be opened 
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to newly develop material systems. However, there is still the extensive number of limitations in 

regard to having control of the nano-scale characteristic of materials during fabrication. Any 

intelligent approach must include nano-, micro-, and macro-scale characteristics. For the purpose 

of accomplishing this, the critical design features of natural and biological structures, namely their 

design motifs must be extracted and translated to the other material systems. Nevertheless, it must 

be considered that current advanced engineering requires that any biomimetic process should be 

scaled-up for practical fabrication in order to speed up manufacturing as well as decrease the 

designing and executing time [3]. 

 

Figure 1. Typical staggered structures discovered in biological and natural materials; (a) mineral tablets in 

shells; (b) hydroxyapatite nanocrystals in collagen fibrils of bone; (c) tripocollagen molecules in collagen 

fibrils of tendon [4]. 

One exciting potential application of biomimetic composite materials is bone reconstruction. 

Indeed, various factors including chemical composition, nano/microstructure, and hierarchy 

architecture can be inspired from bone itself. Bone is composed of ~45 vol% stiff hydroxyapatite 

nanocrystals embedded in ~55 vol% compliant collagen fibrils and proteins arranged in 

sophisticated hierarchical architectures in different length scales. In effect, similar to other natural 
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or biological composites, bone is formed by the staggered hierarchy structure from nano- to macro 

scale (see Figure 1). In order to generate a bone-mimic (or bone-inspired) material, a composite 

material is required which is comprised of nano-scale inclusions and compliant matrix with 

chemical and physical bonding between inclusions and matrix.  

There are a small number of studies conducted on these biomimetic composite materials due to 

the limitations of manufacturing nano-scale hierarchy architectures. In order to generate bone-like 

nanostructure, the fabrication process must be able to have control on the arrangement of nano-

scale inclusion orientations and the many layers of structure at larger length scales. Furthermore, 

high nano-scale inclusion volume fraction, as well as in-vivo challenges namely biocompatibility 

and cytocompatibility which are related to the matrix of these materials systems, are other 

obstacles. Characterization of such bone-mimetic and other biomimetic composites with different 

inclusion shapes and sizes as well as complex structural arrangements and the establishment of 

general design guidelines is pivotal for widespread adoption of these materials. To facilitate this, 

it is essential to develop robust high-fidelity design and fabrication tools to assess the performance 

of these biomimetic composites.  

By using reliable computational tools such as micromechanical models, different mechanical tests 

can be virtually performed for various material systems, and thus mechanical performances can be 

assessed prior to experimental implementations and tests. Accordingly, the influences of inclusion 

and matrix properties, as well as, inclusion shape, size, volume fraction and dispersion on the 

mechanical responses of material can be virtually investigated. 
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1.2. Research Objectives 

The main objectives of this research are summarized as follows:  

(iv) Develop a computational tool for assessing the elastic responses of biomimetic 

composites using 3D finite element micromechanical modeling.  

(v)  Make a 3D-printable nanocomposite ink comprised of a plant oil-based polymer and 

nanoparticles for bone-mimetic applications.  

(vi) 3D printing nanocomposite filaments having staggered nanostructures and testing in 

order to validate 3D micromechanical models using mechanical properties. 

1.3. Outline of Thesis 

In Chapter 2, theoretical background and literature review of mechanical responses and fabrication 

methods of biological and biomimetic inhomogeneous materials are be described to understand 

the required knowledge, and realize limitations, gaps, and shortcoming of in this area. In Chapter 

3, the development of novel, computational 3D finite element micromechanical models are 

described. In Chapter 4, the methods used to generate biomimetic nanocomposite filaments, such 

as ink preparation, extrusion-based 3D-printing process, and various material characterization 

tests, are described. In Chapter 5, the preparation of mechanical test specimens and their tensile 

tests are described. In Chapter 6, results from the computational and experimental studies are 

presented and compared. In Chapter 7, the findings of this project are discussed in the context of 

the literature. Finally, in Chapter 8, conclusions and recommendations are presented. 
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Chapter 2: Theoretical Background and L iterature Review  

In this chapter, the characteristic high performance of biological and natural composites are 

reviewed. Afterward, biomimetic materials that have been produced in seeking to achieve the same 

performance of biological and natural materials are reviewed. Thereafter, various fabrication 

techniques that have been used to manufacture biomimetic materials are introduced. In addition, 

micromechanical modeling aspects of heterogeneous materials, including discontinuous staggered 

structure, periodic micro-fields, periodic boundary conditions (PBCs), and homogenization theory 

are explained. Well-established analytical models for discontinuous microstructures are also 

described. Finally, micromechanical modeling, and associated algorithms, employed for 

biomimetic materials are reviewed. All these contents are required to understand and implement 

various steps of this project.  

2.1. Overview of Biological and Natural Composites 

Various biological materials, including bone, tooth enamel, mollusk shells, mantis shrimps, have 

been naturally optimized over millions of years and, presumably as a result, exhibit high 

mechanical performance. These biological composites benefit from simultaneous low density, 

high specific toughness, specific stiffness, and specific strength, which are unmatched in 

comparison to traditional engineering materials [1, 3, 5, 7]. Figures 2 (a-b) illustrate high strength 

versus high stiffness, and high fracture toughness versus high Youngôs modulus of two high-

performance biological composites, namely bone and nacre. The key features or motifs that are 

pervasive among the materials mentioned above are overlapping stiff inclusions embedded in a 

compliant matrix having complex staggered architectures (Figure 2 (c)) [8]. 
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 The staggered microstructure is the main archetype by which many biomimetic composite 

materials are developed. Figure 2 (a-b) also, demonstrate that by means of biomimicking and using 

synthetic constitutes, various high-performance composite material systems can be generated for 

different engineering applications, such as biomedical implants, synthetic bone grafts, and many 

others [3, 8]. 

 

(a) 

 

(b) 
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 (c) 

Figure 2. (a) Specific strength and stiffness Ashby plots [3] and (b) fracture toughness versus stiffness 

plot [3] for biological and biomimetic materials and their constituents. (c) Various universal staggered 

structures observed in natural and biological composites [8]. 

A number of biological composites, such as bone and nacre, demonstrate higher fracture toughness 

than their constituents (i.e., inclusions and matrix). They are able to sustain the onset of fracture 

and crack propagation using extensive intrinsic and extrinsic toughening mechanisms, such as 

collagen-fibril  and un-cracked-ligament bridging in bone (see Figure 3), as well as, viscoelastic 

organic layer and inelastic shear resistance of nano- asperities in nacre. These phenomena increase 

crack propagation resistance (post crack growth initiation) significantly. Indeed, fabricating 

biomimetic composites is a challenging process when trying to mimic the interlocking mechanisms 

in their hierarchical architecture structure and high inclusion volume fractions (see Figure 3 and 

4) [1, 3]. 
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Figure 3. (Structure) Seven levels of bone hierarchy structure from macro-to nano-scale. 

(Mechanisms) Behind-crack tip and front-crack tip bone toughening mechanisms from macro-to 

nano-scale [1, 3]. 

Presumable, by mimicking the staggered hierarchical structures found in bone and nacre in a 

synthetic biomimetic composite, similar mechanical performance can be attained [1, 8]. For 

instance, Figure 4 illustrates the considerable effects of various mimicked hierarchy structures on 

the toughening mechanism and crack trajectory subjected to the pure mode I (opening) [9]. 

Consequently, by inspiration and bio-mimicry, the aforementioned high-performance 

characteristics of biological and natural composites can be achieved and implemented for several 

different engineering applications.  
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Figure 4. The effects of different bio-mimicked hierarchy structures on improving toughening 

mechanism and crack propagation under the pure mode I loading [9]. 

2.2. Overview of Existing Biomimetic Composites 

Various research groups have been motivated to develop and fabricate synthetic bone-and nacre-

like composites in order to investigate the structure-property relationship [1, 8]. Dimas et al. [9] 

generated bone-like composites to mimic the behavior of various staggered structures in bone- and 

nacre-like materials. Grossman et al. [10] fabricated a nacre-mimetic composite using alumina 

micro-platelets. Not only they achieved a simultaneous stiffness and toughness, but also the high 

fracture toughness due to the fracture mechanisms in this material system was attained. Le Ferrand 

et al. [11] manufactured a biomimetic tooth-shaped composite containing a bilayer microstructure 

for locally tuning composition and alumina micro-platelet orientation. Compton and Lewis [12] 

produced various geometries of cellular architectures which were reinforced via rod-shape 

whiskers. They notably tailored the stiffness and strength of these material systems. Martin et 

al. [13] fabricated a biomimetic composite which its elastic properties was locally tuned to exhibit 

the role of reinforcement architectures in driving crack propagation trajectory. Also, they 
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remarkably increased the stiffness, Vickers hardness, and failure strain.  Erb et al. [14] generated 

a biomimetic composite with bilayer microstructure of micro-rods inspired from pinecone using 

gelatin reinforced by ultra-high magnetic response tablets to create different controllable self-

shape behavior before and after swelling. Bargardi et al. [15] implemented a bilayer microstructure 

of micro-platelets on ceramic composites to make programmable self-shape behavior through 

sintering. Feilden et al. [16] fabricated bone-mimetic ceramic filament composites using micro-

platelets inclusions. Gurbuz Guner and Dericioglu [17] manufactured a nacre-mimetic glass/epoxy 

composite with the staggered structure of glass micro-platelets. Yaraghi et al. [18] generated 

helicoid and herringbone microstructure inspired from the dactyl segment of mantis shrimp in 

order to tailor the impact resistance. They found that critical shear strains can occur in helicoid 

architecture compared with herringbone one. Thus, herringbone architecture benefits from better 

impact resistance. Zaheri et al. [19] mimicked a helicoidal bio-composite using discontinuous 

fibers inspired from a particular beetle. They investigated the effects of pitch or twist angle on 

various mechanical responses such as stress-strain, crack initiation, stiffness degradation, strain 

heterogeneities, and fracture propagation and surface. Gu et al. [20] fabricated a biomimetic conch 

shell architecture to tune the impact performance and crack arresting mechanism. They tailored 

the impact resistance of this material system up to 70% by hierarchy and adding a second layer. 

Guiducci et al. [21] created a periodic honeycomb structure inspired by plants to achieve different 

behavior before and after swelling. In order to mimic the behavior of shark skin, Wen et al. [22] 

generated stiff denticles on the flexible layer. Araya et al. [23] produced a segmentary armor jacket 

inspired from fish skin. Mirkhalaf et al. [24]overcame glass brittleness by inspiring from micro-

architectures. They locally tuned glass using jigsaw-like interfaces, thus, the crack initiation and 

propagation resistance of glass significantly amplified. Yin et al. [25] generated biomimetic 
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simultaneous tough and deformable glass inspired from cross-ply architectures. They increased 

initial stiffness, tensile strength, deformation failure, energy absorption, and fracture energy of 

glass simultaneously. Mirkhalaf et al. [26] mimicked various topological interlocked structure to 

boost simultaneous strength and toughness. They have tested the maximum load capacity and 

energy absorption of each topological interlocked structure under static and impact loading. They 

showed that octahedron and tetrahedron interlocking topology has maximum load and energy 

absorption. 

There are some notable shortcomings in the performance of the abovementioned biomimetic 

materials resulting from the material and manufacturing processes. Some of the limitations include  

(i) micro-scale inclusions were employed in these materials; while to achieve the high 

performances properties of natural and biological materials, nano-scale hierarchy architectures are 

required. (ii) In most manufacturing processes, the orientation and alignment of nano-scale 

inclusions cannot be controlled and steered. (iii) The inclusion volume fraction in these materials 

is much lower than many natural and biological composites. (iv) Nano-scale physical and chemical 

bonding namely interlocking and bridging have not yet been developed in these materials. 

To design and fabricate bone-mimetic composite materials, a wide range of polymers have been 

reinforced via different micro-particles using a variety of fabrication techniques [1, 3, 8, 35]. 

However, several shortcomings make these materials inferior in comparison with bone. For 

instance, the level of stiffness, toughness, and strength has not been amplified significantly. Other 

important limitations for generated bone-like composites are that most matrix phase of these 

materials are fabricated by the molten, non-biocompatible, or non-biodegradable polymers, and 

they reinforced using microscale particles; while bone possesses nano-hydroxyapatite (nHA) 

crystals. Furthermore, achieving ~45 vol% mineral particles for some of these techniques is 
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impossible. Also, the bone-like staggered structure of inclusions could not be executed; while 

particles dispersion and clustering is another obstacle. Moreover, in some of them, the interface 

between nHA crystals with matrix was not appropriately enhanced. A number of these methods 

are challenging, expensive, and time-consuming.  

2.3. Overview of Fabrication Techniques 

A number of inclusion types, including hexagonal (i.e., flake-like) platelet and rod shape (i.e., 

cylindrical), have been utilized to generate biomimetic composites (see Figure 5) employing a 

variety of fabrication techniques. Examples of these techniques include sputtering [27], 

centrifuging and casting [28], layer-by-layer assembly [29], freeze casting [30], [31], 

sedimentation [32], vacuum filtration process [33], solution casting [34], doctor blading [35], ink-

jet printing [36], gel casting [37], hot pressing [38], laser engraving [24], magnetic alignment [39], 

magnetically assisted slip casting [11], hot-press assisted slip casting [17], and robocasting [16].  

 

Figure 5. Different inclusion shapes used in biomimetic composites. (a) aragonite micro-

rods [40], (b) hexagonal alumina micro-platelets [41], (c) silicon carbide whiskers and carbon 

fibers [12]. 
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During the past decades, additive manufacturing (AM) particularly 3D-printing has revolutionized 

rapid prototyping fields by generating high-detailed intricate geometries which were impossible 

employing traditional processing routes. Using the capabilities of AM biomimetic composites with 

complex microstructures and locally graded chemical compositions can be generated; while these 

were not possible using conventional techniques [8]. The discovery of this feature has been 

inspired and exploited based on the sophisticated hierarchical architectures found in biological and 

natural composite materials created via living organisms. In effect, the microstructural features of 

natural and biological composite materials can be reproduced with synthetic components using 

AM. By employing AM potentials, the local microstructures and chemical compositions can be 

controlled in the layer by layer form. This layer-by-layer method in AM can make similar feature 

with the process of living organisms generate biological and natural composite materials (see 

Figure 6). Figure 6 (a) illustrates the biomineralization process in which mineral phases are 

generated within the organic structure using selected inorganic matters in cells. On the other side, 

3D printing can continuously produce a layer-by-layer or droplet structure in the filament form. 

Both these two processes are layer-by-layer additive technique in two different manufacturing 

methods. These similar features include: (i) supplying structure continuously and step by step, (ii) 

a programmed code by which the local scheme of microstructure can be assembled, (iii) various 

mechanisms which can execute the code and hence, govern the orientation and chemical 

compositions of generated microstructure, and (iv) a stabilization step whereby the generated 

microstructure is configured to a heterogeneous layer. 
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Figure 6. A comparison between biomineralization and 3D printing of a biological and synthetic 

microstructure respectively [8]. 

Although by employing existed manufacturing technologies the complexities and functionalities 

of biological composite material systems cannot be reached, the similar highlighted features 

propose that AM can be an interesting route to generate synthetic inhomogenous material systems 

and boost material characteristics up to natural and biological composites materials. Consequently, 

3D printing applicability and capabilities are employed by means of different AM techniques 

across a broad range of biomimetic composites for various engineering applications. Examples of 

these techniques include: PolyJet 3D printing, direct ink writing (DIW), 3D magnetic printing, 

multi-material magnetically-assisted 3D printing (MM-3D printing), Magnetically-assisted slip 

casting [8]. 
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2.4. Micromechanics of Heterogeneous Materials 

In this sub-section, mechanical characteristics of heterogeneous materials and their different types 

of anisotropy are reviewed. Afterward, some micromechanical approaches for discontinuous 

staggered composites are described. In regard to micromechanical modeling, periodic boundary 

conditions and homogenization theory also are briefly explained.  

2.4.1. Mechanical Response of Heterogeneous Materials 

A number of engineering and biological materials are heterogeneous. They comprise of distinct 

phases which are discernible at different length scales. Each phase may exhibit distinct properties 

and orientation. Well-known examples of these materials include biomimetic materials which were 

described in Section 2.2 and also different industrial composites, porous and cellular materials, 

polycrystalline materials, functionally graded materials among others. The performances of 

heterogeneous materials are characterized via the materials property, geometry, and topology of 

phases. The responses of heterogeneous materials can be assessed at a range of length scales from 

sub-atomic to continuum level. In this study, the micro-level of heterogeneous materials is 

investigated. The overall properties of multi-phase materials can be determined using a 

micromechanical model and homogenization by considering the properties of constituents, 

interfaces, topology, and morphology [42-45].  

One of the significant features in continuum micromechanics is the heterogeneity level of 

constituents. This parameter is often defined via the phase contrast. For instance, the elastic 

contrast of a matrix-inclusion composite is defined as  
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where Ei and Em denote the Youngôs moduli of inclusion and matrix respectively.  

Heterogeneous materials may exhibit various anisotropy behaviors. Indeed, anisotropy is the 

directional dependency of material characteristics and responses. Based on symmetries in the 

internal structure, various types of anisotropy can be specified. The elastic tensor arrangements 

tend to be more straightforward when the internal symmetries in the material increase [42-45]. 

Each type of symmetry can change stiffness tensor by rotation and reflection through a particular 

axes and plane to retain the symmetry transformations which can be presented in the following: 

ij i jQ Q e e= Ã                                                                                                                             (2) 

 where Q is the orthogonal second order tensor as well as ie and je are unit vectors. Also, 

1 TQ Q-= and: 
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 , 

The elastic tensor (C) is transformed using the following equation: 

ijkl ip jq kr ls pqrsC Q Q Q Q C=                                                                                                      (3) 

Herein, different types of material symmetry, implications on anisotropy, their symmetry 

transformations and elastic tensor are briefly described in Table 1. In this project, orthotropic 

symmetry is employed. 
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Table 1. Various types of materials symmetry, anisotropy, transformation and of elastic tensors 

[42-45]. 
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Transversely isotropic 
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2.4.2. Discontinuous Staggered Inclusion Reinforced Composites 

A variety of engineering materials have discontinuous inclusion structures namely discontinuous 

short-fiber composites. As mentioned in previous sections, a number of natural and biomimetic 

composite materials also benefit from discontinuous inclusions with different shapes including 

hexagonal platelets and cylindrical particles.   Due to the complex microstructures of discontinuous 

inclusion reinforced composites, notable efforts have been made to accurately represent the 

inclusion architecture for subsequent analytical or computational performance assessment. The 

morphologies of discontinuously reinforced composites are basically three-dimensional. The 

three-dimensional periodic staggered or aligned hexahedral was employed as a simplest 

representative volume element (RVE) for discontinuously reinforced composites. This geometry 

is computationally inexpensive and relatively easy to create (see Figure 7). However, it can have 

several limitations in regard to inclusion morphologies and loading and boundary conditions [42-

45]. By employing larger RVE with realistic inclusion dispersion, periodic boundary conditions 

(PBCs) can be supported and the full mechanical responses of staggered cylindrical and hexagonal 

inclusion arrangements can be assessed [42-45]. 
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Figure 7. Three-dimensional RVE for modeling staggered hexahedral morphologies of 

discontinuous cylindrical inclusions. The shaded and bolded parts are suitable for symmetry and 

periodic boundary conditions respectively [45]. 

 

2.4.3. Periodic Micro-Field  

One method for approximating microscopic and macroscopic mechanical responses of 

heterogeneous materials is the periodic micro-field approach. By employing this approach, 

periodic microstructure material models can be assessed using periodic RVEs. Likewise, the 

performances of infinite periodic arrays and microstructures under various loading and boundary 

conditions can be evaluated. Moreover, a large number of micromechanical models have been 

implemented to determine the optimum shape, size, and morphology of representative volume 

elements (RVEs) for various sophisticated microstructures including heterogeneous materials [42-

45]. 

In periodic micro-field method, the stress and strain fields are separated into averaged macroscopic 

s  and e as well as variable microscopic components ůǋ (z) and Ůǋ(z). Figure 8 depicts the 
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idealized periodic micro-field with the variations of strain and corresponding displacements 

through z in a typical 1D periodic composite consisting of material A and B using periodic unit 

cell with length of cz. 

 

 

Figure 8. Variation of strains Ůs (z) and displacements through us (z) a typical 1D periodic 

composite comprise of material A and B with periodic unit of cz. Small white dots represent the 

symmetry points of Ůs (z) and us (z) [45]. 

The relation between volume averaged strain 
se  and the incremental displacement per cz can 

be written as follows: 

 and ( ) ( )s
s s z s s z

z

u
u z p u z c

c
e e

D
= + = +                                                              (4) 
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2.4.4. Periodic Boundary Conditions 

RVEs with applied boundary conditions must be able to capture all deformation states, as well as 

stress and displacement compatibility at the surfaces for micromechanical problems. Accordingly, 

inclusion overlaps and gaps, as well as, other unphysical constraints must not have any effects on 

the deformations of RVEs. It means RVEs must be geometrically compatible. Hence, the boundary 

conditions of RVEs must be applied in a particular method that all deformation states can be 

captured via the model. Three different main boundary conditions can be employed in a periodic 

micro-field assessment include periodicity, symmetry, and anti-symmetry. In the periodicity 

micro-field approach models, one of these three types of boundary conditions or the combination 

of them can be applied, regardless of the numerical approach which is used to solve the equilibrium 

relations [42-45]. 

In general, for the typical periodic arrays, various RVE shapes and size can be employed 

particularly when point or symmetries have existed in the micro-geometry. For instance, Figure 9 

indicates a 2D periodic hexagonal dispersion of circular heterogeneities. As it can be seen, many 

RVEs with different size, shape and boundary conditions can be utilized to assess the mechanical 

responses of this micro-geometry. One of the important capabilities of this approach is that for 

each type of arrangement in RVE, a particular boundary condition can be applied. 
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Figure 9. A variety of RVEs with different shapes, sizes, and boundary conditions which can be 

employed to evaluate the mechanical performances of a periodic hexagonal distribution of 

circular heterogeneous micro-geometry [45]. 

One of the most common and efficient types of boundary conditions for RVE is periodicity. By 

using periodic boundary condition, the total physical deformation states of the RVE can be 

captured; thus, heterogeneous materials such as biomimetic composites can be modeled with this 

concept.  

For the purpose of defining N-dimensional periodic micro-geometry with non-uniformly dispersed 

inclusion, an optimum RVE and a set of N liner independent periodic vectors Pn are required (see 

Figure 10). The opposite surfaces of the RVE which are subjected to PBCs must comprise of at 

least N pairs of opposing faces ũk. The pattern of elements must also be analogous to create the 
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given pairs of kīand k+ which are shifted corresponding to each other via shift vectors ck. Any shift 

vector must be a linear combination of periodic vectors which can be defined as follows 

k

k l ll
c m P=ä ,                                                                                                                         (5) 

where 
k

lm are integer numbers. 

Figure 10 shows different matching opposite faces pairs which are marked by same line style and 

color. 

 

Figure 10. Various equal minimum-size periodic RVEs for a non-uniformly dispersed particles 

with two non-orthogonal periodic vector pairs include (P1, P2) and (Pǋ1, P2) [45]. 

Accordingly, selecting a simple shape of RVE can promote the application of PBCs. These RVEs 

are generated and discretized for subsequent finite element analyses (FEA) which will be described 

in chapter 5. In fact, the meshing process of the low- or negative-angle intersections among 

boundaries, faces, and edges in the selected RVE can significantly be challenging. Selecting the 

shape of RVE also can be automated using various Voronoi tessellations; however, this method 
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can choose an irregular volume or shape. On the contrary, if orthogonal periodic vectors to be 

employed in selecting the shape or volume of RVE, then periodic rectangular or hexahedral RVEs 

with regular faces, edges, and vertices can be generated for micro-geometries. 

For the multi-dimensional RVEs, Eq. (4) can be expanded by adding shift vector of ck (see Figure 

8) as 

 ( ) ( ) *k ku z c u z ce+ = +                                                                                                       (5) 

where u is displacement and ck is equivalent to cz for multi-directional RVEs. For any matching 

opposite faces, edges, and vertices pair, using Eq. (6) PBCs in the small strain regime can be 

applied (see Figure 8) 

( ) ( ) *k k k k kk k
u u u u s c u s ce+ -D = - = + - =                                                                 (6) 

where 
ks and 

k ks c+ are the position of mating nodes on opposing typical faces or edges; also,  

k
u -and 

k
u +are the displacements of corresponding node pairs. Thus, the deformed expression of 

shifting vector is Ĕ
k k kc c u= +D. Based on Eq. (6) in which macroscopic strain e was defined 

in displacement form, the displacement vector can be defined as the following 

k k M M
u u u u+ - + -= + -                                                                                                              (7) 

where 
M

u +and 
M

u -are the displacements of a typical matching node pair. By means of these 

nodal control, the information of Ĕkc is transported. These types of constraints compel all unit cells 

to have a monolithic fit condition in all deformation states. 

For a rectangular 2D RVE shown in Figure 11. Eq. (7) can be written as follows: 
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1 1( ) ( )N s NWu s u s u= +                                                                                                          (8) 

2 2( ) ( )E w SEu s u s u= +  

which can directly imply for vertices as the following 

NE NW SEu u u= +                                                                                                                    (9) 

where 
ks are local edge coordinates which are employed to specify mating nodes. In this RVE 

which is represented in Figure 11, the vertex SW is completely fixed. 

 

Figure 11. Scheme of periodic boundary conditions (PBCs) applied on a rectangular 2D RVE 

[45]. 

For numerical analysis, the discretization of opposing faces and edges must have the analogous 

nodal coordinates ks  and each nodal pair must have separated constrain shifting vector. Thus, Eq. 

(8) leads to be the sets of three nodal displacement degree of freedoms (DOFs) in the form of linear 

constraints. By comparing Eqs. (6) and (8) demonstrates that the displacements of the master nodes 
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(i.e., SE and NW) which have the macroscopic strain tensore information. Furthermore, the 

displacements of the slave nodes (i.e., N and E in Figure 13) are totally controlled via master nodes 

displacements (i.e., S and W in Figure 11). Indeed, these types of implementation can be applied 

for any 2D and 3D periodic RVE which has even number of faces or edges.  

2.4.5. Homogenization Theory 

For the purpose of computing the bulk mechanical properties of the inhomogeneous materials (e.g., 

biomimetic composites) using 3D RVEs, a homogenization process as shown in Figure 12 must 

be employed [46-49]. Figure 12 (a) illustrates a heterogeneous periodic microstructure with 

volume,j, under external forces per area, F , on the boundaries, 
tA , as well as exterior 

displacements per area, u , on boundaries, 
uA . Equilibrium relations, strain-displacement law, 

constitutive equations, and boundary conditions for a heterogeneous microstructure can be 

expressed using Eq. (10) to Eq. (14) respectively.  

, 0ij j ifs + = in j,                                                                                                                 (10) 

, ,

1
( )

2
ij i j j iu ue= +  in  j,                                                                                                     (11) 

ij ijkl klCs e=  in j,                                                                                                                   (12) 

ij j in Fs =   on  At ,                                                                                                                                                                            (13) 

i iu u=  on Au ,                                                                                                                            (14) 
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where 
,ij js  is the derivative of stress tensor components with respect to j,  

if  are the prescribed 

body forces per unit volume, 
ijerepresents strain tensor components in equilibrium equations, 

ijklC is the linear elastic material stiffness matrix, 
jn denotes outward normal vectors on the 

volume boundaries. For inhomogeneous materials such as biomimetic composites, the stiffness 

matrix may vary in different regions of the microstructure, and hence the solution of Eqs. (10-14) 

becomes intricate. Therefore, addressing homogenized responses or averaged mechanical 

properties is essential for continuum-based calculations. As indicated in Figure 12 (b), by means 

of a simple RVE or unit cell with volume, 
ej , a heterogeneous periodic microstructure can be 

generated for homogenization. The terms 
mj  and 

ijdenote the matrix and inclusions volume 

fraction of the RVE respectively. Thus, 
e m ij j j= is the total volume of the RVE, and 

e tm umA A A=  represents the summation of exterior boundaries, where 
tmA and 

umA  are 

regions under tractions and displacements respectively. Also, the interaction between inclusions 

and matrix can be assumed to be perfectly bonded. 
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Figure 12. (a) Heterogeneous periodic microstructure of a representative biomimetic composite. 

(b) a representative volume element (RVE) of composite microstructure with inclusion and 

matrix. 

Jansson [46] derived the relation between volume average stress and volume average strain for the 

inhomogeneous materials which were defined as: 

0 (0)1
( , )ij ij e ij

e

x y d
j

e e j e
j
= =ñ                                                                                      (15) 

0 01
( , ) ( )H

ij ij e ijkl kl

e

x y d Cs s j e e
j Y
= =ñ ,                                                                (16) 

where ije  and ijs are sequentially volume averaged strain and stress for the RVE. 
0

ijeand 

0

ijs denote local strain and stress in the RVE respectively. The equivalent homogenized stiffness 
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matrix is introduced by 
H

ijklC . For a homogenized elastic microstructure, the relation between 

stress and strain can be expressed via Eq.(16). Additionally, for 3D RVEs, 
H

ijklC constants are 

calculated via applying six independent unit macrostrains and PBCs for six independent models. 

00
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( )
2
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ij

j i

uu

x x
e

µµ
= +
µ µ

 expresses imposed unit macroscopic strains for any six independent 

loading cases. Thus, by means of the computed volume averaged stresses and strains in each case, 

one column of effective stiffness matrix can be calculated using the following  
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     (17)                                                     

The inverted form of 
H

ijklC matrix is compliance matrix 
H

ijklS . The elastic constants are calculated 

using the following 
H

ijklS coefficients: 
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2.5. Analytical Models for Discontinuous Inclusion-Based Composites 

Established analytical models, including Mori-Tanaka, modified shear lag and Halpin-Tsai, have 

been utilized to calculate the elastic properties of composites materials. These models are reviewed 

herein, while relevant predictions are presented in results section. In addition, several analytical 

solutions have been proposed to investigate the characteristics and properties of various natural 

and biological composites, such as stiffness, strength, toughness, and interfacial properties [50-

53].  However,  all  of  these  models  were  2D  analytical  solutions,  and  the  third dimension, 

which defines inclusion shape and dictates whether plane strain constraint is imposed, has not been 

considered. Furthermore, analytical models often cannot account for the complexities of 

biomimetic composite microstructures, such as non-uniform inclusion distributions. computational 

micromechanical models can be used to better represent the material microstructure. 
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2.5.1. Mori ïTanaka Model 

The MoriïTanaka model can predict the elastic stiffness tensor of a composite material with 

assumed elliptical inclusions and interaction among inclusions and matrix using [42, 54-56]: 

( ) ( )
1

c m i i m i i i i1C C C C A I Aj j j
-

= + - è - + øê ú                                                        (19) 

where Cc, Cm, and Ci are stiffness tensors of the composite, matrix, and inclusion respectively. űi 

is the inclusion volume fraction, I is fourth order unit tensor, and Ai is the dilute mechanical strain 

concentration which can be expressed as follows: 

( )( )
1

1

i m i mA I S C C C
-

-è ø= + -
ê ú

                                                                            (20) 

The elements of Eshelbyôs tensor S are the function of inclusion aspect ratio (ɟ) and matrix 

Poisonôs ratio (ɜm), which are presented in Table 2 and by Eqs. (21)-(25). 

Table 2. Eshelbyôs tensor element for elliptical inclusions. 

s11 4Q/3 + R I3 + 2ɟ2T 

s22= s33 Q + R I1 + 3T/4 

s23= s32 Q/3 ï R I1 + 4T/3 

s21= s31        ï RI1 ï ɟ
2T 

s12= s13 ï R I3 ï T 

s44 Q/3 ï R I1 + T/4 

s55= s66 2R ï R I1/2 + (1+ ɟ2) T/4 

All other sij 0 
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2.5.2. Modified Shear lag 

Another well-known analytical model for discontinuous composites is shear lag model, which 

many versions have been developed [43, 44]. A modified shear lag model is employed herein to 

predict longitudinal modulus (E1) of aligned discontinuous composites using the following: 
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                             (26) 

where Ei and Em represent Youngôs modulus of inclusion and matrix respectively. ijand 
mj

denote inclusion and matrix volume fraction respectively, and l is the length of cylindrical 

inclusions or diameter of hexagonal inclusions. Moreover, h is the diameter of cylindrical 

inclusions or the thickness of hexagonal inclusions. 
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2.5.3. Halpin-Tsai Model 

Another well-known model used to predict the longitudinal Youngôs modulus of discontinuous 

composites is Halpin Tsai model, which is defined as follow [43, 44]: 
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                                                                 (27) 

this model also is used to predict and compare the Youngôs modulus of  discontinuous composites 

with other analytical models and finite element micromechanical models. 

2.6. Computational Micromechanical Modeling of Biomimetic Composites 

Micromechanical finite element (FE) modeling provides an efficient means to conduct virtual 

experiments for various material systems during design, while at the same time allowing for greater 

flexibility with regards to assessing material nonlinearities and local damage progression of 

bioinspired composites. Mirkhalaf and Barthelat [35] developed a 2D RVE to assess the 

longitudinal performance of nacre-mimetic composites. Recently, Mirkhalaf and Ashrafi [54] 

proposed 2D RVEs to explore the effects of voids on the mechanical performance of staggered 

microstructures.  During the past decade, Barthelat and coworkers [57-61] have proposed 2D and 

3D RVEs to characterize the interfaces and junctions of the nacreous layer from mollusk shells. 

These studies have made notable contributions; however, most proposed FE models for biological 

or biomimetic composites utilized 2D RVEs, the limitations of which include the inability to assess 

out-of-plane mechanical properties or 3D damage evolution under realistic and practical multiaxial 
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stress states. Although several 3D FE micromechanical models have been proposed to characterize 

various staggered and aligned discontinuous inclusion-reinforced composites, overall 

microstructure, inclusion shape, and boundary conditions are often simplified and not an accurate 

representation of the material. Also, complicated algorithms are often employed to generate 3D 

RVE geometries, mesh schemes, and apply periodic boundary conditions [62]-[66]. In addition, 

the influences of various inclusion shapes and aspect ratios under different stress states have not 

been broadly compared using micromechanical FE models. Hence, to accurately assess the local 

damage evolution or 3D mechanical properties of biomimetic materials, 3D RVEs with staggered 

or aligned microstructures consisting of non-uniformly dispersed inclusions with various shapes 

are required. This is challenging, particularly if periodic geometries and boundary conditions are 

required. 

One of the significant obstacles in modeling 3D multi-inclusion RVEs is to randomly generate 

non-uniform inclusion distributions efficiently, in particular for RVEs with high fiber volume 

fractions. In this regard, a number of algorithms have been developed [67-75]. The hard-core 

random distribution algorithm (HCRDA) was established by Yang et al.[67], while extensions 

such as the close packing model [68], stirring method [69] and random sequential expansion (RSE) 

algorithms [70] were also developed to overcome the jamming limitation of the HCRDA. The 

HCRDA is not efficient in generating RVEs with high fiber volume fractions [71]. The nearest 

neighbor algorithm (NNA) was later developed by Vaughan and McCarthy [73]. Due to the inter-

fiber problem of NNA, the modified NNA (MNNA) was proposed by Wang et al. [74]. 

Furthermore, Zhang and Yan [75] proposed elastic collision algorithm (ECA). The principal 

drawback for the aforementioned algorithms is an inefficiency or inability to randomly generate 

RVEs with non-uniform dispersions and high fiber volume fractions. Moreover, due to jamming 
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limitations, these algorithms are not efficient in randomly generating 3D RVEs with non-uniformly 

dispersed periodic staggered inclusions with high volume fractions. Recently, Li et al. [76] and 

Bahmani et al. [49] proposed an algorithm employing event-driven molecular dynamics to 

generate high spherical inclusion volume fraction 3D RVEs; however, this new approach cannot 

still be utilized for various inclusion shapes. 

Therefore, in order to compute other mechanical properties of these materials, a computational 

tool is required. In the following chapter different steps of the developing this computational tool 

which is enabled to calculate orthotropic elastic properties are described. 
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Chapter 3: Computational Models Development  

In this chapter, the required algorithm to generate the geometry of micro-and nanostructure of 

various biomimetic composites are described. Afterward, 3D FE micromechanical modeling 

requirements include periodic geometry, mesh, and boundary conditions are explained. 

3.1. Generating Non-uniformly Staggered Periodic Microstructure  

In order to randomly generate 3D RVEs with non-uniformly dispersed periodic staggered or 

aligned inclusion coordinates, the 3D Staggered Hard-Core algorithm (SHCA) was used. This 

algorithm was compiled based on the well-known Hard-Core model. In the primary hard-core 

model, randomly dispersed particles are generated through an isotropic core (i.e., disc or sphere), 

non-periodic, and non-staggered morphology. However, for the studied biomimetic materials, 

hexagonal or cylindrical particles with various aspect ratios in a non-uniformly staggered or 

aligned scheme were considered in the SHCA, while RVEs had periodic geometries for applying 

PBCs. The 3D SHCA flowchart illustrated in Figure 13 was implemented into MATLAB software 

for generating non-uniformly staggered and aligned inclusions in 3D RVEs with inclusion volume 

fractions up to 40%. A volume fraction of 40% is remarkably high for 3D discontinuous staggered 

and aligned inclusion-reinforced composites.  
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Figure 13. Flowchart of the 3D staggered hard-core algorithm (SHCA). 

As can be seen in Figure 13, the SHCA includes a main procedure and an overlap check function. 

The main procedure begins with parameters initialization which consists of the RVE dimensions, 

inclusion shapes and aspect ratios, as well as, desired inclusion volume fraction. Subsequently, the 

new coordinate is generated by random function in MATLAB software. Periodic staggered 

adjustment is executed while the coordinate is adjacent to corners, exterior edges, and surfaces. 

Afterward, specific field and new coordinates will be generated to maintain geometric periodicity. 

Moreover, inclusion intersections for each generated coordinate are examined using overlap check 

function. The depiction of overlap check functions for hexagonal and cylindrical inclusions are 

shown in Figure 14 and Figure 15 respectively. For overlap check function of hexagonal 

inclusions, each hexagon edge and vertex must be checked to distinguish inclusion intersections. 

Figure 14 exhibits closest aggregate hexagons. Hexagon Rf in the middle is reference one and 

others are nearest hexagons to Rf. In order to avoid inclusion intersections, the center of newly 
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generated hexagon must be retained outside of the orange dash-dot line. Further depictions are 

indicated in the fourth quarter of XY-plane in Figure 14 (b) where Or is XY-coordinate origin and 

center of Rf, also, O1, O2, and O3 are the center of three typical nearest hexagons to Rf. Thereupon, 

the function of orange dash-line can be expressed as: 

( )( )
3 ,( 60 )

2 3 3 ,( 60 )

r

r r

y y r

y y r x x

q

q

ë ¡- = ² ¯î
ì
¡ ¡ <- = - - ¯îí

 ,                                                                 (28) 

where (xr,yr) and (xô, yô) are the center coordinates of Rf and newly generated hexagon respectively. 

r is the radius of the hexagon circumscribed circle, and ɗ is defined as:

( )( )( )  arctan ' / 'r ry y x xq= - -                                                                                        (29) 

Other three quadrants follow the same procedure to guaranty generating of newly non-intersected 

hexagons. With regards to inclusion intersections in Z-direction illustrated in Figure 14 (c), YZ-

coordinates must be checked, if Z-coordinate of the newly-generated hexagon is within range of 

Rf thickness. 
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Figure 14. 3D and 2D views of overlap check function for hexagonal inclusions. 

With regards to the overlap check function for cylindrical inclusion, analogous principals are 

applied. However, as it is shown in Figure 15 (a-b), in the XY-plane, the distance between cylinder 

Rf and newly generated rod must be greater than Rf diameter while in Z-direction distance between 

two cylinders must be less than rod length (see Figure 15(c)). 
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Figure 15. 3D and 2D views of overlap check function for cylindrical inclusions. 

Eventually, the inclusion coordinates, as generated above, were imported into the commercial 

finite element software ABAQUS to produce 3D periodic staggered or aligned RVEs using 

customized PYTHON scripts for subsequent finite element analysis. Figure 16 (a) and (b) depict 

the dimensions of both considered inclusions, along with the definition of aspect ratio, /L hr=  

 

Figure 16. Inclusion dimensions used in aspect ratio (ɟ) calculation for 3D RVE models. (a) 

hexagonal platelet, (b) cylindrical inclusion. 
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The silanized nanohydroxyapatite (Si-nHA) particles used in this study have the cylindrical shape 

with ɟ = 4 and different volume fractions such as 10%, 20%, 25%, and 30%. Therefore, to FE 

micromechanical assessment of these materials, 3D RVEs are modeled based on these 

characteristics, and the results are presented in Section 6.2. The length, width, and height of the 

3D RVE are 400, 200, and 200 nm. 

During the initial verification of developed 3D FE micromechanical models, other types of 

biomimetic materials are modeled. Three different aspect ratios (r= 5, 15, 25) for four inclusion 

volume fractions (
ij= 10, 20, 30, 40) were explored for both hexagonal platelet and cylindrical 

particle models. Due to the distinct shape of inclusions considered, the corresponding 3D RVE 

sizes were different. The length, width, and height of hexagonal platelet 3D RVE are 15, 15, and 

5 ɛm. The length, width, and height of cylindrical inclusion 3D RVE are 5, 5, and 15 ɛm. Note 

that these chosen dimensions for 3D RVEs are validated with experimental data in Section 6.1. 

Figure 17 illustrates generated 3D periodic RVEs with non-uniformly dispersed staggered 

hexagonal (i.e., flake-like) and aligned cylindrical inclusions for a 30% volume fraction. Light 

blue particles are inclusions intersecting the outer surfaces, and yellow particles are inclusions 

within RVE. 
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Figure 17. Created periodic 3D RVEs with randomly distributed (a-c) staggered hexagonal 

platelets and (e-g) aligned cylindrical inclusions with 30% volume fraction. 

3.2. 3D Assessment of Generated Staggered Random Dispersions 

The degree of nonuniformity of the generated staggered and aligned inclusions was assessed using 

3D spatial analysis functions. Several approaches have been derived from 2D analyses to evaluate 

the 3D spatial distributions of the inclusions and to verify their degree of nonuniformity. The 

nearest neighbor analysis is the classical method that was used to show the regularity of 

distributions. In this study, 3D autocorrelation analysis was employed to assess the degree of 

nonuniformity of the generated staggered and aligned particles. 3D autocorrelation analysis 

describes the relative position of each inclusion in a region relative to not only the nearest 

inclusions but also, every other inclusion. Figure 18 and Figure 19 illustrate the 3D autocorrelation 

analyses in a typical volume fraction (e.g., 30%) for generated non-uniformly staggered hexagonal 

(i.e., flake-like) and aligned cylindrical inclusions respectively. The 3D autocorrelation diagram is 
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depicted by taking one inclusion as the reference and plotting the relative positions of all other 

inclusions within a spherical space. This space is composed of several layers, and within each 

layer, the density of inclusions is utilized to define density recovery profile (DRP) (see [77]-[78]for 

more details). Figures 18 (a) and 19 (a) show the 3D autocorrelation analysis DRPs for 3D RVEs 

with randomly dispersed inclusions and 30% volume fractions. The remaining plots in Figures 18 

and 19 exhibit distance distributions and two direction distributions of the random inclusions 

relative to the reference inclusion (i.e., azimuthal angle, theta, and elevation angle, phi), which 

make up the spherical coordinate autocorrelation tri-histogram plots. The constant DRP values at 

an average magnitude within the spherical space for Figure 18 (a) and 19 (a) demonstrate that these 

3D RVEs have consistent nonuniformly distributed inclusions. For the direction distribution 

analysis shown in Figure 18 (b) and 19 (b), the generated 3D RVEs have consistent inclusion 

densities in all radial directions for both the theta and phi angles, which is represented by circles 

with smooth edges. This further implies that the inclusions in these 3D RVEs have consistent 

nonuniform random distributions, and thus accurately depict the microstructure of the studied 

materials.  
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Figure 18. (a) 3D Autocorrelation analysis and density recovery profile (DRP) for 3D RVEs with 

hexagonal inclusions for 30% volume fraction. (b) autocorrelation tri-histogram plots. 
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Figure 19. 3D Autocorrelation analysis and density recovery profile (DRP) for 3D RVEs with cylindrical inclusions 

for 30% volume fraction. (b) autocorrelation tri-histogram plots. 

The main benefits of the developed SCHA when compared to previously reported algorithms 

include (i) applicability for multiple distinct biomimetic materials, (ii) rapid generation of 3D 

periodic staggered or aligned RVEs within minutes, and (iii) ability to generate 3D RVEs for high 

inclusion volume fractions (i.e., 40%).  
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3.3. Modeling in ABAQUS 

The generated 3D RVEs, beginning with the creation of the RVE volumes, were subsequently 

implemented into ABAQUS using custom PYTHON algorithms for further preprocessing prior to 

analysis. In order to implement node-to-node constraint equations (CEs) for the proper application 

of PBCs, a scheme was developed to generate the required resembling element meshes on opposite 

surfaces of the 3D RVEs. The geometries of both 3D RVEs are complicated, thus utilizing 

hexahedral elements with the simple sweep or structure meshing options could not be conducted. 

Therefore, a copy mesh module in ABAQUS was extended using customized Python scripting for 

this purpose by utilizing dummy elements, followed by final volumetric meshing with 3D 

tetrahedral elements. Figures 20 (a-b) illustrate the flowchart of meshing procedure and typical 

example of analogous mesh patterns on corresponding periodic exterior surfaces of the 3D RVE. 

For instance, Figures 20 (b) exhibit the typical facing regions of the 3D RVE. 

Several studies reported that generating matching mesh patterns for 3D RVEs with various 

commercial FE software was impracticable, thus complicated and time-consuming meshing and 

PBCs algorithms were implemented. Likewise, additional meshing software such as 

HYPERMESH was employed [62-66]. Note that extending the copy mesh module in ABAQUS 

with use of a dummy element technique, and subsequent use of constraint equations for application 

of PBCs for 3D RVEs was performed with ease in this study. This is a unique accomplishment in 

ABAQUS. As seen in Figures 20 (b), due to the complex and periodic microstructure, 

implementation of the developed meshing technique requires a diminutive mesh or seed size. 

However, this was not a limitation for the materials studied here.  
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(a) 

 

 

 

 

 (b) 

 

Figure 20. Identical 3D mesh pattern on corresponding opposing surfaces of the 3D RVE 

generated in ABAQUS by customized copy mesh module. (a) meshing procedure flowchart (b) 

typical regions on facing exterior periodic surfaces of the 3D RVE. 

Isotropic linear elastic properties were designated for both inclusions and matrix. Their interface 

was modeled as perfectly bonded. Both models were run four different times with various materials 
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properties for different purposes which are indicated in Table 3. First, hexagonal inclusion 3D 

RVEs were run to compare results with experimental data from Mirkhalaf and Barthelat work [35] 

which was a chitosan/ micro-platelet alumina biomimetic composite. Also, cylindrical inclusions 

3D RVEs were run to compare results with experimental data from Fu et al. work [79] which was 

a polypropylene/micro-carbon short-fiber composite. Afterward, both models were run for 

different inclusion volume fractions (i.e., 10, 20, 30, 40%) by using Mirkhalaf and Barthelat [35] 

material properties to compare the results of both models with 2D RVEs proposed with Mirkhalaf 

and Barthelat [35] and analytical models described in Section 2.5. Also to computed other 

orthotropic elastic constants. Finally, cylindrical inclusion 3D RVEs were run for generated 

nanocomposite in this project by utilizing two different elastic properties which were measured 

from experimental tests in this project, and they are described and presented in next sections. 

Table 3. Different elastic properties used in both 3D RVEs for different purposes. 

Purposes 

Inclusion 

dimensions  

Models Material properties 

Compare 3D RVE results with 

literature experimental data  

Micro-scale 

Hexagonal 

inclusion [35] 

Ei =330 GPa 

 Em =1.88 GPa 

0.2in=  

0.4mn =  

Cylindrical 

inclusion [79] 

Ei =238 GPa 

 Em =1.30 GPa 

0.2in=  

0.45mn =  
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Compare 3D RVE results with 

2D RVEs and analytical 

models  

Micro-scale 

Hexagonal 

inclusion [35] 

Ei =330 GPa 

 Em =1.88 GPa 

Cylindrical 

inclusion [79] 

0.2in=  

0.4mn =  

Compare 3D RVE results with 

experimental data of this study 

Nano-scale 

Cylindrical 

inclusion [80] 

Ei =114 GPa 

 Em = Table 6 and 7 

0.27in=  

Table 7 and 8mn =  

 

A summary of the assumptions made in developing computational models follows: 

- Inclusions have identical geometry. 

- Inclusions are non-uniformly dispersed. 

- Inclusions are periodic and fully aligned.  

- The interface between inclusions and matrix is perfectly bonded. 

- The inclusion properties used have not been validated. 

- The behavior of inclusions and matrix are isotropic linear elastic. 
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Chapter 4: Materials and Sample Fabrication  

In this chapter, details of the constituent materials and fabrication processes for the studied 

nanocomposite materials are presented. Several important parameters in fabricating these materials 

including the quality of the inclusion/matrix interfacial bond, inclusion dispersions and alignments 

are assessed and indicated. 

4.1. Silanization of Nano-hydroxyapatite 

As mentioned earlier, one of the crucial parameters in determining the mechanical performance of 

a composite is the inclusion shape. In this project, for 3D-printing, cylindrical or rod shape nano-

hydroxyapatite (nHA) inclusions were employed. Figure 21 (a) demonstrates the shape of these 

particles which are captured by other research groups [81] using SEM; while Figure 21 (b) shows 

the similar shape of nHA particles which is employed in this project and captured by SEM. Crystal 

percentage phase of these nHA particles was ~55 %, and the diameter and length of these nano-

rods were ~30 nm and ~120 nm; these values were provided by the supplier. 

 

(a) 

 

(b) 
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Figure 21. The shape of hydroxyapatite nano-rods[81]. 

The silanization process was performed on nHA particles to improve interface bonding between 

nano-particles and biopolymeric resins which this bonding improvement reported in other studies 

[82]. Silanized nanohydroxyapatit (Si-nHA) could also create bone apposition at the surface of 

implants and improve bioactivity more than nHA [83-87].  

Cylindrically shaped nHA particles with the density of 2.92 g/cm^3 and ~55% crystalline phase 

were purchased from MKNano. A solvent mixture of 90 vol% ethanol (EtOH) and 10 vol% 

deionized water (dH2O) was mixed and prepared using stirring at 200-300 rpm. A 5.0 vol% of 3 

methacryloxypropyltrimethoxysilane (MPTS) (Sigma Aldrich ) was added to the solvent mixture. 

The pH of MPTS-solvent mixture was adjusted to 4 using 3.0 M acetic acid. The buffered MPTS-

solvent mixture was stirred for 1 hr to hydrolyze (i.e., activate). Then, 10g nHA powders were 

added to the MPTS-solvent mixture and sonicated for 15 min. After sonication, the nHA/MPTS- 

solvent mixture was stirred for 24 h at room temperature. Afterward, to rinse ethanol and remove 

physically adsorbed silanes, the nHA/MPTS- solvent mixture was dialyzed using dialysis tubing 

in dH2O for 1 hr. The Si-nHA powder was dried for 3 days at room temperature (see [82] for more 

details). In order to ensure about the silanization procedure, several Energy-dispersive X-ray 

spectroscopy (EDX) assessments were performed. Figures 22 (a-b) show the approximate weight 

percentages of Si on the nHA powder in various region of the powder. 
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Figure 22. Energy-dispersive X-ray spectroscopy (EDX) results in various regions of Si-nHA 

powder. 

4.2. Preparation of 3D-prin table Nanocomposite Inks 

Recently, the utilization of vegetable oil-based polymers (VOBPs) for generating synthetic 

biomaterials have received greater attention due to their universal accessibility, renewability, 

intrinsic biodegradability and biocompatibility, as well as low price [88-90]. In comparison with 

other biopolymers namely carbohydrates and proteins, VOBPs benefits from many impressive 

characteristics, including: (i) they are not in the form of polymers; however, they have monomer 
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chains which can be employed to synthesize different polymers such as polyolefin, polyurethane, 

polyether, and polyester. Hence, the VOBP formulations can be interestingly tuned via converting 

them to various monomers. (ii) The VOBPs are appropriate to synthesize hydrophobic polymers. 

They are also compliant for other bio-sources such as carbohydrates and proteins. (iii) The VOBPs 

are appropriate to generate monomers with such a formulation similar with petroleum-based 

monomers. Hence, petroleum-based biopolymers can be substituted via the VOBPs with analogous 

characteristics and properties [88-90].  

Regarding biopolymers which can be utilized in bone-like materials, VOBPs can be an interesting 

candidate. Unlike other renewable biopolymers namely polysaccharides and proteins which have 

been broadly utilized, the VOBPs have been only used as the appropriate biomaterials for 

implantation. While by fully investigating the VOBPs, a broad range of invaluable biomaterials 

and biomimetic material systems can be generated for a variety of engineering applications [88-

90]. 

One of the intriguing plant oil polymers which can be printed at the room temperature is soybean 

oil epoxidized acrylate (SOEA). This material can be polymerized using UV light by adding bis 

(2,4,6-trimethylbenzoyl)-phenylphosphineoxide (Ciba Irgacure 819) which is a photonitiator (see 

Figure 23) [90]. 
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Figure 23. Schematic of soybean oil epoxidized acrylate and Ciba Irgacure 819 [86]. 

Miao et al.[90] employed the SOEA to generate several bio-polymeric scaffolds using 4D printing 

and to investigate its cytocompatibility.  In order to fabricate bone-mimetic composites, various 

biocompatible polymers such as gelatine [91, 92], poly-lactic-co-glycolic acid (PLGA) [93], 

polyetheretherketone (PEEK) [92, 94] have been reinforced using nano-hydroxyapatite (nHA) 

particles. However, due to nHA scale, dispersion and agglomeration problems, the structure-

property relation and generating a staggered structure by means of non-uniformly dispersed 

aligned nHA in these bone-like materials were not considered. To the best of our knowledge, 

fabricating a staggered structure using a plant oil polymer especially the SOEA with nHA for bone-

mimetic composites has not yet been implemented.  

One of the main obstacles to achieving different Si-nHA volume fractions is the high viscosity of 

plant oil based resins, especially SOEA. To overcome this problem and decrease the viscosity of 

the resin, Wozniak et al. [95, 96] employed additional monomers such as 2-hydroxyethyl acrylate 

(HEA) (Sigma Aldrich). Thus, we have proposed two monomers with different viscosity to prepare 

different Si-nHA volume fraction inks. The first ink composed of Si-nHA/ SOEA and the second 



58 
 

one is Si-nHA/ SOEA+HEA. For the first ink, 10 g Si-nHA was mixed with 30 ml EtOH using 

ultrasonic homogenizer for 3 min. Also, a solvent mixture of the SOEA and 10 ml EtOH was 

prepared with the aid of the same homogenizer for 2 min. Before final mixing Si-nHA/EtOH with 

SOEA/EtOH, the Si-nHA/EtOH mixture was homogenized again for 1 min then added to 

SOEA/EtOH and the final solvent homogenized for 1 min. Afterward, the container was covered 

with aluminum foil and located in the fume hood to pass the drying step, and evaporate off the 

EtOH. During EtOH evaporation and drying, the solvent mixture was homogenized each day for 

2 min. For the second ink, again 10 g Si-nHA was mixed with 30 ml EtOH using ultrasonic 

homogenizer for 3 min. Also, a solvent mixture of 50 vol% SOEA and 50 vol % HEA was prepared 

and then homogenized with 10 ml EtOH for 2 min. All other steps were done similar to the first 

ink. These prepared inks could be polymerized using UV light by adding bis (2,4,6-

trimethylbenzoyl)-phenylphosphineoxide (Ciba Irgacure 819) (Sigma Aldrich) which is a UV-

driven photoinitiator. Therefore, after drying and EtOH evaporation, 1.26% Ciba Irgacure 819 was 

added to 1% acetone and then homogenized with both prepared inks for 2 min. Eventually, two 

inks (i.e., Si-nHA/SOEA and Si-nHA/SOEA+HEA) were prepared, and we attempted to make 

four different Si-nHA volume fractions  (10%, 20%, 30%, and 40%). This procedure was 

developed based on previous studies in the literature [81-96] and also a large number of 

assessments performed in our research groups. Moreover, Figures 24 (a-b) indicate the weight 

percentages of Si when nanoparticles were mixed with the SOEA as an ink for 3D-printing.  
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Figure 24. Energy-dispersive X-ray spectroscopy (EDX) results in various regions of Si-

nHA/SOEA composition ink. 

 

4.3. Direct Ink Writing (DIW)  

In order to produce nanocomposite filaments, an extrusion based 3D-printing method termed direct 

ink writing (DIW) was used. To tailor mechanical performances of these nanocomposites, non-

uniformly dispersed particles in a staggered or aligned structure are required. Therefore, the main 

goal of this part of experiments is to 3D-print filaments with the highest inclusion volume fraction, 

good inclusion dispersion and alignment. For this purpose, various parameters were investigated 

during the 3D-printing process. These parameters include the shape of the nozzle, the diameter of 

the nozzle tip, 3D-printing speed, and the distance between build plate and the nozzle tip. Indeed, 
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high shear stress rate in the nozzle tip plays a crucial role in nHA particles alignment. Therefore, 

two nozzle tip diameters (Dn) (0.26 mm and 0.41 mm) were chosen. Also, by considering the Si-

nHA volume fraction, various 3D-printing speeds include 400, 600, 800, and 1000 mm/min were 

implemented. By decreasing the nozzle tip diameter and increasing 3D-printing speed, shear stress 

can be significantly boosted. However, for this configuration, optimizing the distance between 

nozzle tip and build plate is another pivotal parameter for particle alignment. This is executed by 

changing the distance between build plate and the nozzle tip manually. Figure 25 shows the 3D-

printing configuration which contains a tube under piston pressure, taped conical nozzle, as well 

as UV light pen and its holder. 
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Figure 25. 3D-printing configuration include tube and piston system with taped conical nozzle 

and UV light pen. 

We found that among the nozzles shown in Figure 26, the red conical shape nozzle with Dn = 0.26 

and 0.41 mm were the best tools for 3D-printing our inks in terms of clogging issue. Note that to 

filter the UV light penetration in this plastic nozzle; it was completely covered using sticky tapes.  
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Figure 26. Different nozzle shapes with various materials such as plastic, plastic-metal, and 

metal. 

The influences of all mentioned 3D-printing parameters including different nozzle shape, size, as 

well as, extrusion speed on the microstructure of nanocomposite filaments were reported in 

previous studies in the literature [8, 12, 13, 16, 101, 102]. Therefore, the effects of these parameters 

were assessed in this study using SEM imaging. 

In this project, the SEM (Zeiss FESEM 1530) machine with EHT value of 10kV and two types of 

detector namely SE2 and InLens was employed in the Waterloo Advanced Technology Laboratory 

(WATLab). Figure 27 shows the SEM images for the cross-section of a 3D-printed filament with 

~20% Si-nHA volume fraction. The Si-nHA particles without solving in EtOH were simply mixed 

with the SOEA using ultrasonic homogenizer. Clusters and the agglomeration of Si-nHA particles 

can be seen in this Figure easily. On the other hand, Figure 28 illustrates Si-nHA particles which 

were added to EtOH before mixing with the SOEA+ EtOH. Not only an excellent non-uniformly 

dispersion but also, a proper Si-nHA particle alignments and their circular cross-section can be 

seen in this Figure. In order to achieve particle alignment, by increasing volume fraction, 3D-
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printing speed should be increased significantly. For instance, Figure 28 indicates ~20% Si-nHA 

filament which was 3D-printed using a 0.26 mm nozzle tip diameter (Dn) and 1000 mm/min speed.  

 

Figure 27. SEM images for the cross-section of a 3D-printed Si-nHA/SOEA filament (20% Si-

nAH volume fraction), while Si-nHA particles did not solve in EtOH. 
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Figure 28. SEM images for the cross-section of a 3D-printed Si-nHA/SOEA filament (20% Si-

nAH volume fraction), while Si-nHA particles solved in EtOH. 

In summary, the main filaments in this study were 3D-printed at 1000 mm/min speed using conical 

shape nozzle with Dn = 0.26 and 0.41 mm. Note that the stand-off distance and chosen UV light 

dose were a function of Si-nHA volume fractions. 

4.4. 3D-printed filament  Characterizations 

A number of thermogravimetric analyses (TGA) were done on the cured 3D-printed filament to 

determine the real volume fraction of each batch. Three samples of each batch and ink were 

analyzed via TGA to check the repeatability of samples and data. As a test procedure, each sample 

was equilibrated at 30 °C, and then the temperature was increased up to 800 °C with 10 °C heating 

rate. Figures 29 (a-b) demonstrate the thermal decomposition and weight loss (%) of each ink batch 

versus temperature (°C) obtained using TGA. As mentioned, the initial goal for the value of Si-

nHA volume fractions were 10%, 20%, 30%, and 40%. However, for the Si-nHA/SOEA ink, we 
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achieved ~9.40%, ~19.28%, ~24.84%, and ~29.37%. Also, for Si-nHA/SOEA+HEA ink we 

obtained ~6.46%, ~17.57%, ~24.33%, and ~27.23%. As it can be seen, by increasing Si-nHA 

volume fraction the discrepancy between our initial assumption and reality tends to be increased 

for each nanocomposite ink. In Si-nHA/SOEA ink for 10% and 20% Si-nHA we have negligible 

differences between our initial goal and final real volume fraction; while, in Si-nHA/SOEA+HEA 

none of them are not remarkably close to our initial assumption. It can imply that by adding HEA 

the behavior of Si-nHA particles changed or they tend to be settled; thus, lower Si-nHA volume 

fractions were achieved in the cured 3D-printed filaments. Furthermore, by adding different 

volume fractions of Si-nHA to both matrices (i.e., SOEA and SOEA+HEA) the thermal 

decomposition point or mass loss (%) obviously tends to be shifted; however, this deference in Si-

nHA/SOEA+HEA is greater than Si-nHA/SOEA ink. Ethanol during the preparation of these inks 

was dried and evaporated in the fume hood; however, a precise drying control was not done due 

to the fact that the objectives of this project were not assessing bio- and cytocompatibility nor 

damage behavior. 
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 (a) 

 

(b) 

Figure 29. Thermogravimetric analyses (TGA) for both inks and different volume fractions. (a) 

Si-nHA/SOEA ink and (b) Si-nHA/SOEA+HEA ink. 

As mentioned, by adding HEA to SOEA and Si-nHA to both matrices (i.e., SOEA and 

SOEA+HEA), the viscosity tends to be decreased and increased respectively. In order to assess 

the influences of different viscosity on the shape of 3D-printed nanocomposite filaments, 

nanoparticle dispersions, and alignments a number scanning electron microscope (SEM) images 

were captured. Figures 30 (a-h) demonstrate the filament cross-sections of Si-nHA/SOEA and Si-

nHA/SOEA+HEA inks for different Si-nHA volume fractions. 

 
(a) 

7% Si-nHA/SOEA+HEA  

 
(b) 

10% Si-nHA/SOEA 
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(c) 

17% Si-nHA/SOEA+HEA  

 
(d) 

20% Si-nHA/SOEA 

 
(e) 

25% Si-nHA/SOEA+HEA  

 

 
(f) 

25% Si-nHA/SOEA 
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 (g) 

27% Si-nHA/SOEA+HEA  

 
(h) 

30% Si-nHA/SOEA+HEA  

 

Figure 30. 3D-printed filaments cross-sections of Si-nHA/SOEA and Si-nHA/SOEA+HEA 

nanocomposite inks for various Si-nHA volume fractions. 

As it can be seen, by increasing Si-nHA volume fraction the viscosity of nanocomposite ink tends 

to be increased; thus, 3D-printed nanocomposite filament has enough time to be cured without 

significant changes due to the ink flow behavior. Obviously, in 10% volume fraction for both inks 

a semi-circular cross-section can be seen because of flow behavior and low viscosity of the 

nanocomposite ink. Even in higher volume fraction of Si-nHA/SOEA+HEA ink this flow behavior 

is more than other Si-nHA/SOEA ink because HEA remarkably decrease the viscosity of ink. In 

can be noted that for both size of nozzle tip same results were observed. In effect, one side flat 

surface on nanocomposite filaments has an effective role and considerably useful for 2D DIC 

measurements. 

Figure 31 shows three different regions of nanocomposite filament cross-section wherein SEM 

images were captured to assess the Si-nHA particle dispersions and alignments. Figure 32 

illustrates the dispersions and alignment of 7% Si-nHA/SOEA+HEA in different regions presented 
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in Figure 31. As it can be seen in all three regions, less than 1 ɛm clusters with good dispersions 

have developed. However, in the zoomed view, the round shape of nanoparticles cross-section can 

be observed. In effect, there are microscopic distances among nanoparticles in many of these 

clusters which can imply that they are not fully agglomerated.  

 

 

Figure 31. Three various regions on 3D-printed filament cross-section for SEM imaging. 

  7% Si-nHA/SOEA+HEA  

Regio

n 1 
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Regio

n 2 

 

Regio

n 3 

 

 

Figure 32. Si-nHA nanoparticle dispersions and alignments of two different magnifications for 

3D-printed 7% Si-nHA/SOEA+HEA filament. 

Figure 33 demonstrate dispersions and alignments of nanoparticles in 17% Si-nHA/SOEA+HEA. 

There is not any cluster and all nanoparticles, particularly in region 1 and 3, are perfectly aligned. 

These regions are close to the outer surfaces of filament; however, in region 1 which is in the 

middle of filament, relatively aligned and misaligned nanoparticles can be observed. 

  17% Si-nHA/SOEA+HEA  
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Region 1 

 

Region 2 

 

Region 3 

 

Figure 33. Si-nHA nanoparticle dispersions and alignments of two different magnifications for 

3D-printed 17% Si-nHA/SOEA+HEA filament. 

Figure 34 shows nanoparticle distributions and alignments for 25% Si-nHA/SOEA+HEA ink. As 

it can be seen by increasing volume fraction, nanoparticles are more compressed in comparison 

with lower volume fractions (i.e., Figures 32 and 33). Same as 17% Si-nHA/SOEA+HEA ink, in 
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regions near to outer surfaces (i.e., region 1 and 3) better alignments and distributions can be 

observed. 

  25% Si-nHA/SOEA+HEA  

Region 

1 

 

Region 

2 

 

Region 

3 

 

Figure 34. Si-nHA nanoparticle dispersions and alignments of two different magnifications for 

3D-printed 25% Si-nHA/SOEA+HEA filament. 
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Figure 35 indicate good alignments and dispersions in 27% Si-nHA/SOEA+HEA ink. Similar to 

previous two inks, this ink also has better alignments and distributions in the outer surfaces of 

filament compared to the middle. It can be easily seen, by increasing nanoparticle volume fraction, 

nanoparticles are fully compressed especially in the middle of filament which can cause on 

increasing misalignments. 

  27% Si-nHA/SOEA+HEA  

Region 

1 

 

Region 

2 
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Region 

3 

 

 

Figure 35. Si-nHA nanoparticle dispersions and alignments of two different magnifications for 

3D-printed 27% Si-nHA/SOEA+HEA filament. 

Figure 36 illustrates the dispersions and alignments of nanoparticles for 10% Si-nHA/SOEA ink. 

On the one hand, a large number of clusters with the size of less than 1 ɛm can be seen in the 

middle of filament (i.e., region 1) which are entirely agglomerated. On the other hand, in the sides 

of filament (i.e., region 1 and 3) there are several small clusters with microscopic distances among 

nanoparticles which are aligned and not agglomerated. It can be noted that similar morphologies 

were observed in 7% Si-nHA/SOEA+HEA with this difference that 7% Si-nHA/SOEA+HEA in 

benefits from better dispersions and alignments in the middle of filament. 
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  10% Si-nHA/SOEA 

Regio

n 1 

 

Regio

n 2 

 

Regio

n 3 

 

Figure 36. Si-nHA nanoparticle dispersions and alignments of two different magnifications for 

3D-printed 10% Si-nHA/SOEA filament. 

Figure 37 shows nanoparticle dispersions and alignments for 20% Si-nHA/SOEA ink. Again 

several small clusters can be seen in region 1; however, the nanoparticles are relatively aligned. In 
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the outer surfaces (i.e., region 1 and 3) better nanoparticle distributions and alignments can be 

observed. In the comparison of this ink with 17% Si-nHA/SOEA+HEA ink which has 

approximately same nanoparticle volume fraction, 17% Si-nHA/SOEA+HEA ink benefits from 

superior nanoparticle dispersions and alignments which can come back to its lower viscosity due 

to adding HEA. 

 20% Si-nHA/SOEA 

Regio

n 1 

 

Regio

n 2 
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Regio

n 3 

 

Figure 37. Si-nHA nanoparticle dispersions and alignments of two different magnifications for 

3D-printed 20% Si-nHA/SOEA filament. 

Figure 38 illustrates nanoparticle distributions and alignment for 25% Si-nHA/SOEA ink. On one 

hand, interesting nanoparticle alignments and dispersions can be seen in siding surfaces (i.e., 

region 1 and 3). On the other hand, misaligned and agglomerated nanoparticle can be observed in 

the middle of filament (i.e., region 2). The difference between this ink with 25% Si-

nHA/SOEA+HEA ink is that in region 2 there were nanoparticle dispersions and alignment, but 

here, there are a number of misaligned and agglomerated nanoparticles with improper 

distributions. This is a result of high viscosity of the SOEA causing nanoparticles to inefficiently 

run within this ink. 

  25% Si-nHA/SOEA 

Regio

n 1 

 










































































































































