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ABSTRACT 
 

 
Bone regeneration has become essential due to various bone diseases, such as bone 

infections, tumors and resultant bone fracture, birth defects, or bone loss due to trauma or 

accident. Regeneration of bone is achieved by using a range of materials and scaffolds 

manufactured through various fabrication techniques. Uses of different materials and scaffold 

fabrication techniques have been explored over the past 20 years.  

In this research, polyetheretherketone (PEEK) was used to fabricate highly porous 

bionanocomposites foams for bone scaffolding. Melt casting and salt porogen (200–500 µm size) 

leaching methods were adapted to have adequate pore size and the necessary percent of porosity, 

because pore size plays a vital role in cell implantation and growth. Hydroxyapatite (HA) and 

carbon particles were used to improve cell attachment to the PEEK foams and to increase the 

mechanical properties of the materials. Carbon fiber (CF) and carbon nanotubes (CNTs) with 

various weight percentages (wt %) were uniformly dispersed into the PEEK powder prior to the 

casting, in order to enhance the mechanical and biological properties and to observe the 

influence of the carbon particles on the properties of PEEK bionanocomposite foams.  

Compression testing proved that HA and carbon particles improved the mechanical 

properties. PEEK foam with 75% porosity and 0.5% CNT concentration showed higher elastic 

modulus (225.91 MPa) compared to the neat PEEK (66.457 MPa), PEEK + HA (88.827 MPa), 

and PEKK+ CF (215.05 MPa). Similar observations were seen on the yield stresses of the foam 

materials.  Bone marrow cell growth was observed on PEEK bionanocomposite foams, and a 

carbon particle showed increased cell attachment over the neat PEEK. The mechanical and 

biological tests proved that PEEK bionanocomposite foams fabricated via melt-casting and salt 

porogen leaching have potential use for the bone scaffolding.  
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1       Motivation for This Research 

 
Bone replacements are ever increasing due to a higher number of accidents and many 

diseases such as infections in bones, tumors resulting in bone fracture, and bone losses. The 

option of autografting, or transplanting, bone is preferred for the best results in order to avoid 

related-disease problems [1]. Bone is one of the natural composites, consisting of calcium 

phosphate (CaP) (hard) and collagen fibers (soft) with unique properties because it varies in 

shape, size, and strength with age. Bone scaffolds made out of different materials including 

nanocomposites are gaining importance, since the availability of autografting is limited, and it is 

painful, subject to infections and rejection of animal or other bones. Bone is one of the highest 

required or replaced tissues in the body [2].  

Bone scaffolds must be highly porous and provide support to the skeleton. They serve as 

a template for bone regeneration and must biodegrade at the rate of bone growth [2]. Bone 

scaffolds must possess the minimum required mechanical strength to support a patient’s minimal 

activities until the tissue is regenerated completely. Scaffolds must be sterile to avoid infection 

because they are in contact with the entire human system [3]. Various materials like 

biodegradable polymers and bioactive ceramics, such as polycaprolactone (PCL), polylactides 

(PLLA, PDLA), and polyorthoester (POE), polyglycolide or poly(glycolic acid) (PGA), and their 

copolymers poly(lactic-coglycolide (PLGA) and poly(lactic acid) (PLA), have been used to 

fabricate scaffolds, which could provide initial support and mechanical strength with adequate 

porosity for cell attachment. 
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Bone is a natural complex porous composite with unique properties of remodeling to 

adapt its microstructure to external mechanical stress. Bone is also one of the tissues with the 

highest demand for tissue reconstruction [2]. Artificial tissue grafts were recently considered in 

order to overcome limitations of traditional allo- or autografts, such as risk of immune rejection 

and pathogen transfer, pain and infection, or limited availability [3]. Bioresorbable scaffolds, i.e., 

porous constructs, seeded with the appropriate type of cells, should provide a template for tissue 

regeneration, while slowly resorbing in order to leave no foreign substances in the body, thus 

reducing the risk of inflammation [1]. Scaffolds were initially composed of either polymer or 

ceramic, which tended to be too flexible or too brittle, respectively. Therefore, in the past few 

years, polymer/ceramic composites have gained increasing interest in the field of tissue 

engineering [4–7] because the scaffolds need to be biocompatible. A three-dimensional (3-D) 

internal geometry, similar to bone morphology, and the retention of mechanical properties after 

implantation are required for scaffolds in order to maintain a tissue space of prescribed size and 

shape for tissue formation.  

The mechanical properties of a scaffold must be sufficient and not collapse during 

handling and during the patient’s normal activities. As with all materials in contact with the 

human body, tissue scaffolds must be easily sterilizable to prevent infection [6]. This is 

particularly applicable to bulk degradable scaffolds, where both the surface and the bulk material 

must be sterile. Despite this, large bone defects, as observed after bone tumor resections and 

severe nonunion fractures, lack the template for an orchestrated regeneration and require surgical 

intervention. Transplanting autologous bone (i.e., bone from the patient) has the best clinical 

outcome because it integrates reliably with the host bone and lacks immune- and disease-related 

complications of allogeneic bone (i.e., bone from a human cadaver) or xenogeneic bone (i.e., 
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bone from an animal source). Nevertheless, its use is severely hampered by its short supply and 

considerable donor-site morbidity associated with the harvest [5, 6]. The search for new bone-

regeneration strategies is therefore a key international priority fueled by the debilitating pain 

associated with bone damage, and also the increasing medical and socioeconomic challenge of 

our aging population—so much so that we are in the middle of a global initiative—Bone and 

Joint Decade—endorsed by the World Health Organization and United Nations [8–12]. 

1.2  Objectives 

The need for continuous research in the area of scaffolding has been established from the 

previous discussion. Although there are various fabrication techniques and materials used for 

scaffolds, this research focuses primarily on the following: 

• The establishment of a fabrication technique for highly porous polyetheretherketone 

(PEEK) foam, with hydroxyapatite (HA), carbon fiber (CF), and carbon nanotubes 

(CNTs) using melt casting and a salt-leaching method. 

• Enhanced mechanical properties, such as Young’s modulus and yield strength, rather 

than neat PEEK. 

• A study of the effect of carbon particles in improving mechanical and biological 

properties at various weight percentages (wt%) of ceramic and carbon particles.  

• Optimization of wt% of HA, CF, and CNTs for different porosities. 
 

1.3 Research Methodology 

PEEK with HA and carbon particles (CF and CNTs) and salt porogens of various wt% 

were used to fabricate bionanocomposites with different percentages of porosity under an inert 

atmosphere to prevent oxidation of carbon under the high melting temperature of PEEK. The 

melt casting and salt porogen leaching method was adopted for fabrication of highly porous 
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foams. Neat PEEK, neat PEEK with 20 wt% HA, and neat PEEK + 20 wt% of HA with 0.5, 1.0 

and 2.0 wt% of CF and CNT foams were fabricated with 75% and 85% porosity. Various steps 

involved for this research is shown in Figure 1, Test results obtained from a compression test, 

micro-computed tomography (micro-CT), cytotoxicity, and cell viability provide enough 

evidence that the fabrication technique for PEEK is a promising method for scaffold application. 

After discussing research methodology, this dissertation has been organized as follows: 

Chapter 2 is a literature and research review of previous work, Chapter 3 presents the fabrication 

technique and biomechanical testing; Chapter 4 includes results and discussion, and Chapter 5 

presents conclusions and future work.  An appendix presents the onsite of modeling of highly 

porous foam. 
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Figure 1.  Research Methodology 
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CHAPTER 2 

 

LITERATURE REVIEW 

2.1  Nanobiomaterials as Bone Implants 

The research on the use of nanobiomaterials for orthopedic applications has recently 

gained massive attention. A review of the complete orthopedic subject area would be extensive 

work. As this research is focused on bone scaffolds, the examination of nanobiomaterials for this 

literature review is restricted to the bone research only [13].  

2.2  Mechanical Properties of Bone Scaffold Materials 

 It is extremely challenging to duplicate or reproduce the organics and minerals found in 

vivo. There have been many biodegradable synthetic polymer materials used for 3D scaffold 

fabrication in tissue engineering. Saturated aliphatic polyesters such as poly L-lactic acid (PLA) 

in all three forms (L-PLA/PLLA, D-PLA/PDLA), and mixtures of PDLLA, poly(glycolic acid) 

(PGA), and poly(lactic-coglycolide) (PLGA) have been used [14-17]. These polymers degrade 

by way of de-esterification and are removed through natural paths from the body. PLA and PGA 

materials are processed with no trouble in getting the desired mechanical, physical properties by 

controlling molecular weights and using copolymers. The primary compatible property of PLA 

and PGA is that various degrading rates can also be achieved through molecular weight and or 

copolymerizing. It has been widely accepted that nanosized inorganic particles are more 

bioactive when compared to microsized inorganic materials. Organic and inorganic nanosized 

materials could be combined by sol-gel processing [18] to have better control over mechanical 

properties.  Mechanical properties of the present nanocomposites or composites are much lower 

than those of natural bones. Mechanical properties of dense highly porous hydroxyapatite (HA), 

45S5 bioglass, and human cortical bone are shown in Table 1. 
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Table 1. Mechanical Properties of Dense and Highly Porous Hydroxyapatite, 45S5 Bioglass, 
A/W Glass Ceramic and Human Cortical Bone [3] 

 
ceramics Compressive 

strength 

(MPa) 

Tensile 

strength 

(MPa) 

Elastic 

modulus 

(GPa) 

Fracture 

toughness 

(MPa √m) 

References  

Hydroxyapatite 
(HA) 

>400 ̴40 ̴100 ̴1.0 [70,71] 

45S5 Bioglass 
 

̴500 42 35 0.5-1 [71,72,76] 

Glass-ceramic 
A/W 

1080 215 118 20 [73] 

Porous 
bioactive glass 
70S30C (82%) 

2.25 - - - [105] 

Porous 
Bioglass-

derived glass-
ceramic 
(>90%) 

0.2-0.4 - - - [69] 

Porous HA 
(82-86%) 0.21-0.41 - 0.83-1.6x10⁻ᶟ - [106] 

Cortical bone 
 130-180 50-151 12-18 6-8 [31,74,75] 

Cancellous 
bone 4-12 - 0.1-0.5 - [107,108] 

 

2.3  Scaffolds Fabricated Through Various Fabrication Techniques for Bone Tissue 

Engineering 

 Thermally induced phase separation (TIPS) is one of the reliable fabrication techniques 

for very porous scaffolds; up to 97% of porosity can be achieved through TIPS. Scaffolds 

fabricated via TIPS give well controlled structures both, macro- and microstructures, which are 

suitable for various tissues such as ligaments, nerves, teeth, bones, nerves and muscles 

[19,20,21]. A different polymer concentration helps to achieve good control over degradation 

and bioactivity. Scaffolds fabricated by TIPS are anisotropic, have high porosity and extensive 

interconnectivity of the pores. Figure 2 shows typical morphology of the highly porous scaffold 

fabricated through TIPS. 



8 

 

Figure 2.Typical morphologies of porous polymer foams produced by thermal induced phase 
separation (TIPS) [3]. 

 
2.3.1  Solvent Casting and Particle Leaching 

 
 Solvent casting is one of the most simple and cost effective methods used to fabricate 3D 

scaffolds, since this method does not require any special tools or equipment. In the solvent 

casting method, polymer is dissolved in organic solvent, and ceramic particles such as HA are 

mixed with the solution, cast into a mold of desired size and shape, and allowed to evaporate. 

Limitations or disadvantages of this method are, (1) the solvents used are toxic, and there are 

chances for retention of solvents in scaffolds, (2) usually circular tubes or flat shapes can only be 

fabricated through this method; (3) solvents can denaturize the proteins and other molecules 

included in the polymers. Organic solvent can have influence on the activity of bio-inductive 

molecules. Morphology of the scaffold fabricated by solvent casting and particle method is 

shown in Figure 3 [22].   
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Figure 3.  Typical morphologies of porous polymer foams produced by solvent casting and 

particle leaching [3]. 

2.3.2  Solid Freeform Fabrication Techniques (SFFT) 

  SFFT is similar to fused deposition modeling and capable of fabricating porous scaffolds 

with high interconnectivity [23, 24]. The morphology of the porous scaffold is shown in Figure 

4. Scaffolds fabricated through this method facilitate precise design as the digital data are 

generated by imaging a source with magnetic resonance or computer tomography [24]. SFFT 

associated with other conventional fabrication techniques such as phase separation may be used 

for fabricating micro/macroporous structure.  

2.3.3  Microsphere Sintering 

 PLGA-Bioglass polymer and ceramic microspheres are first synthesized by the solvent 

evaporation method and then sintered to form 3D porous scaffolds [25, 26, 27]. Sintering these 

microspheres resulted in a good interconnection among pores as these microspheres are joined at 

the necks of particles. Pore size of 90µm with 40% porosity could be attained; the resulting 
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mechanical properties, such as modulus and compressive strength, of the manmade scaffolds are 

much lower than cortical and cancellous bone [28, 29, 30].  

 

 
 

Figure 4.  Typical morphologies of porous polymer foams produced by solid freeform fabrication 
technique [3]. 

 
2.3.4  Selective Laser Sintering (SLS) 

 Selective laser sintering, the name defines the fabrication technique, as this method uses a 

deflected laser beam to scan the powder surface selectively as per the profile on slice data [31]. 

The powder particle temperature has been elevated to the glass transition temperature by the 

laser beam at the time of scanning, which fuses the particle surfaces in contact. A PLGA and 

CHA scaffold was fabricated using the SLS method by Zhou et al., and it was seen that the 

degree of fusion of pure PLA/CHA nanocomposite powder was less than pure PLA, which 

results in simple subtraction of surplus powder from pores [32].  
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2.3.5  Replication Technique and Their Advantages 

 In a recent study, 100g of commercial ZrO2 was stirred rapidly in 150ml of distilled 

water and dispersed with 6g triethyl phosphate (TEP; (C2H5)3PO4 for 24 hours. Next 6g of poly 

vinyl butyl (PVB) was dissolved, added to the slurry, and stirred for 24 hours. This acted as a 

binder. A template cut from polyurethane foam to the required size was immersed in slurry and 

blown by an air gun, which helps uniform distribution of slurry to ensure that pores are not 

blocked. This polyurethane foam was then dried at 80˚C. This dipping-and-drying was done four 

times and heat treated at 800˚C for 5 hours to burn off the polyurethane foam at a predetermined 

rate of 2˚C per minute, and solidify at 1400˚C to get a ZrO2 scaffold. Porosity could be reduced 

by repeating this replicating process between 2 and 5 times [11]. Table 2 shows the advantages 

and disadvantages of the different varieties of fabrication methods. 

2.3.6  Phase Separation  

 The phase separation technique is purely based on thermodynamics. Heat is induced in a 

polymer with ceramic composite, and during this process a homogeneous solution proves to be 

thermodynamically unstable and instead forms multiple phases, such as polymer-rich and 

polymer-lean, which lowers the free energy [33]. The polymer-lean phase develops into a porous 

structure.  Once the solvent is removed and polymer-rich phase solidifies, up to 85% porosity 

with pore sizes of 64-175µm could be achieved [34, 35, 36]. Yang et al. fabricated a PLGA/β-

TCP scaffold by phase separation and a porogen leaching method that could produce pore sizes 

of 75-400µm [37]. Using the phase separation method, pore sizes of less than 20µm could be 

achieved. Wang et al. fabricated PLA/HA nano-fibrous composite scaffolds with 100-175µm 

pores with interconnectivity of 1-10µm [38]. Woo et al. studied the adsorption of serum protein 

and adhesion molecules on to the scaffolds fabricated with PLA and PLA/HA via a thermal 
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induced phase separation process [39]. Figure 5 shows the various steps involved in the phase 

separation technique. 

Table 2. Fabrication Routes For 3D Composite Scaffolds with High Pore Interconnectivity and 
Advantages and Disadvantages [3] 

 
Fabrication route Advantages Disadvantages 

Thermally induced phase 
separation (TIPS) [133,143] 

High porosities (95%) 
 
Highly incorporated pore 
structure 
Anisotropic and tubular pores 
possible 
Control of structure and pore size 
by varying preparation condition 

Long time to sublime solvent (48 
hours) 
 
Shrinkage issues 
Small scale production 
 
Use of organic solvents 

Solvent casting/particle leaching 
[144,145] 

Controlled porosity 
Controlled interconnectivity (if 
particle are sintered) 

Structures generally isotropic 
Use of organic solvents 

Solid free-form [146,147] Porous structure can be tailored 
to host tissue  
Protein and cell encapsulation 
possible  
Good interface with medical 
imaging 

Resolution needs to be improved 
to the micro-scale 
Some methods use organic 
solvents 

Microsphere sintering [148] Graded porosity structures 
possible  
Controlled porosity 
Can be fabricated into complex 
shapes 

Interconnectivity is an issue 
Use of organic solvents 

Scaffold coating [135] Quick and easy Clogging of porous, sometimes 
organic solvents used, 
Coating adhesion to substrate can 
be too weak 

 
2.3.7  Supercritical Gas Foaming  

Supercritical gas foaming is a method to fabricate scaffolds without using solvent that 

produces controlled structure and properties.  Figure 6 shows the sequences of the supercritical 

gas foaming technique. Thermodynamic instability, sudden depressurization and bubble 

nucleation create the pores; controlling these parameters plays a vital role in the volume and size 

of pores. At first, a uniform mixture of ceramics with biopolymer is prepared (CaP/HA with 

PLA/PLGA) by melt extrusion (thermally induced method) in a pressurized chamber, which 
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creates a polymer-gas solution with CO2 diffusion, just above the melting point of polymer with 

a saturation pressure. Sudden release of gas with predetermined cooling allows foam formation.  

 

 

Figure 5.  Phase separation is applied to produce 3D PLA/HA porous scaffold [37]. 
 
 

 
 

Figure 6.Solvent-free fabrication technique [40]. 
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by solidification and re-crystallization. 

small and closed pores. With slow cooling

not have the required stiffness, and

showed good anisotropic structure and exhibited suitability for tissue regene

et al. [42] established in their 12 months study, by implanting 

by the supercritical gas method, 

osteoconductivity for bone formation with no sign of inflammability. Kim et al. made a 

comparison of scaffolds made by supercritical gas foamed PLGA/HA and solvent

PLGA/HA composite [43, 44]. There were no issues related to organic solvents in 

supercritical gas foaming method

properties.  

2.3.8  Melting 

 Melt extrusion is one other fabrication techn

melting temperature of polymer and the high melting temperature of ceramics such as CaP. 

Damadzadeh et al. fabricated scaffolds using PLA/HA and PLGA/HA through melt extrusion. 

Figure 7 shows PLA/HA composite 

Figure 7.  PLA/HA and PLGA/HA composites via extrusion [53].
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, and it collapses [40, 41]. Scaffolds fabricated by this method 

structure and exhibited suitability for tissue regeneration. Van der Pol 
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supercritical gas method, that the scaffold showed good biocompatibility and 

osteoconductivity for bone formation with no sign of inflammability. Kim et al. made a 

comparison of scaffolds made by supercritical gas foamed PLGA/HA and solvent

PLGA/HA composite [43, 44]. There were no issues related to organic solvents in 

supercritical gas foaming method, and there was good interconnectivity with high mechanical 

Melt extrusion is one other fabrication technique for scaffolds. It relies on the low order 

melting temperature of polymer and the high melting temperature of ceramics such as CaP. 

Damadzadeh et al. fabricated scaffolds using PLA/HA and PLGA/HA through melt extrusion. 

Figure 7 shows PLA/HA composite forming through extrusion.  There was a considerable rise 
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comparison of scaffolds made by supercritical gas foamed PLGA/HA and solvent cast 

PLGA/HA composite [43, 44]. There were no issues related to organic solvents in the 
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melting temperature of polymer and the high melting temperature of ceramics such as CaP. 

Damadzadeh et al. fabricated scaffolds using PLA/HA and PLGA/HA through melt extrusion. 

forming through extrusion.  There was a considerable rise in  

PLA/HA and PLGA/HA composites via extrusion [53]. 
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Young’s modulus and little drop in flexural strength with use of 30% HA [45].  Shikinami et al. 

fabricated screws, plates and pins for bioapplication from the billets produced from PLA/HA by 

the extrusion method [46]. Ignjatovic et al. developed  PLA/HA composites of various 

compositions by varying pressure, time and temperature to get different densities, strengths, 

porosities and moduli using hot and cold pressing [47-50].  

PLA/HA scaffolds produced via melting showed high biocompatibility during in vivo 

testing and no considerable inflammatory issues were observed [50, 51]. Jung et al. fabricated 

PLA/calcium metaphosphate (CMP) composite scaffolds for bone regeneration via sintering with 

smaller pore size and higher mechanical properties than one fabricated by solvent casting [52, 

53]. The time and temperature required for sintering were studied to understand the impact on 

mechanical and biological reactions [54-56]. The higher the sintering time or temperature, the 

higher the mechanical properties were; however, porosity was decreased [54]. HA content in 

PLGA/HA sintered microsphere composites played a vital role. Higher HA content affected the 

sintering process, while lowering HA content adversely affected the mechanical strength [55]. 

Jin et al. developed a new method for a PLGA/β-TCP composite scaffold by polymerization with 

the help of microwave energy [57]. Table 3 shows different wt% compositions of ceramic and 

polymer designed for use with bone tissue and their engineering properties.  

2.4  Advantages and Limitations of Materials Used for Scaffolds 

 The advantage of composite scaffolds is utilizing better properties of two or more 

different materials combined to achieve the required mechanical and physical properties to meet 

the need of the host tissue. Using the formability of the polymers and adding bioactive ceramics 

of the controlled volume or weight %, mechanical reinforcement of the scaffold is controlled [58, 

59]. Ceramic fillers enhance the mechanical properties of the polymer scaffolds when the 
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structure is homogeneous [60].  Foams exhibited different mechanical properties in the axial and 

transverse directions, which is similar to natural bone behavior, which shows higher mechanical 

strength in the axial direction and less in the transverse [61-65]. Biologically, composite 

scaffolds and human bone cells were compatible; the only issue with bioactive glass is that it is 

weaker in mechanical strength and fracture toughness because of the particularly porous 

structure. When HA and CaP are compared with cortical bone, bone has less compressive 

strength than HA. However, bone has much higher facture toughness then HA. So, using CaP or 

HA alone is not useful for load bearing in spite of their excellent biocompatibility and 

osteoconductivity [66-73]. 

2.5  Pore Size and Porosity Requirements of Various Materials 

 Porosity of 75% or higher is needed to keep a space the right shape and size for tissue 

formation. Ceramic scaffolds for bones are required to have a pore size of 200-400 µm to 

enhance bone cell attachment; for liquid diffusion pores of less than 10 µm are essential [74]. 

Ceramic content plays a major role in computing foam morphology, mainly on porosity. The 

higher the content of ceramic particles such as HA/CaP, the lower the porosity and specific 

surface are. In a particular observation, ceramic content reduced the porosity to 74% from 81% 

without ceramic filler. On the other hand, addition of HA to PLA increased both wall thickness 

and pore size in scaffolds. In cylindrical scaffolds, these two change significantly due to the pore 

diameter gradient developed while foam expands as the cooling rates are different in the core and 

outside surface [2]. Other critical needs for bone scaffolds are well-controlled interconnectivity 

of the pores, which leads to proper cell attachment and preferred physical forms, and also to 

provide support for vascularization of the in-growing tissue. For the best vascularization, a 

minimum of 100 µm pore size and porosity up to 90% helps [75-78]. 
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2. 6  key challenges and critical issues related to nanobiomaterials 

Preliminary findings of nanobiomaterials support the effectiveness of nanobiomaterials 

for orthopedic research. However; a lot of work still needs to be done to exploit their complete 

potential in clinical use. It is very important to understand the molecular and cellular base 

principal interaction between cells and nanostructure. Extensive research work is needed to 

address the critical issues and challenges in the following areas [8]. 

Table 3. Scaffold Composition Designed for Bone-Tissue Engineering and Their Properties [3] 
 

Scaffold composite 
Percentage 

of ceramic 

(%) 

Porosity 

(%) 

Pore size 

(µm) 

Compressive (C), 

tensile (T), 

flexural (F) 

strength (MPa) 

Modulus 

(MPa) 
Reference 

Ceramic Polymer 

Dense composites       

HA fiber 
PDLLA 2  ̴ 10.5 (vol) - - 45 (F) 

1.75-
2.47x10ᶟ 

[149] 

PLLA 10 -70 (wt) - - 50-60 (F) 
6.4-

12.8x10ᶟ 
[150] 

HA PLGA 40-85 (vol) - - 22 (F) 1.1x10ᶟ [29,151] 

ᵦ-TCP 
PLLA-
co-PEH 

75 (wt) - - 51 (F) 5.18x10ᶟ [152,153] 

PPF 25 (wt) - - 7.5-7.7 (C) 191-134  

A/W PE 10-50 (vol) - - 18-28 (B) 
0.9-

5.7x10ᶟ 
[154] 

Cortical 
bone 

    
50-150 (T) 

130-180 (C) 
12-18x10ᶟ [31,74,75] 

Porous composites       
Amorphous 

CaP 
PLGA 28-75 (wt) 75 >100  65 [28,155] 

HA 
PLLA 50 (wt) 85-96 100x300 0.39 (C) 10-14 [127] 
PLGA 60-75 (wt) 81-91 800-1800 0.07-0.22 (C) 2-7.5 [156] 

 PLGA  30-40 110-150  337-1459 [157] 

Bioglass 

PLGA 75 (wt) 43 89 0.42 (C) 51 [93,148,158] 

PLLA 20-50 (wt) 77-80 

̴ 100 
(macro) 
̴ 10 

(micro) 

1.5-3.9 (T) 137-260 [17] 

PLGA 0.1-1 (wt)  50-300   [15,148] 

PDLLA 5-29 (wt) 94 

̴ 100 
(macro) 
̴ 10-

50(micro 

0.07-0.08 0.65-1.2 [132,134,136] 

Phosphate 
glass A/W 

PLA-
PDLLA 

40 (wt) 93-97     

 PDLLA 20-40 (wt) 
85.5-
95.2 

98-154 0.017-0.020 (C) 
0.075-
0.12 

[159,25] 

 



18 

1) Categorizing cell-specific nanobiomaterials 

2) Improving angiogenesis inside the nanobiomaterials system 

3) Optimizing structure and properties mimicking natural bone 

4) Repeatability of nanobiomaterials processing technologies 

5) Studying and establishing molecular mechanisms of cell/nanobiomaterials 

interactions 

6) Matching strength requirements between nanobiomaterials and natural bones for 

uniform distribution of load/stress  

7) Evaluating the inflammatory reaction to nanobiomaterials and validating biosafety of 

nanobiomaterials 

8) Enhancing angiogenesis within the nanobiomaterials system  

2.7  Challenges in Fabricating Polymer-Ceramic Scaffolds 

2.7.1  Mechanical Integrity of the Composite 

 Agglomeration of ceramic particles such as CaP in polymer matrix is one of the prime 

concerns as these agglomerations can act as stress raisers that lower tensile strength [79]. 

Ultrasonication is one way to prevent or break down CaP agglomeration in PLA/CaP or 

PLGA/CaP mixture in an appropriate solvent [80-82]. Ball milling was used by Takamatsu et al. 

to reduce CaP agglomeration [83].  A PLA/ β-TCP solution was ball milled for 48 hours at room 

temperature at 80 rpm, followed by drying and hot pressing. Mechanical properties such as 

bending strength and Young’s modulus of the composites increased with increase in ball-milling 

time. Type of dispersant also contributes towards agglomeration of CaP particles in polymer 

solution. Dend et al. experimented with ethanol, dimethylformamide, tetrahydrofuran and 
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chloroform, and observed that dimethylformamide helps to de-aggregate HA particles in 

PLA/HA solvent [84]. 

Use of surfactant is another method to enhance CaP dispersion. Kim et al. experimented 

with 12-hydroxysteric acid (HSA) to solve HA dispersion issues [85]. TEM analysis of PLA/HA 

as-fabricated electrospun fibers showed homogenous distribution of HA particles in a PLA 

matrix, whereas without 12-hydroxysteric acid, high agglomeration of HA particles was seen. 

The size and morphology of the CaP particles also are significant in dictating mechanical 

properties. Nanocomposites exhibit their superior compressive strength of 8.46 MPa compared to 

microcomposite scaffolds and pure PLLA 4.61 and 1.79 MPa respectively [35]. This is due to the 

large interfacial area of the nanoparticles of HA and PLA [79]. To achieve additional adhesion 

between PLA and CaP,   the surface of the CaP particles can be modified [86-96] with the help 

of coupling agent molecules to create covalent bonds on the  HA surface by using zirconyl salts, 

silane, hexamethylene etc. [87-89]. Rakovsky et al. modified CDHA surfaces by reaction with 

hexamethylenediisocyanate (HDI) in a non-aqueous suspension [90]. 

The grafted PLA molecules enhanced the adhesive strength to the highest degree between 

PLA and HA as inter-connecting molecules [91-92]. Roughened CaP surfaces also promote good 

bonding. Hong et al. created lenticular carbonated nanosized HA through precipitation on the 

order of 30-40 nm diameters and 100-200 nm length with rough surfaces and protuberances, 

which could result in improved interaction [93]. Chemical bonding between Ca atoms on HA 

surfaces and carboxyl groups of L-lactic acid or PLA were formed with grafting ratios up to 

40%, and grafted CaP also improved its dispersion at the nano-level with PLA/PLGA 

electrospun fibers [94, 95]. Another method could be modifying the PLA surface by UV induced 

polymerization which serves as a template for HA particles to nucleate and grow [96].  
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2.7.2  Incorporation of Bio-Molecules and Stem Cells 

 Tissue regeneration can further be promoted by loading bio-molecules. This does not 

happen at extreme temperature conditions or at severe chemical conditions while processing. 

CaP molecules work as loading sites with the PLA/PLGA matrix for special drugs that improve 

bone regeneration. Shi et al. fabricated PLGA/HA microspheres by oil/water and water/oil/water 

emulsion methods, and loaded them with alendronate to understand release kinetics [97]. 

Alendronate, from the bisphosphonate family, is the main agent against osteoclast-mediated bone 

loss, and has a high attraction for HA particles [98]. All PLGA/HA-alendronate systems 

demonstrated controlled discharge with no significant initial burst release [99]. Chu et al. 

produced PLGA/5-fluorouracil/HA scaffolds through SFF as one of the possible drug delivery 

systems [100]. Xie et al. fabricated composite scaffolds by adding icaritin in PLGA/TCP slurry; 

this scaffold released icaritin very slowly during scaffold degeneration for boosting bone repair 

[101].  

 Composite surfaces can be directly loaded with protein by soaking in an aqueous solution 

containing bio-molecules [102-104]. Bone regeneration can also be enhanced by loading DNA 

into a composite to induce bio-molecule generation [105]. Experiments proved that human bone 

marrow stem cells have higher cell attachment, viability and pre-calculated transfection with 

scaffolds which are encapsulated with DNA/chitson nanoparticles. Scaffolds fabricated with 

PLA/PLGA-CaP proved to be an effective composite material for stem cell loading, thereby 

promoting bone regeneration. Li et al. experimented by implanting PLGA/HA electrospun 

composite scaffolds cultured with MSCs and without MSCs into rats. Though both scaffolds had 

a good tissue morphology, the histological score was higher for the scaffolds with MSCs, thus 

proving MSCs play vital roles in tissue repair [106].  
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 Montjovent et al. seeded human fetal bone cells into PLA/β-TCP scaffolds fabricated via 

the supercritical gas method, and then implanted the composite scaffold into rats and assessed 

the resorption of the scaffold and cortical trabecular bone repair. Degradation of the scaffold 

composite and regeneration of tissue were coupled proportionally, which resulted in good 

structural integrity. Total bone ingrowth induced by PLA/β-TCP scaffolds with bone cells was 

seen, where as blank PLA/β-TCP scaffolds are inferior to PLA/β-TCP scaffold produced by the 

supercritical gas forming method [107]. Jung et al. implanted the PLA/β-TCP seeded (stromal 

cells) scaffolds at bone defect sites, and mineralization was observed after 30 days. After 90 days 

a callus formed around the periphery, where as empty bone was not healed totally after 90 days, 

and there was no regeneration of bone after 60 days [108]. 

2.7.3  Long Term Degradation 

 Degradation of PLA/PLGA is better controlled by addition of HA. CaP fillers block 

water entry into the PLA/PLGA matrix, thus changing the degradation rate of the polymer, but 

on the other hand TCP aggravates the degradation by increasing water intake [82]. According to 

an experiment carried out by Loher et al., there was 0.5% mass loss and 2% water intake by pure 

PLGA over 6 weeks time when 30% of amorphous TCP was added to PLGA; it had lost 7% 

mass and had 14% water intake over the same period of 6 weeks.  Amorphous TCP with a high 

degradation rate must have introduced pores in the composite, thus resulting in quicker 

degradation and a higher volume of water absorption [109]. Addition of CaP to PLA/PLGA 

could control inflammation of PLA/PLGA caused by its degradation [38, 110, 111]. 

Inflammation issues pertaining to PLA/PLGA–CaP are not resolved fully due to different 

degradation rates of PLA/PLGA and CaP [112].  
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 The right composition of CaP and PLA/PLGA is yet to be established for long-term 

clinical use. Yang et al. developed an in vitro dynamic system for the long term evaluation of 

composite degradation which shows potential in the investigation of long-term mechanical and 

chemical transitions of a composite scaffold. As it is difficult to perform long term in vivo tests, 

it will be acceptable to design scaffolds and carry out in vitro testing to study long term 

degradation of PLA/PLGA-CaP scaffolds [113]. 

2.7.4  PEKK Composite Scaffolds 

 PEKK composite scaffolds with various porosities were fabricated with 0, 20 or 40% 

volume of HA whiskers as the reinforcement, and suitable volumes of PEKK and HA were 

uniformly dispersed in ethanol using sonic dismembrator stirred at 1200 rpm [114]. 

2.7.5  Composite Scaffold Characterization 

 A composite scaffold in as-prepared condition was examined for structural architecture 

and porosity using ICT 80 Scanco medical micro-computed tomography [34]. A section of 2 mm 

scaffold was scanned and two-dimensional images were generated, segmented and reconstructed 

to create a 3D binary image.  

Porosity of the scaffold was measured by micro-CT as explained below in Equation 1. 

…………………………………………….(Eq.1) 

The terms in the equation are volume of porosity (PCT), total vloume (TV), and scanned material 

volume (MV) of the scaffold. Scanned data was analyzed to obtain degree of anisotrophy, pore 

size and thickness of connecting elements [36]. 
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2.7.6  Composite Scaffold Architecture 

 Micro-CT scanning makes it possible to compute and study the architecture and porosity 

of the PEKK scaffold as shown Figure 8, levelness of the pores could be realized from 2D micro-

CT scans, and confirmed that sodium chloride particles were completely leached out. 

2.7.7  Composite Scaffold Microstructure 

 For samples of 20 or 40 vol. % of HA whiskers reinforcement with PEKK, molded at 

365ᴼC, the appearances are alike and the polymer was sintered completely; refer to SEM images 

Figure 9a and 9b with 75% porosity. Small variations in molding temperature do not show any 

major variations in architecture. Figure 9c and 9d for the scaffold molded at 350 and 375ᴼC 

[114]. Von Kossa staining, HA whiskers were seen on the top surface of the composite scaffold 

struts; no significant staining was seen in neat PEKK scaffolds, and the higher the volume of 

HA, the higher the staining as shown Figure. 10. [114]. Composite scaffolds produced using 

microsized PEEK and HA via SLS laser sintering follows this fabrication cycle: 

a) Pushing out the required amount of powder for single layer with a piston. 

b) Spreading the powder with the help of roller over the bed. 

c) Portions of that layer are sintered by laser. 

d) After sintering, the part bed is lowered by the thickness of that layer, and the powder 

cartridge is raised simultaneously. 

The entire process is computer controlled, and is illustrated in Figure 11, and the cycle is 

repeated until required thickness is attained. Figure 12 shows the final form of the scaffold [115]. 

Figure 13 shows the porosity analysis for PEEK-HA composite scaffolds, it was observed that 

percent of porosity varies with wt% of PEEK and HA. The 90 wt% PEEK and 10 wt% HA 

sample shows a variation of +/- 3%, against 6% for 80 and 20 wt%. The higher wt% of HA 
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Figure 8.  Three-dimensional micro-CT reconstructions showing the porosity and architecture of 
2 mm thick sections from the center of 10 mm diameter PEKK scaffolds with 40 vol.% HA 
whisker reinforcement and (a) 75, (b) 82.5 and (c) 90% porosity, molded at 350  C [114]. 

 

 

Figure 9.  SEM micrographs showing the pore structure of PEEK scaffolds with 75% porosity 
and (a) 20 or (b) 40% vol % HA whisker reinforcement molded at 365ᴼC and 90% porosity with 

(c) o or (d) 40 vol % HA whisker reinforcement molded at 350ᴼC. Note that specimens [114]. 
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Figure 10.  Photograph of PEKK scaffolds molded at 365ᴼC with 75% porosity and (a) o, (b) 20 
and (b) 40 vol % HA whisker reinforcement after von kossa staining showing little or no staining 

in the neat PEKK scaffold and increased staining (darkness) with increased HA content [114]. 
 
reduces porosity. In vitro testing was performed on these composite scaffolds to study and 

understand the suitability for bioapplications. Fibroblast cell culture on these composite scaffolds 

proved that this composite scaffold is a potential candidate for biomaterial. In Figure 14 it can be 

seen that there are no toxic effects, and cell adhesion occurred at the edge of the scaffolds [115].  

 

Figure 11.  SLS system by DTM Co [115]. 
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Figure 12.  Steps in scaffold generation: (a) rectangular block scaffold; (b) surface file of the 
disc; (c) scaffold with surface model embedded; (d) final scaffold in the shape of the disc. 

. 
 

 

Figure 13.  Microporosities of PEEK-HA scaffolds [115]. 
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Figure 14.  Different set-up for cell culture: a) control; (b) specimen with 10 wt% HA scaffolds 
observed at the edge; (c) specimen with 10 wt% HA scaffolds observed within the pores. The 

enriched areas indicate examples of cell adhesion [115]. 
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CHAPTER 3 

 

FABRICATION OF PEEK BIONANOCOMPOSITES 

 

3.1 Polyetheretherketone 

PEEK is a linear homopolymer, with a chain of 100 monomers and a range of molecular 

weight of 80,000–120,000 g/mol, and belonging to the family of polyaryletheretherketone 

(PAEK).The chemical structure of PEEK is shown in Figure 15. PEEK is one of the leading 

thermoplastic materials that emerged during late 1990s as a replacement to metal implants 

primarily for orthopedic [5, 6] and trauma applications [7, 8]. PEEK was made available 

commercially for biomedical applications beginning in April 1998 [9]; since then the research on 

PEEK for biomedical applications has been growing exponentially [10].  PEEK with bioactive 

materials such as hydroxyapatite is another high-potential area of research for implants, and 

these materials could be engineered with broad spectrum of physical and mechanical properties. 

HA can be either a filler or a coating in a PEEK and HA composite [21–25]. PEEK is stable at 

high temperatures (higher than 300ᴼC) and highly resistant to chemicals and radiation. As a 

matrix, PEEK is very compatible to many fibers or reinforcements. 

 

 
 

Figure 15.  Chemical structure of PEEK [116]. 
 

PEEK is available in powder, tan pellets, extruded rods, and film form, as shown in 

Figure 16. Although PEEK looks tan in color; it appears black when it is mixed with carbon to 

make a composite. PEEK has a two-phase microstructure—both crystalline and amorphous—as 

shown in Figure 17, and its molecular chain is tangled spaghetti with lengths up to many 



29 

hundreds of meters. The molecular chain of PEEK is unstable, and it vibrates or revolves due to 

the applied deformation or thermal energy. A composite composed of PEEK with bioactive 

materials such as HA has been under active research for bone growth. Bioactive PEEK 

composites have a unique place in biomaterial research [116]. 

 

 

Figure 16.  Neat PEEK in powder, pellets, extruded rod, and film form [116]. 
 
 

 
 

Figure 17.  Schematic representation of PEEK microstructure showing amorphous 
and crystalline regions [116]. 

 
The PEEK used for this research is Victrex PEEK 150P, high performance thermoplastic 

material, unreinforced, semi crystalline, coarse powder for extrusion compounding, easy flow, 

FDA food contact compliant, and color natural. The properties of which are shown in Table 4. 
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Table 4. Properties of carbon fiber 
 

PEEK (Victrex PEEK 150P) 

Material properties 

 Conditions  Test method Units Typical value 

Tensile strength Yield, 23˚C ISO 527 MPa 100 
Tensile elongation Break, 23˚C ISO 527 % 15 
Tensile Modulus 23˚C ISO 527 GPa 3.7 
Flexural strength 23˚C ISO 178 MPa 170 
Flexural modulus 23˚C ISO 178 GPa 4.1 
Izod impact strength Notched, 23˚C ISO 180/A KJ/m² 4.5 
Thermal data 
Melting point  ISO 1183 ˚C 343 
Glass transition (Tg) onset ISO 1183 ˚C 143 
Density   ISO 1183 g/cmᵌ 1.30 

 

3.2 Hydroxyapatite 

HA is a prime mineral that forms the hard part of bone (calcium phosphate) and weigh up 

to 50% of the bone minerals. The chemical formula for HA is Ca10 (PO4)6(OH) 2, with a molar 

ratio of Ca/P � 1.67. HA-bioactive material helps in bone growth and osteointegration in 

orthopedic applications. HA is ionic, and its crystalline structure is HCP (compact hexagonal 

packing), with lattice parameters of a=9.4nm and c = 6.9 Å. The prime properties of HA are as 

follows: 

• HA is a bioactive material with the capability of connecting a bone structure and helping 

bone grow, since it is similar to the hard part of a natural bone composite. 

• HA decomposes between 800ᴼC and 1200ᴼC, depending upon the stoichiometry. 

• HA alone does not have adequate mechanical strength for load bearing; however, it can 

be used with other load-bearing materials as a coating, or it can be used as a powder 

mixed with other materials to form a composite. 

HA coatings are normally applied on titanium or titanium alloys and stainless steel bio-

implants to change the surface, which helps with cell attachment. In instances where bones are 
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removed by surgery or by other means, HA is used in the form of powders or blocks to fill 

defects or voids in bones, thus forming part of the bone and helping with rapid regeneration. 

 Other applications of HA include the following: 

• Pulp-capping materials 

• Middle ear reconstruction  

• Coating of dental/dental implants 

• Spinal surgery 

 The HA used for this research was purchased from Sigma-Aldrich, is shown in Figure 18, 

and has the following properties: 

• Reagent grade, synthetic powder    

• Size < 200nm 

• Melting point 1100ᴼC 

• Insoluble in water 

• Linear formula of [Ca5(OH)(PO4)3]x 

• Molecular weight of 502.31 

 

Figure 18.  Hydroxyapatite used in this research. 



3.3 Carbon Particles 

3.3.1 Carbon Fiber 

 The pan-based carbon fiber 

The specifications and manufacturing conditions are 

in Table 5. 

Table 5. Specifications and manufacturing conditions of carbon fiber used in this research
 

 

3.3.2 Carbon Nanotubes 

The catalytic multi-wall carbon nanotubes

and length of 7 µm, and were purchased 

Figure 19.  MER Corporation

Carbon fiber product specifications (Courtesy by E & L Enterprises Inc.)

Product trade name 
Type 
Product cod 
Sizing 
Carbon content 
Diameter 
Fiber length range 
Modulus (MSI) 
Weighed bulk density 
G/CC 
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based carbon fiber used in this research was supplied by E&L Enterprises Inc

and manufacturing conditions are provided in their product data sheet

Specifications and manufacturing conditions of carbon fiber used in this research

wall carbon nanotubes used in this research had a diameter of 140 nm 

purchased from MER Corporation, as shown in Figure 19

 
Corporation carbon nanotubes used in this research.

Carbon fiber product specifications (Courtesy by E & L Enterprises Inc.)

Pan based carbon fiber 
Sized 
PC 115 
1.0-2.0% Epoxy 
92% 
7 microns 
80-100 microns 
33.5 
300 g/l +/- 50 g/l 
0.13-16 

as supplied by E&L Enterprises Inc.  

in their product data sheet, shown 

Specifications and manufacturing conditions of carbon fiber used in this research 

a diameter of 140 nm 

Figure 19. 

s used in this research. 

Carbon fiber product specifications (Courtesy by E & L Enterprises Inc.) 
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3.3.3 Salt Porogen 

 To achieve the desired porosity in PEEK foam, pure ocean salt (NaCl), ranging in size 

from 200 to 500 µm, was supplied by SaltWorks® (Seattle, Washington), as shown in Figure 20. 

 

 
Figure 20.  Pure ocean salt used in this research. 

 
3.4 Experimental Matrix 

Various compositions of three samples each of PEEK, HA, CF, and CNT foam, in 

various compositions, for a total of 60 samples were prepared and tested for mechanical strength 

and biological compatibility, such as toxicity, cell viability, and bone marrow cell culture, as 

shown in Table 6. 



Table 6. Experimental 
 

 

3.5 Fabrication Method 

3.5.1 Functionalization of CF/CNT

Nanoparticles have more v

volume, which leads to their amalgamation and act

covalent bonds among composites materials and uniform dispersion p

enhancing the mechanical properties

CF/CNT and PEEK, chemical surface treatment is essential. Functionalization of 

carboxylic-acid supports interfacial

acid were mixed in a ratio of 1:100 
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Experimental Matrix Used in This Research 

CF/CNT 

more van der Vaals forces due to the ratio of their high

amalgamation and acts as a stress raiser. The formation of 

covalent bonds among composites materials and uniform dispersion play 

mechanical properties of compositions. To obtain good covalent bonding between 

, chemical surface treatment is essential. Functionalization of 

interfacial bonding and increases uniform dispersion. Nanoparticles

1:100 and stirred with a magnetic bar on a hot plate at an elevated 

 

high surface area to 

ormation of strong 

lay a vital role in 

covalent bonding between 

, chemical surface treatment is essential. Functionalization of a CF/CNT with 

Nanoparticles and 

hot plate at an elevated 



temperature of 250ᴼC for 4h at 500rpm

mixture was safely removed with

Figure 

Neutralization of the acid

functionalized nanoparticles. Functionalized carbon particles with 

with 750ml of pure water, as shown in

for 10 min, and then vacuum filtered. This cycle is required to be repeated at least 

times to obtain effective neutralizat

dried in an oven overnight at a temperature of 85

functionalized and non-functionalized CNT

3.5.2 Sonication 

Sonication of PEEK and functionalized nanoparticles gives support to the uniform 

dispersion of nanoparticles, which is critical to prevent amalgamation and will act as stress 

raisers and significantly reduce the strength of the composite (much l
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C for 4h at 500rpm, as shown in Figure 21. Gas that formed 

with the help of a continuous flow of water in the fume hood

 

Figure 21. Functionalization of CF/CNT. 

the acid-nanoparticles mixture was necessary to remove acid from 

functionalized nanoparticles. Functionalized carbon particles with an acid mixture 

, as shown in Figure 22, stirred again with a magnetic bar on 

vacuum filtered. This cycle is required to be repeated at least 

times to obtain effective neutralization. A neutralized and vacuumed-filtered nanoparticle 

temperature of 85ᴼC. The effect of neutralization was tested using 

functionalized CNTs is shown in the plot provided in Figure 23.

and functionalized nanoparticles gives support to the uniform 

dispersion of nanoparticles, which is critical to prevent amalgamation and will act as stress 

raisers and significantly reduce the strength of the composite (much less than the strength of the

 while stirring the 

fume hood. 

 

necessary to remove acid from the 

acid mixture was mixed 

magnetic bar on a hot plate 

vacuum filtered. This cycle is required to be repeated at least six or seven 

filtered nanoparticle was 

ffect of neutralization was tested using 

Figure 23. 

and functionalized nanoparticles gives support to the uniform 

dispersion of nanoparticles, which is critical to prevent amalgamation and will act as stress 

ess than the strength of the 



Figure 
 
 

Figure 23.  Functionalized and non
 

base material alone).Required wt% of functionalized CF/CNT

with 20ml of solvent (toluene) in a test tube 

Model VCX 130 (Figure 24) at 70% capacity for 15min.

(15/25) and HA (20%) were added with 
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Figure 22.  Pure water for neutralization. 

Functionalized and non-functionalized CNTs. 

equired wt% of functionalized CF/CNTs (0.5%, 1.0

lvent (toluene) in a test tube were sonicated using a Sonics

at 70% capacity for 15min.Then the required amount 

were added with the sonicated CF/CNT, and 10ml of solvent was added 

 

, 1.0%, and 2.0 %) 

Sonics® Vibra-Cell™, 

required amount of PEEK 

and 10ml of solvent was added 



further to make the slurry for effective mixing

with a 5-min interval between each

was drained from the sonicated slurry and allowed to dry for 48h at room temperature and 

further dried at 120ᴼC in an oven for 3h.

Figure 

3.5.3 Addition of Salt Porogen

The sonicated mixture was 

particles formed during sonication with 

sonicated and dried mixture of 
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to make the slurry for effective mixing. This mixture was sonicated in a 

min interval between each cycle (sonication cycle: 4sec stir and 2sec stop

slurry and allowed to dry for 48h at room temperature and 

C in an oven for 3h. 

 

 

Figure 24.  Sonication equipment. 
 

Salt Porogen 

was hand ground in a mortar for 2min to break 

ormed during sonication with the solvent. The 75/85% salt porogen was added to the 

of PEEK+HA+CF/CNT and mixed uniformly using 

Sonics Vibra
Model VCX 130
Power 130W
Frequency 20KHz
Volts 115, 50/60 Hz

in a 4 x15 min cycle 

stir and 2sec stop).The solvent 

slurry and allowed to dry for 48h at room temperature and then 

 

mortar for 2min to break away any solid 

was added to the 

+HA+CF/CNT and mixed uniformly using a Fisher 

Sonics Vibra-Cell 

Model VCX 130 
Power 130W 
Frequency 20KHz 
Volts 115, 50/60 Hz 



Scientific pulsing vortex mixer (Figure 25

3000 rpm) to distribute the salt porogen evenly to attain 

interconnected pores. 

Figure 
3.6 Casting 

 Casting involved two steps

releasing of the casted nanocomposite, 

appropriate atmosphere without oxidization. 
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(Figure 25) (115VAC, 150 watts, 50/60 Hz, 1 phase for 10min at 

salt porogen evenly to attain proper pore size and 

 

 

Figure 25.  Pulsing vortex mixer. 

steps: (a) preparation of the mold, which facilitate

casted nanocomposite, and (b) melting of the nanocomposite mix

appropriate atmosphere without oxidization.  

hase for 10min at 

proper pore size and properly 

 

facilitated proper 

nanocomposite mixture in an 
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3.6.1 Mold 

 The mold or die was machine cut from a 5/8-inch aluminum tube, in order to obtain a 

smooth circular-shaped casting to facilitate machining. The ethanol-cleaned mold was sprayed 

with a high-temperature release agent (Slide, Hi Temp 1800), as shown in Figure 26, and 

allowed to dry for 15min.The nanocomposite/salt porogen mixture was placed in the mold, 

mixed lightly with a stiff wire, hand pressed with the help of an aluminum rod the same size as 

the mold, and wrapped with thin aluminum foil, as shown in Figure 27. Vent holes on the 

aluminum foil helped to release the gas produced during melting. 

 

 
 

Figure 26.  High-temperature release agent. 
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Figure 27.  PEEK nanocomposite mixture in mold. 
3.6.2 Melting 

The PEEK+HA and salt porogen mixture was melted using a Barnstead high-temperature 

Thermodyne 1300 furnace (Figure 28) in a regular atmosphere at 400ᴼC for 4h and allowed to 

cool to room temperature within the furnace. Thermodyne furnace specifications are as follows: 

120 V, 8.9 amps, 1060 W, 50/60 Hz, single phase. The PEEK+HA+CF/CNT nanocomposite 

mixture was melted in an inert atmosphere using a SentroTech STT-1600-2.75-12 high-

temperature vacuum tube furnace (Figure 29) to avoid oxidization from the presence of carbon at 

400ᴼC for 4h at a pre-fixed ramp-up and cooling rate (4ᴼC per min). The vacuum tube furnace 

specifications are as follows:  208 V, 65 KW, single phase. The filled molds were placed in the 

center of the furnace, and both ends of the furnace were sealed. Then a sufficient amount of 

argon gas was pumped into the vacuum tube from a valve at one end and sealed. The casting was 

allowed to cool to room temperature within the furnace. 

 



Figure 

 

3.7  Machining of Composite Casting

Using a center lathe (Figure 30),

size of ½-inch in diameter and 1-
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Figure 28.  Thermodyne furnace. 
 

Figure 29.  Vacuum furnace. 

Composite Casting 

(Figure 30), the casted nanocomposite samples were machined to the 

-inch in length (as per ASTM D695, L/D = 2). 

 

 

nanocomposite samples were machined to the 
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Figure30.  Machining of composite casting. 
 

3.8 Leaching of Salt Porogen 

The machined nanocomposite samples were leached using clean water for 3 days, 

changing the water at regular interval of 6–8 hours. At every water change, the samples were 

kept under water flow for 10min (Figure 31), which helped to remove any solid salt porogen 
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particles. As shown in Figure 32, for 15min every 24h of leaching, samples were vacuumed with 

a vacuum and filtration pump (model UN 816.1.2KT 45p, 115 v., 60 Hz). 

 

 
 
 

 
 

Figure 31.  Leaching of salt porogen. 
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Figure 32.  Vacuum filtration. 

 
Samples were allowed to dry overnight after 3 days of leaching and further dried in a 

furnace to evaporate water particles at 110ᴼC for 2h in an oven. Figure 33 shows the machined 

nanocomposite foam before and after leaching. 

  
 

Figure 33.  Machined nanocomposite foam before and after leaching. 
 

3.9 Testing  

3.9.1 Compression Tests 

Compression tests were carried out on all 60 different nanocomposite foams (as shown 

previously in Table 5) using an 810 Material Testing System, universal testing machine (Figures 



34 and 35), per test method ASTM

the sample was compressed to 30% 

compression is 0.3inch (Figure 36).

 

Figure 34.  Material Testing 

Sample 
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per test method ASTM-D1621, with a loading rate of 0.05 in/min compression 

30% of its original size (actual average size is 

Figure 36). 

esting System universal testing machine (model 810)

min compression until 

1 inch; size after 

 

universal testing machine (model 810), view 1. 
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Figure 35.  Material Testing System universal testing machine recorder (model 810), view 2. 
 

 

 
 

Figure 36.  Foam after compression testing. 
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3.9.2 Micro-Computed Tomography (micro-CT) TEST 

Porosity and architecture of the PEEK bionanocomposite was characterized using a 

Scanco Viva- CT40 System machine (70 KV, 114 mA current) to determine pore size and 

interconnectivity. Scanning integration time was 200ms. Neat PEEK, PEEK with HA, PEEK 

with HA and CF, and PEEK with HA and CNT foams were scanned. Only PEEK foam was 

needed to be scanned at different threshold values, because poor connectivity was observed with 

neat PEEK foams. 

3.9.3 Cytotoxicity and Cell Viability Tests 

In-vitro tests were carried out on 12 different types of nanocomposite foams, including 

neat PEEK, PEEH+HA, and PEEK+HA+CF/CNT with various compositions and volume of 

porosity, to study and comprehend the toxicity and cell viability. These samples were sterilized 

in an autoclave for two cycles at 121ᴼC of 30 min each. Sample disks were transferred to two 24- 

well plates (12 samples, each with 3 sample numbers = 36 samples) (Figure 37), and 750µl of 

Dulbecco’s Modified Eagle Medium (DMEM) was added to each well and incubated overnight 

at 37ᴼC. The day 1 supernatant was collected and stored at-20ᴼC. 

929 cells were grown at 37ᴼC overnight in 96-well plates (Figure 38); the cell count was 

approximately 50,000 cells/100µl/well. Day 1 supernatant was added into the wells at dilution 

rates of 1:1, 1:4, 1:16, and 1:64 and incubated overnight at 37ᴼC. The dilution steps are detailed 

below: 

• 100µl of (1:1) supernatant added into 300µl of medium (1:4)  

• 100µl {step (a) supernatant} added into 300µl of medium (1:16) 

• 100µl {step (b) supernatant} added into 300µl of medium (1:64) 
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All four 200µl concentrations were added to the wells. The seventh row of the column 

was filled with 10% SDS of similar dilutions, the last row of well 96 was filled with 200µl of 

medium, and the plate was incubated for 3days at 37ᴼC.  

 
Figure 37.  24-well plate with sample disks. 

 
 

 
 

Figure 38.  96-well plate with sample disks. 
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Sample disks were placed in new two 24-well plates with 50,000cells/100µl/well, and 

500µl of the fresh medium was added and incubated overnight. The old medium was removed, 

and fresh medium with 80µl of 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium Bromide 

(YellowTetrazole) (MTT) was added and kept for 6h. After 6 h, the medium was removed and 

transferred into the new 96-well plates, and 10% SDS was added. The disks were centrifuged to 

remove the medium and transferred into a second 96-well plate with 10% SDS, and the optical 

density (OD) was read at 590 nm to obtain the cell growth. Table 7, shows the cell viability with 

day 1 supernatant, Table 8, shows the readings of sample cell viability relative to the calcium-

deficient (CD) measurement, and Table 9 shows the number of cells left in the wells and on the 

disks as well as cell viability. 

 
 

Table 7. Cell Viability with Day 1 Supernatant 
 
Cell viability  Day 1 

Supernatant concentration 
 

Coupon # 1:1 1:4 1:16 1:64 
2 63.08 87.02 76.16 91.44 
5 59.25 75.92 74.24 89.70 
8 58.34 72.51 73.74 79.62 
9 53.43 89.63 86.88 85.43 

10 52.60 76.24 87.73 97.68 
11 52.78 80.93 93.45 113.08 
12 53.52 79.79 87.61 96.50 
13 54.96 93.04 118.25 129.79 
14 79.94 110.53 119.27 122.38 
15 81.31 113.07 123.48 132.33 
19 69.91 108.17 118.83 104.10 
20 86.82 111.07 158.45 107.04 

SDS 2.74 2.48 136.86 92.34 
SDS 2.45 2.35 145.72 113.36 
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Table 8. Cell Viability of Samples (CD Measurement) 
 

Cells Left in Well 

A 0.33 0.34 0.32 0.31 0.32 0.32 0.32 0.32 0.45 0.46 0.54 0.56 
B 0.40 0.40 0.37 0.37 0.36 0.37 0.37 0.37 0.53 0.53 0.49 0.50 
C 0.38 0.38 0.32 0.32 0.34 0.29 0.34 0.34 0.57 0.58 0.70 0.72 
D 0.39 0.40 0.37 0.36 0.35 0.35 0.51 0.52 0.43 0.43 0.50 0.49 
E 0.41 0.41 0.33 0.33 0.31 0.31 0.84 0.85 0.42 0.42 0.48 0.48 
F 0.36 0.36 0.41 0.41 0.35 0.39 0.52 0.47 0.40 0.41 0.56 0.57 
G 0.84 0.83 0.76 0.78 0.75 0.75 0.80 0.81     

Cells Left on Disk 

A 0.34 0.33 0.35 0.28 0.39 0.38 0.27 0.27 0.26 0.27 0.22 0.19 
B 0.29 0.28 0.25 0.25 0.30 0.28 0.26 0.25 0.25 0.25 0.21 0.21 
C 0.29 0.20 0.26 0.26 0.30 0.36 0.26 0.27 0.17 0.17 0.13 0.13 
D 0.30 0.31 0.23 0.23 0.24 0.24 0.23 0.23 0.23 0.22 0.16 0.15 
E 0.30 0.30 0.24 0.23 0.23 0.23 0.12 0.13 0.23 0.23 0.19 0.17 
F 0.33 0.31 0.23 0.23 0.30 0.29 0.28 0.25 0.31 0.30 0.31 0.30 

All Cells 

(Well + Disk) 

A 0.66 0.67 0.67 0.59 0.71 0.70 0.59 0.59 0.70 0.73 0.76 0.75 
B 0.69 0.67 0.62 0.62 0.66 0.65 0.62 0.62 0.78 0.78 0.69 0.70 
C 0.67 0.58 0.58 0.57 0.63 0.64 0.60 0.61 0.74 0.75 0.83 0.84 
D 0.69 0.71 0.59 0.58 0.59 0.60 0.75 0.75 0.65 0.65 0.66 0.64 
E 0.71 0.72 0.57 0.56 0.54 0.54 0.97 0.98 0.65 0.66 0.66 0.65 
F 0.69 0.67 0.65 0.65 0.64 0.68 0.81 0.72 0.71 0.71 0.86 0.87 
G 0.84 0.83 0.76 0.78 0.75 0.75 0.80 0.81     

 
Table 9. Number of Cells Left in Wells and on Disks, and Cell Viability 

 
Coupon  No. Cells Left in Well Cells Left on Disk All Cells (Well + Disk) 

2 0.37 0.29 0.66 
5 0.39 0.31 0.70 
8 0.33 0.27 0.61 
9 0.37 0.23 0.60 

10 0.33 0.33 0.66 
11 0.34 0.26 0.60 
12 0.34 0.26 0.61 
13 0.62 0.21 0.83 
14 0.52 0.23 0.75 
15 0.42 0.25 0.67 
19 0.58 0.18 0.76 
20 0.51 0.21 0.72 

Medium 0.79   
Cell Viability 

2 47 36 83 
5 50 39 89 
8 42 35 77 
9 47 29 76 

10 42 42 84 
11 43 32 76 
12 43 33 77 
13 78 26 105 
14 66 29 95 
15 53 32 85 
19 74 23 97 
20 65 27 92 
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3.9.4 Bone Marrow and Raw Cell Culture on Nanocomposite Materials 

Bone resorption and formation are the prime functions of bone remodeling. Osteoclast 

and osteoblast cells are responsible for the actions. Osteoclast cells breakup and remove the bone 

mineral layers and create micropores on the bone layers for bone resorption. Osteoblast cells are 

responsible for bone formation. The level of action between osteoclast and osteoblast cells 

differs by age, and bone density is reduced, so the bone strength variation towards the lower end 

is due to this process. 

Five different nanocomposite disks (neat PEEK with HA, and 0.5 and 1 wt% of carbon 

fiber and carbon nanotubes with neat PEEK and HA) were autoclaved for 30 minutes at 121ºC 

and transferred into two 24-well plates (Table 10) with 0.5 ml of DMEM per well and incubated 

overnight at 37ºC. Bone marrow cell and raw cell cultures were carried out in order to study and 

understand the trend of cell growth on porous disks.  Bone marrow cells were obtained from rat 

femora. Cells cultured in the DMEM for one week at 37ºC were then cultured with 

nanocomposite disks at 100,000 cells/0.5ml in each well. Half of the bone marrow cells were 

differentiated into osteoblast cells by adding dexamethasone (Sigma D-8893), ascorbic acid 

(Sigma A4403), and beta-glycerophosphate Sigma G9891) in the following concentrations: 

• Dexamethasone: 40 ng/ml (100nM) 

• Ascorbic acid:  17.6 ug/ml (100µM) 

• Beta-glycerophosphate: 10mM 

Raw cells were ordered from the ATCC. Into each well 20,000 raw cells/0.5ml was added with 

the nanocomposite disks. Half of the raw cells were differentiated into osteoclasts by RANKL 

(eBio Cat. #14-8612-80) and mouse GM-CSF (macrophage-colony eBio Cat. #14-8331-80). The 

final concentration of RANKL was 50 ng/ml, and the final GM-CSF was10 ng/ml. Raw and 

bone marrow cells were incubated at 37ºC for 14 days and 10 days, respectively.  
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Table 10. Disk Arrangement for Osteoblast and Osteoclast Cultures 

 
 1 2 3 4 5 6 

Osteoclast for raw cells Mat #1 Mat #1 Mat #2 Mat #2 Mat #5 Mat #5 
Osteoclast for raw cells Mat #6 Mat #6 Mat #7 Mat #7 None None 
Undifferentiated raw cells Mat #1 Mat #1 Mat #1 Mat #1 Mat #1 Mat #1 
Undifferentiated raw cells Mat #1 Mat #1 Mat #1 Mat #1 None None 

 
Osteoblast for bone marrow cells Mat #1 Mat #1 Mat #2 Mat #2 Mat #5 Mat #5 
Osteoblast for bone marrow cells Mat #6 Mat #6 Mat #7 Mat #7 None None 
Undifferentiated bone marrow cells Mat #1 Mat #1 Mat #2 Mat #2 Mat #5 Mat #5 
Undifferentiated bone marrow cells Mat #6 Mat #6 Mat #7 Mat #7 None None 

 
 Cells were lysed using the cell lysis buffer (Table 11), which was added in the amount of 

400ul to each well, and incubated at 37ºC for 1 h, sonicated for 10 minutes, and transferred into a 

tube. The protein concentration of bone marrow and raw cell cultures with disks were measured 

(Table 12) and calculated from the standard curve (Figure 39). 

  

Table 11. Lysis Buffer Preparation 
 

 Stock Final 

Tris-HCl - 0.15M 
MgCl2 - 0.1mM 
TritonX-100 10% 1% 

 

Table 12. Protein Concentrations for Osteoblasts and Osteoclasts 
 

Ug/ml 
Osteoclasts for Raw Cells Osteoblasts for Bone Marrow Cells 

1 2 3 4 5 6 7 8 9 10 11 12 

A 243 177 201 264 210 218 161 108 68 107 98 106 
B 161 203 135 64 105 24 121 119 158 178 149 90 
C 270 268 279 292 326 489 59 92 94 67 81 77 
D 294 135 310 304 126 291 112 110 102 139 23 32 
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Figure 39.  Standard concentration curve. 
 

An alkaline phosphate (ALP)assay (Table 13) for bone marrow cells was performed as 

follows: 100ul of ALP assay buffer, 100 ul of sample, and 20ul of substrate were added into each 

well and incubated for 40 min at 37ºC; then 50ul of NaOH (0.25M) was added to stop the 

reaction. The optical density was read at 405 and the ALP/ug of total protein was calculated 

(Table 14). 

Table 13. Assay Buffer Preparation 
 

Assay Buffer 

  Final 
Diethanolamine FW 1M 
MgCl2  0.5mM 
H2O   

 
Before use, make 1 ml of substrate:   
p-nitrophenyl phosphate 83.5mg  
MgCl2  1mM 
H2O  1ml 

 

Concentration

1 10 100 1000 10000

0.01

0.1

1

10
StandardCurve

Log-Log Fit: Log(y) = A + B * Log(x): A B R^2

STD01 (Standards: Concentration vs MeanODValue) -2.13 0.826 0.998
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Table 14. Protein Concentrations for Osteoblasts 
 

 Osteoblasts Undifferentiated 

Mat #1 4.59 5.73 
Mat #2 5.25 4.39 
Mat #5 5.57 5.07 
Mat #6 3.98 3.82 
Mat #7 3.22 3.39 
None 38.50 13.85 

 
The trap assay for osteoclast cells, as prepared according to Table 15, included 150ul of 

assay buffer (pH 5.0–5.8) added to 50ul of the sample and incubated at 37ºC for 30 min. The 

optical density was read at 405, and the protein concentrations are shown in Table 16. 

 
Table 15. Trap Assay Preparation 

 Stock Concentration Final Concentration 100 ml Added 

NaO Acetate 2500 mM 100 mM 4 ml 
Ascorbic Acid FW 176 1mM 17.6 mg 
KCl FW 74.56 150 mM 1.12g 
Tartrate 335 mM 10 mM 2.985 ml 

 
Nitrophenyl phosphate FW 371.14 10 mM 371 mg Add before use, take 10 ml out from 100 ml 

 
 

Table 16. Protein Concentrations for Osteoclasts 
 
 

 Osteoclasts Undifferentiated 

Mat #1 6.49 3.02 
Mat #2 6.73 2.83 
Mat #5 6.15 2.11 
Mat #6 3.80 3.60 
Mat #7 4.54 2.70 
None 13.98 4.62 

 

 

 

 

 



4.1 Mechanical Testing 

4.1.1 Compression Test Results

 Compression tests were

compared and discussed for 75% and 85% porosity

• Neat PEEK 

• PEEK + HA 

• PEEK + HA + CF 

• PEEK + HA + CNT 

Stress versus strain plot for all samples, modulus, and 0.2% offset yield stress results are shown,  

and each family is compared with 

85% porosity. The stress-strain plot for 75% porosity for three 

shown in Figure 40. 

 

Figure 40.  Stress
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CHAPTER 4 

 

RESULTS 

Compression Test Results 

tests were performed on the following samples, and the results are 

compared and discussed for 75% and 85% porosity values of the bionanocomposite foams

Stress versus strain plot for all samples, modulus, and 0.2% offset yield stress results are shown,  

and each family is compared with the neat PEEK, HA, and an overall comparison for 75% and 

plot for 75% porosity for three samples of neat PEEK

 
Stress-strain plot of 75% porosity neat PEEK samples.

on the following samples, and the results are 

values of the bionanocomposite foams: 

Stress versus strain plot for all samples, modulus, and 0.2% offset yield stress results are shown,  

, HA, and an overall comparison for 75% and 

PEEK foam is 

 

samples. 



PEEK + HA 

 Stress-strain plots for three samples of 75% porosity 

are shown in Figures 41, 42, and 4

comparison of the stress-strain plots for neat 

Figure 44. As can be seen, the addition of HA to 

mechanical properties. 

Figure 41.  Stress-strain plot of 75% porosity 

 

Figure 42.  Stress-strain plot of 75% porosity 

56 

strain plots for three samples of 75% porosity PEEK plus 10, 15, 

, and 43, respectively. To understand the impact of PEEK

strain plots for neat PEEK and PEEK plus HA samples is shown in 

. As can be seen, the addition of HA to PEEK shows significant improvement i

 
strain plot of 75% porosity PEEK + 10 wt% HA samples

. 

 
strain plot of 75% porosity PEEK + 15 wt% HA samples.

 and 20 wt% HA 

PEEK with HA, a 

plus HA samples is shown in 

shows significant improvement in 

 

+ 10 wt% HA samples 

 

+ 15 wt% HA samples. 



 

Figure 43.  Stress-strain plot of 75% porosity 
 

Figure 44.  Stress-strain plot of neat 
 

PEEK + HA + CF 

 Stress-strain plots for three samples of 

and 2.0 wt% CF are shown in Figure

greatly enhanced the mechanical properties. The optimization results can be seen at 1wt% 

addition of the carbon fiber. However, when higher percent carbon is added, a down trend can be 

noticed, which may be due to the agglome
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strain plot of 75% porosity PEEK + 20 wt% HA samples.

strain plot of neat PEEK and PEEK + 10, 15, 20 wt% HA samples.

strain plots for three samples of 75% porosity PEEK plus 20wt% HA

are shown in Figures 45, 46, and 47, respectively. The addition of carbon fibers 

greatly enhanced the mechanical properties. The optimization results can be seen at 1wt% 

addition of the carbon fiber. However, when higher percent carbon is added, a down trend can be 

noticed, which may be due to the agglomeration of the excess carbon fibers which can function 

 

+ 20 wt% HA samples. 

 

+ 10, 15, 20 wt% HA samples. 

HA plus 0.5, 1.0, 

The addition of carbon fibers 

greatly enhanced the mechanical properties. The optimization results can be seen at 1wt% 

addition of the carbon fiber. However, when higher percent carbon is added, a down trend can be 

ration of the excess carbon fibers which can function 



as stress concentration. A comparison of the stress

wt% HA, and PEEK plus 20 wt% HA plus 0.5, 1.0 and 2.0 wt% CF is shown in Figure 4

can be seen, the PEEK plus 20 wt% HA plus 1 wt% CF sample shows the highest mechanical 

properties. 

Figure 45.  Stress-strain plot of 75% porosity 
 

Figure 46.  Stress-strain plot of 75% porosity 
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comparison of the stress-strain plots for neat PEEK

plus 20 wt% HA plus 0.5, 1.0 and 2.0 wt% CF is shown in Figure 4

plus 20 wt% HA plus 1 wt% CF sample shows the highest mechanical 

 
strain plot of 75% porosity PEEK + 20 wt% HA + 0.5 wt% CF samples.

 
strain plot of 75% porosity PEEK + 20 wt% HA + 1.0 wt% CF samples.

PEEK, PEEK plus 20 

plus 20 wt% HA plus 0.5, 1.0 and 2.0 wt% CF is shown in Figure 48. As 

plus 20 wt% HA plus 1 wt% CF sample shows the highest mechanical 

 

+ 20 wt% HA + 0.5 wt% CF samples. 

 

+ 20 wt% HA + 1.0 wt% CF samples. 



Figure 47.  Stress-strain plot of 75% porosity 
  

Figure 48.  Comparison of 75% porosity neat 
and PEEK + 20 wt% HA + 0.5, 1.0, and 2.0 wt% CF samples.

 
PEEK + HA + CNT 

 The stress-strain plots of 

CNT are shown in Figures 49, 

improves mechanical properties a little better than the carbon fibers. The CNTs improve 

59 

strain plot of 75% porosity PEEK + 20 wt% HA + 2.0 wt% CF samples.

Comparison of 75% porosity neat PEEK, PEEK + 20 wt% HA,
+ 20 wt% HA + 0.5, 1.0, and 2.0 wt% CF samples. 

of 75% porosity PEEK plus 20 wt% HA plus 0.5, 1.0

, 50, and 51, respectively. The uniform dispersion of the CNTs 

improves mechanical properties a little better than the carbon fibers. The CNTs improve 

 

+ 20 wt% HA + 2.0 wt% CF samples. 

 

+ 20 wt% HA, 
 

0.5, 1.0, and 2.0 wt% 

uniform dispersion of the CNTs 

improves mechanical properties a little better than the carbon fibers. The CNTs improve 



mechanical properties at a very low addition of 0.5 wt% (Figure 5

compared to the neat PEEK porous foams; in contrast, a higher wt% CNTs show a declining 

trend as is observed in the carbon fiber 

PEEK, PEEK plus 20 wt% HA, and 

shown in Figure 52.  As can be seen, 

highest mechanical properties. 

Figure 49.  Stress-strain plot of 75% porosity 
 

Figure 50.  Stress-strain plot of 75% porosity 
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mechanical properties at a very low addition of 0.5 wt% (Figure 52). It is considerable high 

EK porous foams; in contrast, a higher wt% CNTs show a declining 

trend as is observed in the carbon fiber tests. A comparison of the stress-strain plots for neat 

plus 20 wt% HA, and PEEK plus 20 wt% HA plus 0.5, 1.0, and 2.0 wt% CNT is 

.  As can be seen, PEEK plus 20 wt% HA plus 0.5 wt% CNT shows the 

strain plot of 75% porosity PEEK + 20 wt% HA + 0.5 wt% CNT samples.

strain plot of 75% porosity PEEK + 20 wt% HA + 1.0 wt% CNT samples.

). It is considerable high 

EK porous foams; in contrast, a higher wt% CNTs show a declining 

strain plots for neat 

plus 20 wt% HA plus 0.5, 1.0, and 2.0 wt% CNT is 

plus 20 wt% HA plus 0.5 wt% CNT shows the 

 

+ 20 wt% HA + 0.5 wt% CNT samples. 

 

+ 20 wt% HA + 1.0 wt% CNT samples. 



Figure 51.  Stress-strain plot of 75% porosity 
 
 

Figure 52.  Comparison of 75% porosity neat 
PEEK + 20 wt% HA + 0.5, 1.0, and 2.0 wt% CNT samples.

 
Figure 53 shows an overall comparison of stress

PEEK, PEEK plus 20 wt% HA, and 

CF samples.  The 75% porosity 

The constant improvements in stress

CNT over the neat PEEK foams.
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strain plot of 75% porosity PEEK + 20 wt% HA + 2.0 wt% CNT samples.

 
Comparison of 75% porosity neat PEEK, PEEK + 20 wt% HA, and

+ 20 wt% HA + 0.5, 1.0, and 2.0 wt% CNT samples. 

overall comparison of stress-strain values for 75% porosity 

, and PEEK plus 20 wt% HA plus 0.5, 1.0 and 2.0 wt% CNT

CF samples.  The 75% porosity PEEK plus 20 wt% HA plus 1.0 CF sample leads 

The constant improvements in stress-strain values are observed in the presence of HA, CF and 

CNT over the neat PEEK foams. 

 

+ 20 wt% HA + 2.0 wt% CNT samples. 

 

+ 20 wt% HA, and 

75% porosity neat 

and 2.0 wt% CNT and 

leads in the graph. 

strain values are observed in the presence of HA, CF and 



Figure 53.  Comparison of 75% porosity neat 
HA + 0.5, 1.0, and 2.0 wt% CNT and CF samples.

 

75% Porosity Stress-Strain, Modulus, and Yield Stress Plots

 The moduli of elasticity 

PEEK plus 20 wt% HA plus CF foams have beern derived from stress

in Figure 54. As can be seen, the modulus value for the 75% porosity 

plus 1.0 wt% CF sample is the highest of all foams.

plus 20 wt% HA, and PEEK plus 20 wt% HA plus CNT foams have been obtained from stress

strain plots and compared in Figure 5

PEEK plus 20 wt% HA plus 0.5 wt% CNT sample is the highest of all foams.Modulus values for 

75% porosity PEEK plus 20 wt% HA plus 0.5, 1.0 and 2.0 wt% CNT and CF foam samples are 

compared in Figure 56. It can be seen that 75% porosity 

CNT has the highest modulus.Figure 5

 

 

 

62 

Comparison of 75% porosity neat PEEK, PEEK + 20 wt% HA, and 
HA + 0.5, 1.0, and 2.0 wt% CNT and CF samples. 

Strain, Modulus, and Yield Stress Plots 

of elasticity values for 75% porosity PEEK, PEEK plus 20 wt% HA

CF foams have beern derived from stress-strain plots and compared 

. As can be seen, the modulus value for the 75% porosity PEEK plus 

sample is the highest of all foams.The moduli for 75% porosity 

plus 20 wt% HA plus CNT foams have been obtained from stress

strain plots and compared in Figure 55. As can be seen, the modulus value for the 75% porosity 

plus 20 wt% HA plus 0.5 wt% CNT sample is the highest of all foams.Modulus values for 

plus 20 wt% HA plus 0.5, 1.0 and 2.0 wt% CNT and CF foam samples are 

. It can be seen that 75% porosity PEEK plus 20 wt% HA plu

CNT has the highest modulus.Figure 57, shows the average modulus values of all foams.

 

+ 20 wt% HA, and PEEK + 20 wt% 

20 wt% HA, and 

strain plots and compared 

plus 20 wt% HA 

The moduli for 75% porosity PEEK, PEEK 

plus 20 wt% HA plus CNT foams have been obtained from stress-

. As can be seen, the modulus value for the 75% porosity 

plus 20 wt% HA plus 0.5 wt% CNT sample is the highest of all foams.Modulus values for 

plus 20 wt% HA plus 0.5, 1.0 and 2.0 wt% CNT and CF foam samples are 

plus 20 wt% HA plus 0.5 wt% 

shows the average modulus values of all foams. 



 

 

            

Figure 54.  Moduli of 75% porosity neat 
+ 0.5, 1.0, and 2.0 wt% CF 

 
 

Figure 55.  Moduli of 75% porosity neat 
+ 0.5, 1.0, and 2.0 wt% CNT samples.
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Moduli of 75% porosity neat PEEK, PEEK + 20 wt% HA, and PEEK

+ 0.5, 1.0, and 2.0 wt% CF samples. 
 

Moduli of 75% porosity neat PEEK, PEEK + 20 wt% HA, and PEEK
+ 0.5, 1.0, and 2.0 wt% CNT samples. 

 

PEEK + 20 wt% HA 

 

PEEK + 20 wt% HA 



Figure 56.  Comparison of moduli of 75% porosity 

 

Figure 57.  Bar chart of 75% porosity modulus values of experimental matrix.
 

Yield stresses of 75% porosity neat 

PEEK plus 20 wt% HA plus 0.5, 1.0, and 2.0 CF were drived from stress

offset and compared in Figure 5

PEEK plus 20 wt% HA plus 1.0 wt% CF sample.

PEEK plus 10, 15, and 20 wt% HA, and 

derived from stress-strain plots with 0.2% offset and compared in Figure 5

75% porosity PEEK plus 20 wt% HA plus 0.5 wt% CNT sample exhibi
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Comparison of moduli of 75% porosity PEEK + 20 wt% HA + 0.5, 1.0, and 2.0 wt% 
CNT and CF samples. 

 

Bar chart of 75% porosity modulus values of experimental matrix.

Yield stresses of 75% porosity neat PEEK, PEEK plus 10, 15, and 20 wt% HA, and 

plus 20 wt% HA plus 0.5, 1.0, and 2.0 CF were drived from stress-strain plots with a 0.2% 

offset and compared in Figure 58. The highest yield stress value is found in the 75% porosity 

plus 20 wt% HA plus 1.0 wt% CF sample.Yield stresses of 75% porosi

plus 10, 15, and 20 wt% HA, and PEEK plus 20 wt% HA plus 0.5 wt% CNT have beern 

strain plots with 0.2% offset and compared in Figure 59. As can be seen,  

plus 20 wt% HA plus 0.5 wt% CNT sample exhibits the highest yield stress 

+ 20 wt% HA + 0.5, 1.0, and 2.0 wt% 

 

Bar chart of 75% porosity modulus values of experimental matrix. 

plus 10, 15, and 20 wt% HA, and 

strain plots with a 0.2% 

. The highest yield stress value is found in the 75% porosity 

Yield stresses of 75% porosity neat PEEK, 

plus 20 wt% HA plus 0.5 wt% CNT have beern 

. As can be seen,  

ts the highest yield stress 



value.Yield stresses of 75% porosity 

CF foam samples are compared in Figure 

0.5 wt% CNT has the highest yield stress.Figure 6

0.2% yield stress for all 75% porosity foams.Table 1

stress values for 75% porosity of all combinations of 

Figure 58.  Comparison of 0.2% yield stresses of 75% porous neat 
20 wt% HA; and PEEK

Figure 59.  Comparison of 0.2% yield stresses of 75% porous neat 
20 wt% HA; and 
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value.Yield stresses of 75% porosity PEEK plus 20 wt% HA plus 0.5, 1.0, and 2.0 wt% CNT and 

CF foam samples are compared in Figure 60.  As shown, 75% porosity PEEK 

0.5 wt% CNT has the highest yield stress.Figure 61 shows a bar chart of the average values of 

0.2% yield stress for all 75% porosity foams.Table 17 provides a summary of the modulus and 

stress values for 75% porosity of all combinations of the nanocomposite foams. 

 

 
 

Comparison of 0.2% yield stresses of 75% porous neat PEEK; PEEK
PEEK + 20 wt% HA + 0.5, 1.0, and 2.0 wt% CF samples.

 

 
 

Comparison of 0.2% yield stresses of 75% porous neat PEEK; PEEK
20 wt% HA; and PEEK + 20 wt% HA + 0.5 wt% CF samples. 

 

plus 20 wt% HA plus 0.5, 1.0, and 2.0 wt% CNT and 

 + 20 wt% HA + 

shows a bar chart of the average values of 

provides a summary of the modulus and 

 

 

PEEK + 10, 15, and 
+ 20 wt% HA + 0.5, 1.0, and 2.0 wt% CF samples. 

 

PEEK + 10, 15, and 
 



 
 
 

Figure 60.  Comparison of 0.2% yield stresses of 75% porosity 
and 2.0 wt% CNT and CF samples.

 
 

Figure 61.  Bar chart of 75% porosity 0.2% yield stress values of experimental matrix.
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Comparison of 0.2% yield stresses of 75% porosity PEEK + 2.0 wt% HA + 0.5, 1.0, 
and 2.0 wt% CNT and CF samples. 

 

Bar chart of 75% porosity 0.2% yield stress values of experimental matrix.

 

+ 2.0 wt% HA + 0.5, 1.0, 

 

Bar chart of 75% porosity 0.2% yield stress values of experimental matrix. 
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Table 17. Modulus and 0.2% Yield Stress Values for 75% Porosity of All Combinations of 
Nanocomposite Foams 

Material 
Coupon 

No. 

E-

modulus 

(MPa) 

Average E-Modulus 

(MPa) 

Yield 

Stress 

(MPa) 

Average Yield 

Stress 

(MPa) 

 
PEEK 

1 60.485 
66.457 

1.863 
1.783 2 75.382 2.139 

3 63.503 1.345 
 
PEEK + HA 10 

1 74.342 
87.393 

2.691 
3.094 2 98.150 3.415 

3 89.688 3.174 
 
PEEK + HA 15 

1 96.809 
88.827 

3.036 
2.955 2 72.732 2.795 

3 96.941 3.036 
 
PEEK + HA 20 

1 83.328 
82.985 

3.415 
3.049 2 92.613 3.381 

3 73.014 3.429 
 
PEEK + HA 20 + 
CNT 0.5 

1 249.034 
225.91 

4.278 
3.979 2 238.946 4.968 

3 189.76 2.691 
 
PEEK + HA 20 + 
CNT 1.0 

1 174.663 
186.385 

2.898 
3.020 2 186.960 2.988 

3 197.533 3.174 
 
PEEK + HA 20 + 
CNT 2.0 

1 208.701 
182.029 

3.321 
2.99 2 150.400 2.725 

3 186.987 2.935 
 
PEEK + HA 20 + 
CF 0.5 

1 117.693 
122.3 

2.173 
2.334 2 108.163 2.035 

3 141.037 2.794 
 
PEEK + HA20 + 
CF 1.0 

1 253.939 
215.052 

4.968 
3.967 2 198.765 4.101 

3 192.453 2.829 

PEEK + HA20 + 
CF 2.0 

1 251.553 206.833 4.416 3.657 
2 183.334  3.519  
3 185.610  3.036  

 

 

85% Porosity Stress-Strain, Modulus, and Yield Stress Plots 

Because 85% porosity neat PEEK foams were very soft and powdery, a compression test 

could not be performed. Figure 62 shows no significant values. Stress-strain plots of 85% 

porosity PEEK plus 20 wt% HA plus 0.5, 1.0 and 2.0 wt% CF are shown in Figures 63, 64, and 
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wt% HA plus 0.5, 1.0 and 2.0 wt% CF samples are compared in Figure 6

85% porosity PEEK plus 20 wt% HA plus 0.5 wt% CF sample shows the highest mechanical 

properties. Through this observation, the higher the PEEK content, the higher the CF 

concentration requires to strengthen the foams.

 

Figure 62.  Stress
 
 

Figure 63.  Stress-strain plot of 85% porosity 
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strain plots of 85% porosity neat PEEK, PEEK plus 20 wt% HA, and 

wt% HA plus 0.5, 1.0 and 2.0 wt% CF samples are compared in Figure 66.  As can be seen, t

plus 20 wt% HA plus 0.5 wt% CF sample shows the highest mechanical 

this observation, the higher the PEEK content, the higher the CF 

concentration requires to strengthen the foams. 

Stress-strain plot for 85% porosity neat PEEK samples.

 
strain plot of 85% porosity PEEK + 20 wt% HA + 0.5 wt% CF Samples.

plus 20 wt% HA, and PEEK plus 20 

.  As can be seen, the 

plus 20 wt% HA plus 0.5 wt% CF sample shows the highest mechanical 

this observation, the higher the PEEK content, the higher the CF 

 

samples. 

 

+ 20 wt% HA + 0.5 wt% CF Samples. 



 
 
 
 
 

Figure 64.  Stress-strain plot of 85% porosity 

 
 

Figure 65.  Stress-strain plot of 85% porosity 
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strain plot of 85% porosity PEEK + 20 wt% HA + 1.0 wt% CF samples.

 

 
strain plot of 85% porosity PEEK + 20 wt% HA + 2.0 wt% CF samples

 

 

+ 20 wt% HA + 1.0 wt% CF samples. 

 

+ 20 wt% HA + 2.0 wt% CF samples. 



Figure 66.  Comparison of 85% porous neat 
PEEK + 20 wt% HA + 0.5, 1.0, and 2.0 wt% CF samples.

PEEK + HA + CNT 

Stress-strain plots for 85% 

CNT samples are shown in Figure

similar trend for 0.5 and 1.0 wt% additions of CNT throughout the experiments, whereas for 2 

wt% addition of CNT, the behavior of nanocomposite foams is the same as up to 0.3 strain value. 

Beyond 0.3 strains, the mixed trends are observed, which may be due to the orientation of the 

struts compression. Nevertheless, behavior of the foam at this strain level is not critical, as 0.25 

inch compression of scaffold leads to permanent damage to the structure, so th

behavior is good enough at very low strain values.

PEEK, PEEK plus 20 wt% HA, and 

shown in Figure 70 for comparison.  Similar to the results fo

foams showed the highest mechanical properties in 

samples. Figure 71 shows an overall comparison of stress

PEEK, PEEK plus 20 wt% HA,  and 
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Comparison of 85% porous neat PEEK, PEEK + 20 wt% HA, and

+ 20 wt% HA + 0.5, 1.0, and 2.0 wt% CF samples. 
 

5% porosity PEEK plus 20 wt% HA plus 0.5, 1.0 and 2.0 

are shown in Figures 67, 68, and 69, respectively. The stress-strain plots shows a 

similar trend for 0.5 and 1.0 wt% additions of CNT throughout the experiments, whereas for 2 

wt% addition of CNT, the behavior of nanocomposite foams is the same as up to 0.3 strain value. 

s, the mixed trends are observed, which may be due to the orientation of the 

struts compression. Nevertheless, behavior of the foam at this strain level is not critical, as 0.25 

inch compression of scaffold leads to permanent damage to the structure, so th

behavior is good enough at very low strain values. Stress-strain plots for 85% porosity neat 

plus 20 wt% HA, and PEEK plus 20 wt% HA plus 0.5, 1.0 and 2

for comparison.  Similar to the results for 75% porosity foams, 85% porosity 

foams showed the highest mechanical properties in PEEK plus 20 wt% HA plus 1.0 wt% CNT 

shows an overall comparison of stress-strain values for 85% porosity neat 

plus 20 wt% HA,  and PEEK plus 20 wt% HA + 0.5, 1.0 and 2.0 wt% CF and 

 

+ 20 wt% HA, and 

0.5, 1.0 and 2.0 wt% 

strain plots shows a 

similar trend for 0.5 and 1.0 wt% additions of CNT throughout the experiments, whereas for 2 

wt% addition of CNT, the behavior of nanocomposite foams is the same as up to 0.3 strain value. 

s, the mixed trends are observed, which may be due to the orientation of the 

struts compression. Nevertheless, behavior of the foam at this strain level is not critical, as 0.25 

inch compression of scaffold leads to permanent damage to the structure, so the elastic linear 

strain plots for 85% porosity neat 

plus 20 wt% HA plus 0.5, 1.0 and 2.0 wt% CNT are 

r 75% porosity foams, 85% porosity 

plus 20 wt% HA plus 1.0 wt% CNT 

strain values for 85% porosity neat 

20 wt% HA + 0.5, 1.0 and 2.0 wt% CF and 



CNT samples. As shown, the 85% porosity 

heads the graph. 

Figure 67.  Stress-strain plot for 85% porous 
 
 

Figure 68.  Stress-strain plot for 85% porous 
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CNT samples. As shown, the 85% porosity PEEK plus 20 wt% HA + 1.0 wt% CNT sample 

strain plot for 85% porous PEEK + 20 wt% HA + 0.5 wt% CNT samples.

 
strain plot for 85% porous PEEK + 20 wt% HA + 1.0 wt% CNT samples.

 

plus 20 wt% HA + 1.0 wt% CNT sample 

 

+ 20 wt% HA + 0.5 wt% CNT samples. 

 

+ 20 wt% HA + 1.0 wt% CNT samples. 



 
 

 
Figure 69.  Stress-strain plot for 85% porous 

 
 
 
 
 

Figure 70.  Comparison of 85% porous neat 
20 wt% HA + 0.5, 1.0, and 2.0 wt% CNT samples.
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strain plot for 85% porous PEEK + 20 wt% HA + 2.0 wt% CNT samples.

 
Comparison of 85% porous neat PEEK, PEEK + 20 wt% HA, and 

20 wt% HA + 0.5, 1.0, and 2.0 wt% CNT samples. 
 

 

+ 20 wt% HA + 2.0 wt% CNT samples. 

 

+ 20 wt% HA, and PEEK + 



 

Figure 71.  Comparison of 85% porosity neat 
+ 0.5, 1.0, and 2.0 wt% CF and CNT samples.

 

 
The modulus of elasticity 

foams were derived from stress

modulus of 85% porosity PEEK

all foams.The moduli for 85% porosity 

obtained from stress-strain plots and compared in Figure 7

85% porosity PEEK plus 2.0 wt% CNT were the highest of all foams.Modulus values for 85% 

porosity PEEK plus 20 wt% HA plus 0.5, 1.0 and 2.0 wt% of CNT, and 

plus 0.5 wt% CF foams are compared in Figure 74

wt% HA plus 0.5 wt% CF had the highest modulus values.The average modulus values of all 

foams for 85% porosity are shown in Figure 7

0.5 and 1.0 wt% of CF improved the elastic modulus much higher than CNT; except 2wt% CF 

that shows a lower value than CNT.
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Comparison of 85% porosity neat PEEK, PEEK + 20 wt% HA, PEEK

+ 0.5, 1.0, and 2.0 wt% CF and CNT samples. 
 

odulus of elasticity values for 85% porosity PEEK and PEEK plus HA plus CF 

foams were derived from stress-strain plots and compared in Figure 72.  As can be seen, the 

PEEK plus 20 wt% HA plus 0.5 wt% CF samples was the highest of 

The moduli for 85% porosity PEEK and PEEK plus HA plus CNT foams were 

strain plots and compared in Figure 73. As shown, the modulus values for 

2.0 wt% CNT were the highest of all foams.Modulus values for 85% 

plus 20 wt% HA plus 0.5, 1.0 and 2.0 wt% of CNT, and PEEK 

foams are compared in Figure 74.  As shown,  85% porosity 

t% CF had the highest modulus values.The average modulus values of all 

foams for 85% porosity are shown in Figure 75.Also noted in the present tests, the addition of 

0.5 and 1.0 wt% of CF improved the elastic modulus much higher than CNT; except 2wt% CF 

at shows a lower value than CNT. 

 
 

 

PEEK + 20 wt% HA 

plus HA plus CF 

.  As can be seen, the 

plus 20 wt% HA plus 0.5 wt% CF samples was the highest of 

plus HA plus CNT foams were 

. As shown, the modulus values for 

2.0 wt% CNT were the highest of all foams.Modulus values for 85% 

 plus 20 wt% HA 

.  As shown,  85% porosity PEEK plus 20 

t% CF had the highest modulus values.The average modulus values of all 

Also noted in the present tests, the addition of 

0.5 and 1.0 wt% of CF improved the elastic modulus much higher than CNT; except 2wt% CF 



Figure 72.  Moduli of 85% porosity 
 
 
 
 

Figure 73.  Moduli of 85% porosity 
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Moduli of 85% porosity PEEK + 20 wt% HA + 0.5, 1.0, and 2.0 wt% CF samples.

 
Moduli of 85% porosity PEEK + 20 wt% HA + 0.5, 1.0, and 2.0 wt% CNT samples.

 

+ 20 wt% HA + 0.5, 1.0, and 2.0 wt% CF samples. 

 

+ 20 wt% HA + 0.5, 1.0, and 2.0 wt% CNT samples. 



Figure 74.  Comparison of moduli for 85% 
and PEEK

Figure 75.  Bar chart of 85% porosity modulus values of experimental matrix.
 

Yield stress values of 85% porosity 

are compared in Figure 76.  As shown, 85% porosity 

samples had the highest yield stress. Bar

experimental matrix are shown 
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Comparison of moduli for 85% PEEK + 20 wt% HA + 0.5, 1.0, and 2.0 wt% CNT, 

PEEK + 20 wt% HA + 0.5 wt% CF samples. 
 
 

chart of 85% porosity modulus values of experimental matrix.

Yield stress values of 85% porosity PEEK plus 0.5, 1.0 and 2.0 wt% CNT and CF 

.  As shown, 85% porosity PEEK plus 20 wt% HA plus 2.

stress. Bar chart of 85% porosity 0.2% yield stress values of 

experimental matrix are shown in Figure 77. Table 18 gives a summary of the modulus and 

 

+ 20 wt% HA + 0.5, 1.0, and 2.0 wt% CNT, 

 

chart of 85% porosity modulus values of experimental matrix. 

0.5, 1.0 and 2.0 wt% CNT and CF foams 

plus 20 wt% HA plus 2.0 wt% CF 

chart of 85% porosity 0.2% yield stress values of 

gives a summary of the modulus and 



stress values for 85% porosity of all combinations of nanocomposite foams.

the average values of yield stress for 85% porosity of all 

 

Figure 76.  Comparison of 0.2% yield stress values for 85% porosity 
+ 0.5, 1.0, and 2.0 wt% CNT and CF samples.

 
 

Figure 77.  Bar chart of 85% porosity 0.2% yield stress values of experimental matrix.
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stress values for 85% porosity of all combinations of nanocomposite foams. Figure 76 provide

the average values of yield stress for 85% porosity of all PEEK foams. 

Comparison of 0.2% yield stress values for 85% porosity PEEK + 20 wt% HA
+ 0.5, 1.0, and 2.0 wt% CNT and CF samples. 

 

Bar chart of 85% porosity 0.2% yield stress values of experimental matrix.

Figure 76 provides 

 

+ 20 wt% HA 

 

Bar chart of 85% porosity 0.2% yield stress values of experimental matrix. 
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Table 18. Modulus and 0.2% Yield Stress Values for 85% Porosity of All Combinations of 
Nanocomposite Foams 

 

Material 
Coupon 

No. 

E-

Modulus 

(MPa) 

Average-E-

Modulus 

(MPa) 

Yield Stress 

(MPa) 

Average 

Yield 

Stress 

(MPa) 

PEEK 
PEEK + HA 10 
PEEK + HA 15 
PEEK + HA 20 

 
 

compressive test 
not performed 

due to very soft 
foam 

  

PEEK+HA20+CNT0.5 
1 32.394 

32.626 
1.242 

1.288 2 26.545 1.173 
3 38.940 1.449 

PEEK+HA20+CNT1.0 
1 31.443 

33.919 
1.090 

1.0994 2 35.453 1.070 
3 34.860 1.138 

PEEK+HA20+CNT2.0 
1 30.810 

34.843 
1.090 

1.122 2 38.670 1.173 
3 35.052 1.104 

PEEK+HA20+CF0.5 
1 41.014 

52.061 
1.104 

1.173 2 68.811 1.173 
3 46.357 1.242 

PEEK+HA20+CF1.0 
1 30.170 

36.187 
0.759 

0.931 2 44.111 1.104 
3 34.4353 0.931 

PEEK+HA20+CF2.0 
1 19.336 27.305 1.000 1.196 
2 36.023  1.414  
3 26.557  1.173  

4.1.2 Discussion 

75% Porosity 

Neat PEEK, PEEK plus 10, 15, and 20 wt% HA, PEEK plus 20 wt% HA plus CF, and 

PEEK plus 20 wt% HA plus 0.5, 1.0 and 2.0 wt% CNT foams were fabricated and tested. 

Although the variation of wt% HA did not affect the mechanical properties, 20 wt% HA was 

chosen for the CF and CNT compositions since HA properties enhance bone growth and the 

chemical structure of HA is similar or the same as natural bone. This could be because of the 

higher concentrations of HA nanoparticles, which result in higher concentrations pores as seen in 
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SEM images. Compression results showed constant improvement with the addition of HA and 

carbon particles. Modulus and yield stress values for all tested compositions of nanocomposite 

foams were shown in Table 17. The modulus value of neat PEEK foam averages 66.457 MPa. 

The addition of 10 to 20 wt% HA improved the modulus values by almost 30%. However, the 

addition of various wt% carbon particles enhanced the modulus ranging from 3 to 4 times. PEEK 

+ 20 wt% HA + 0.5 wt% CNT samples showed the highest modulus value of 225.91 MPa 

against neat PEEK modulus value of 66.457 MPa and PEEK + 20 wt% HA modulus value of 

88.827 MPa. The yield stress of neat PEEK versus PEEK plus + 20 wt% HA increased more 

than 200%. The yield stress of PEEK plus 0.5 wt% CNT was 3.979 MPa, compared to 1.783 

MPa for neat PEEK and 3.094 MPa for neat PEEK + 20 wt% HA. The possible reason for this 

increase in mechanical properties may be related to the uniform dispersions of functionalized 

CNT and formations of strong covalent bonds between PEEK molecules and HA nanoparticles. 

A 1 wt% addition of carbon fiber showed the highest modulus and yield stress, 215.05 

MPa and 3.967 MPa, respectively. The addition of higher wt% CNT shows continuous declining 

trend, in contrast to the addition of 1 wt% carbon fiber, which shows optimum values at both the 

increase and declining trend for lower and higher wt%. The CF that shows a lower property 

compared to the CNTs which may be because of micro size of the CF. 

85% Porosity 

With 85% porosity, only neat PEEK or PEEK with HA could be tested, because the foam 

samples were very soft and powdery; however, the addition of CF and CNT reinforced the foam 

so that compression tests could be performed. PEEK plus 0.5 wt% CF had a 52 MPa modulus, 

the highest of all the composition foams, compared to 32–34 MPa for PEEK plus wt% CNT. 
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 Yield stress was higher for both PEEK plus CF and CNT at 0.5 wt% additions; however, 

the PEEK plus CNT yield stress (1.288 MPa) was 9% higher than the PEEK plus CF yield stress 

(1.173 MPa), which may be due the effect of nano-sized nanotubes. The 85% porosity foam 

modulus and strength values were much lower than for the 75% foams, with modulus values 

approximately 1/7 less and strength values approximately 1/3 less. 

4.2 Micro-CT and SEM images 

4.2.1  Micro-CT (Porosity) Results 

 Figures 78 to 83 show micro-computed tomography results of various combinations of 

75% and 85% porosity PEEK samples.  Micro-CT test results for different samples are shown in 

Table 19. Pore size and interconnectivity of the foams are in order and within the designed sizes. 

Pore size varies between 240 and 310 µm, which matches with optical microscope size 

measurements because the size of the salt porogen used was between 200 and 500 µm. The 

degree of anisotropy confirms that salt porogen was mixed uniformly and effectively with 6%–

13% variation. Neat PEEK with a higher percentage of porosity could not be tested due to the 

week interconnectivity; in the case of 75% porosity, the variation of porosity is about 7% 

compared to the designed porosity. The only variation occurred in the 2.0 wt% CNT sample with 

about 10% reduction, which may be due to the higher volume of CNT nanoparticles. 

Table 19. Micro-CT Results of the Foam Samples. 
 
 Design Porosity %  Actual Porosity 

%  

Pore Size µm Degree Of 

Anisotropy  

P2.5 CF2.0 HA20 71.25 68.47 241 1.0623 

P2.0 CF2.0 HA20 81.75 80.72 309 1.1074 

P2.5 CNT2.0 HA20 71.25 61.57 251 1.1152 

P2.0 CNT2.0 HA20 81.75 77.3 292 1.1059 

P2.5 HA20 71.25 68.8 275 1.1146 

Neat PEEK 75% porosity 75 81.84 281 1.1315 

Neat PEEK 85% porosity COULD NOT BE TESTED DUE TO WEAK INTERCONNECTIVITY 
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Figure 78.  Micro-CT of 75% porosity PEEK + 20 wt% HA + 0.5 wt% CF. 
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Figure 79.  Micro-CT of 85% porosity PEEK + 20 wt% HA + 2.0 wt% CF. 

 
Micro-CT images of 75% and 85% foams with the CF indicate that 85% foam cells are 

weekly connected to each other. As can be seen from the images, this observation is very clear 

that edges of the foams are loosely connected. 
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Figure 80.  Micro-CT of 75% porosity PEEK + 20 wt% HA + 0.5 wt% CNT. 
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Figure 81.  Micro-CT of 85% porosity PEEK + 20 wt% HA + 2.0 CNT. 
 

85% CNT mixed foam has better interconnectivity compared to 85% CF mixed foam, 

which may be due to the higher volume of nanoparticles of CNT compared to the microparticles 

of CF; however, 75% CNT foams are considerably better connected when compared to the 85% 

porosity foams. 
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Figure 82.  Micro-CT of 75% Porosity PEEK + 20 wt% HA. 
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Figure 83.  Micro-CT of 75% porosity neat PEEK. 
 

The addition of HA improved interconnectivity of the foams. As can be seen, the neat 

PEEK foams appear as a spongy form compared to the HA foams. 
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4.2.2 SEM Images 

 Scanning electron microscopy (SEM) images are shown for the following 

nanoconmposite foam samples: 

• Neat PEEK with 75% and 85% porosity 

• Neat PEEK + 20 wt% HA with 75% and 85% porosity 

• PEEK + 20 wt% HA + 1.0 wt% CF with 75% and 85% porosity 

• PEEK + 20 wt% HA + 0.5 and 1.0 wt% CNT with 75% porosity 

• PEEK + 20 wt% HA + 1.0 wt% CNT with 85% porosity 

Figures 84 to 92 are SEM images for the above-mentioned nanocomposite foams. The 

images were taken at two different spots using the same magnification. The SEM images 

confirm the weak connectivity for higher porosities and higher concentrations for higher wt%  

CNT and CF; however, the uniform size of porosity confirms that foams can be fabricated with 

uniform distribution of pores, pore size, and anisotropy in connectivity using cast melting and the 

salt porogen leaching method on a par with micro-CT results. 

 

Figure 84.  SEM image for 75% porosity neat PEEK. 
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Figure 85.  SEM image for 85% porosity neat PEEK. 
 

From the images of Figures 84 and 85, it’s clear that 75 and 85% porosities of the neat 

PEEK foam images are considerably dissimilar because of the porosity differences.    

 
 

 
 

Figure 86.  SEM image for 75% porosity PEEK + 20 wt% HA. 
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Figure 87.  SEM image for 85% porosity with PEEK + 20 wt% HA. 
 

The addition of HA into the neat PEEK shows a considerable strengthening of pore 

structures for 85% foam (Figure 85 and Figure 87). Also, for 75% pore foams 20wt%, the HA 

concentration around pores can be observed. 

 

 
 

Figure 88.  SEM image for 75% PEEK + 0.5 wt% CNT. 
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Figure 89.  SEM image for 75% porosity PEEK + 1.0 wt% CF. 
 

 

 

 

 
 

Figure 90.  SEM image for 75% porosity PEEK + 1.0 wt% CNT. 
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Figure 91.  SEM image for 85% porosity PEEK + 1.0 wt% CF. 
 

 

 

 
 

Figure 92.  SEM image for 85% porosity PEEK + 1.0 wt% CNT. 

Higher wt% of the carbon fiber particles (CF and CNT) display enhanced concentration 

near the pore struts. 
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4.3 Biological Results 

The microscopic images in Figures 93 to 106 show cell cultures on day 3 with day 1 

supernatant in 1:1 and 1:4 concentration ratios of the following samples, and Figure 107 shows 

the image after 6 hours of adding MTT. 

• Neat PEEK with 75% porosity 

• Neat PEEK with 85% porosity 

• PEEK + 10 wt% HA with 75% porosity 

• PEEK + 15 wt% HA with 75% porosity 

• PEEK + 20 wt% HA with 75% porosity 

• PEEK + 20 wt% HA + 1.0 wt% CF with 75% porosity 

• PEEK + 20 wt% HA + 1.0 Cwt% F with 85% porosity 

• PEEK + 20 wt% HA + 1.0 wt% CNT with 75% porosity 

• PEEK + 20 wt% HA + 2.0 wt% CNT with 75% porosity 

• PEEK + 20 wt% HA + 0.5 wt% CNT with 85% porosity 

• PEEK + 20 wt% HA + 1.0 wt% CNT with 85% porosity 

• PEEK + 20 wt% HA + 2.0 wt% CNT with 85% porosity 
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CELL CULTURE, MEDIUM ONLY  

 
 

Figure 93.  Cell culture, medium only. 

 
 

Figure 94.  Cell culture in SDS. 
 

Figure 94 shows the images of cell cultures in medium with SDS at 1:1 and 1:4 

concentrations.  SDS does not allow cells to grow at higher concentrations; however, at 1:16 and 

1:64 concentrations, the cell growth is moderate or higher. 
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75% POROSITY 1 WT% CF 

 
Ratio 1:1 (supernatant day 1) 

 

 
 
 

Ratio 1:4 (supernatant day1) 
 

 
 

Figure 95.  Day 3 cell culture, 75% porosity, 1 wt% CF, supernatant day 1: 
Ratios 1:1 (top) and 1:4 (bottom). 

2 
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85% POROSITY 1 WT% CF 
 

Ratio 1:1 (supernatant day 1) 
 

 
 

Ratio 1:4 (supernatant day 1) 
 
 

 
 

Figure 96.  Day 3 cell culture, 85% porosity, 1.0 wt% CF, supernatant day 1: 
Ratios 1:1 (top) and 1:4 (bottom). 
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75% POROSITY 1 WT % CNT 
 

Ratio 1:1 (supernatant day 1) 
 

 
 
 

Ratio 1:4 (supernatant day1) 
 

 
 

Figure 97.  Day 3 cell culture, 75% porosity, 1.0 wt% CNT, supernatant day 1: 
Ratios: 1:1 (top) and 1:4 (bottom). 
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75% POROSITY 2 WT% CNT 

 
Ratio 1:1 (supernatant day1) 

 

 
 
 

Ratio 1:4 (supernatant day1) 
 

 
 

Figure 98.  Day 3 cell culture, 75% porosity, 2.0 wt% CNT, supernatant day 1: 
Ratios:  1:1 (top) and 1:4 (bottom). 
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85% POROSITY 0.5 WT% CNT 

  
Ratio: 1:1 (supernatant day1) 

 

 
 
 

Ratio 1:4 (supernatant day1) 
 

 
 

Figure 99.  Day 3 cell culture, 85% porosity, 0.5 wt% CNT, supernatant day 1: 
Ratios:  1:1 (top) and 1:4 (bottom). 
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85% POROSITY 1 WT% CNT 

 
Ratio 1:1 (supernatant day1) 

 

 
 
 

Ratio 1:4 (supernatant day 1) 
 

 
 

Figure 100.  Day 3 cell culture, 85% porosity, 1.0 wt% CNT, supernatant day 1: 
Ratios:  1:1 (top) and 1:4 (bottom). 

11 
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85% POROSITY 2 WT% CNT 

 
Ratio 1:1 (supernatant day1) 

 

 
 
 

Ratio: 1:4 (supernatant day1) 
 

 
 

Figure 101.  Day 3 cell culture, 85% porosity, 2.0 wt% CNT, supernatant day 1: 
Ratios:  1:1 (top) and 1:4 (bottom). 

 
Figures 95 and 101 show the images of the cell cultures for day 1 supernatant. It can be 

seen that the concentration of cells is significantly higher for the lower additions of CNT 

compared to higher addition of CNT in the media. 
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75% POROSITY 10 WT% HA 
 

 Ratio 1:1 (supernatant day1) 
 

 
 

 
Ratio 1:4 (supernatant day1) 

 

 
 

Figure 102.  Day 3 cell culture, 75% porosity, 10 wt% HA, supernatant day 1: 
Ratios: 1:1 (top) and 1:4 (bottom). 

13 



101 

75% POROSITY 15 WT % HA 
 

Ratio 1:1 (supernatant day1) 
 

 
 

Ratio 1:4 (supernatant day1) 
 

 
 

Figure 103.  Day 3 cell culture, 75% porosity, 15 wt% HA, supernatant day 1: 
Ratios: 1:1 (top) and 1:4 (bottom). 
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75% POROSITY 20 WT% HA 
 

Ratio 1:1 (supernatant day1) 
 

 
 
 

Ratio 1:4 (supernatant day1) 
 

 
 

Figure 104.  Day 3 cell culture, 75% porosity, 20 wt% HA, supernatant day 1: 
 Ratios: 1:1 (top) and 1:4 (bottom). 

 
The addition of HA nanoparticles helps to improve the cell growth as it can be observed 

from Figures 102 through 104. The higher the wt% of HA nanoparticles, the higher the cell 

growth occurs. 

15 



103 

75% POROSITY NEAT PEEK 

 
Ratio 1:1 (supernatant day1) 

 

 
 
 

Ratio 1:4 (supernatant day1) 
 

 
 

Figure 105.  Day 3 Cell culture, 75% porosity, neat PEEK, supernatant day 1: 
 Ratios: 1:1 (top) and 1:4 (bottom). 
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85% POROSITY NEAT PEEK 

 
Ratio 1:1 (medium day1) 

 

 
 

Ratio 1:4 (medium day1) 

 
 

Figure 106.  Day 3 cell culture, 85% porosity, neat PEEK, medium day 1: 
Ratios: 1:1 (top) and 1:4 (bottom). 

 
In general, the higher the % of porosity, the higher the rate of cell growth take places, 

which is the same/similar for the neat PEEK foam as well (Figures 105 and 106). 

20 
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Figure 107.  Image of cell culture after adding MTT  for 6 h. 
 
 

4.3.1 Discussion 

Results of the cytotoxicity test shows that all of the bionanocomposites were non-toxic 

and cell viability was good (Figure 108). The addition of CF shows a higher percentage of cell 

growth than with the addition of CNT. The addition of 10 wt% HA shows higher cell viability 

than all other compositions when cells in well + cells on disk. Images of cell growth for day 1 

supernatant at ratios of 1:1 and 1:4 concentrations also shows equally good results. Figure 109 is 

a plot of cell viability of the nanocomposite disk.  As can be seen, the addition of HA enhances 

cell viability: the higher the wt% HA, the higher the cell viability. Carbon particles in both CF 

and CNT increases cell viability, except for the 2 wt% CNT case; however, the disk with the 

addition of 0.5 wt% CNT shows higher cell viability than all other disks, which clearly proves 

that the addition of CNT helps to attach more cells to the disk. 



Figure 
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Figure 108.  Cytotoxic test day 1. 

Figure 109.  Cell viability. 

 

 



4.4 Bone Marrow and Raw Cell Cultures on Nanocomposite Materials

 Bone marrow and raw cell culture 

attachment on PEEK disk, compared to the neat PEEK. Figure 1

(OD405/ug protein/0.00889) from 

disk with 1wt% CNT and 0.5wt% CF 

higher ALP expression than the neat PEEK.

Figure 110
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Bone Marrow and Raw Cell Cultures on Nanocomposite Materials 

Bone marrow and raw cell culture show that the addition of CF and CNT enhances cell 

attachment on PEEK disk, compared to the neat PEEK. Figure 110 shows the ALP 

from osteoblasts and undifferentiated bone marrow 

1wt% CNT and 0.5wt% CF compositions are closer to each other and both indicate 

than the neat PEEK. 

 
 

110.  ALP for lysis of bone marrow cells. 

 
Mat # 1 P25CNT0.5HA20 
Mat # 2 P25CNT1HA20 
Mat # 5 P25CF0.5HA20 
Mat # 6 P25CF1HA20 
Mat # 7 P25 

that the addition of CF and CNT enhances cell 

ALP measurement 

bone marrow cells. PEEK 

are closer to each other and both indicate 

 



 Figure 111 shows the results 

osteoclasts from Raw cells. Even though the CNT shows a little higher 

0.5wt% CF has higher expression 

improve cell differentiation on the PEEK nanocomposites foams.
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shows the results of TRAP expression (OD405/ug protein/0.00889) 

Even though the CNT shows a little higher TRAP

expression it can be seen that the addition of CNT and CF helps to 

on the PEEK nanocomposites foams. 

 

 
 

Figure 111.  Trap for raw cells. 
 
 

 

Mat # 1 
P25CNT0.5HA20 
Mat # 2 P25CNT1HA20 
Mat # 5 P25CF0.5HA20 
Mat # 6 P25CF1HA20 
Mat # 7 P25 

(OD405/ug protein/0.00889) of 

TRAP than the CF, 

it can be seen that the addition of CNT and CF helps to 
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CHAPTER 5 

 

CONCLUSIONS AND FUTURE WORK 

 

5.1 Conclusions 

 Scaffolds are being manufactured using different fabrication techniques. In this research, 

a cast melting and salt porogen leaching fabrication technique (simple and cost effective) was 

used to fabricate PEEK foam with HA and carbon particles. This fabrication technique is greatly 

viable for highly porous foams; an 85% porosity could be effectively achieved. Compared with 

neat PEEK foam, the addition of HA, CF, and CNT enhanced the modulus and yield stress 

values to a high order. The simple addition of 0.5 wt% CNT to PEEK and HA resulted in higher 

mechanical properties than all other compositions in the compression tests, including higher 

modulus value of 225.91 MPa against neat PEEK 66.457 MPa and yield stress of 3.979 MPa 

against 1.783 MPa for neat PEEK for 75% porosity. In contrast, higher wt% carbon particles 

reduced mechanical properties. This may have been due to the amalgamation of the carbon 

particles, which acts as stress raisers. Functionalization of carbon fiber and CNT aided uniform 

dispersion via covalent bonding and resulted in higher mechanical strengths. The compression 

test could not be performed on high porosity 85% neat PEEK foams because the 

interconnectivity was very poor as can be seen in the micro-CT test and SEM images. The 

micro-CT test further confirmed that the fabrication technique used in this research is reliable 

because foams were having uniform pore size and good interconnectivity. Porosity variation 

compared to design porosity was +/- 4%, except in the case of 85% porosity nanocomposite 

foam, which varied about 10%. The micro-CT tests also established 85% porosity neat PEEK 

foam could not be scanned due to the poor interconnectivity.  
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In the biological tests, nanocomposite foams proved to be non-toxic and had good cell 

viability, as shown in the mechanical performance, where a smaller addition of CNT yielded 

better results. In the cell viability tests, 0.5 wt% CNT also established a good attachment of cells 

on disks compared to neat PEEK foam. A similar performance was seen in culture tests of bone 

marrow cells (osteoblasts and osteoclasts). Test results proved that PEEK foams with CF and 

CNT are potential candidates for bone scaffolds. 

5.2 Future Work 

Future work could be carried out to explore the possibility of proving this work to the 

next level by implanting samples in mice or any other animal’s body to establish bone formation. 

Feasibility of a minimum volume of porosity for PEEK foam could be carried out for various 

applications by cast melting and the salt leaching method to compare mechanical properties of 

higher porosities. It would also be good to establish a size limitation for this fabrication 

technique. A feasibility study for fabricating PEEK foam with different types of fabrication 

techniques would be another area of interest. 

Further optimization of CF and CNT and higher wt% of HA for both mechanical and 

biological properties will widen the area of application. PEEK foam properties could be 

compared with other bio-polymer foams using similar fabrication techniques. 

Because the interconnectivity of the PEEK foam creates a very high order of elements for 

a finite element analysis study, a dynamic analysis of PEEK foam could establish the 

mathematical relationship between pore size and poor volume of pore using bio-mechanical 

properties. 
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APPENDIX 

Modeling of Porous Structures 

 Static analysis of PEEK + 20 wt% HA + 0.5 wt% CNT was performed with the model 

shown in Figure A1 and A2 using AutoCAD Inventor 2013.  The 1/2 inch diameter and tiny 

holes of 500 µm diameter, close to real pore size, were created to a thickness of 0.02 inch and 

stacked to a height of 1 inch to represent foam. Due to the high number of holes, which results in 

a high volume of elements, computations could not be performed for actual height of 1inch, 1/4 

inch height with was reasonable height to represent a foam model and to extend the result to 1 

inch. Uniformly distributed pressure of 200 and 400 psi was applied on opposite sides of the 

model faces, as shown in Figure A3, in order to generate a compression loading condition for 

simulation. The average Poison’s ratio of all materials was derived using the properties of 

composite material. The actual density of the nanocomposite foam was calculated from the 

actual measured weight and volume. Material properties and static analysis conditions are shown 

in Table A1, and simulation results are presented in Table A2. 

 

Figure A1.  Layer of foam model 



Figure A2
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Figure A2.  Stacked foam model to actual size 

 

Figure A3.  Loading type 
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Stress Analysis Report 

Analyzed File: Assembly1.iam 

Autodesk Inventor Version: 2013 SP1 (Build 170176100, 176) 

Creation Date: 4/11/2013, 12:07 PM 
 

Physical 

Mass 0.000253319 lb 

Volume 0.0161349 in³ 
 
 

 Simulation 1 

 

General Objective and Settings 

Design Objective Single Point 

Simulation Type Static Analysis 

Detect and Eliminate Rigid Body Modes Yes 

Separate Stresses Across Contact Surfaces No 

Motion Loads Analysis No 
 

 

 

Mesh Settings 

Avg. Element Size (fraction of model diameter) 0.1 

Min. Element Size (fraction of avg. size) 0.2 

Grading Factor 1.5 

Max. Turn Angle 60 deg 

Create Curved Mesh Elements No 

Use part based measure for Assembly mesh Yes 
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Simulation 1 Material(s) 

 

 
Table A1. Material properties 

 
Name PEEK 

General 
Mass Density 0.0157 lb/in³ 

Yield Strength 577.504 psi 

Stress 

Young's Modulus 32.8012 ksi 

Poisson's Ratio 0.383 ul 

Shear Modulus 11.8587 ksi 

 

Simulation 1 Operating Conditions 

 

Pressure 1 

Load Type Pressure 

Magnitude 200 psi 
 

Simulation 1 Results 

 

Reaction Force and Moment on Constraints 

Constraint Name 
Reaction Force Reaction Moment 

Magnitude Component (X,Y,Z) Magnitude Component (X,Y,Z) 
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Results Summary 

Name Minimum Maximum 

Volume 0.0161349 in^3 

Mass 0.000253319 lb 

1st Principal Stress -0.166241 ksi 0.401359 ksi 

3rd Principal Stress -0.58286 ksi 0.151614 ksi 

Displacement 0.00000164373 in 0.00125572 in 

Stress XX -0.215998 ksi 0.355452 ksi 

Stress XY -0.169393 ksi 0.165016 ksi 

Stress XZ -0.357871 ksi 0.349837 ksi 

Stress YY -0.201953 ksi 0.327761 ksi 

Stress YZ -0.351314 ksi 0.35816 ksi 

Stress ZZ -0.522455 ksi 0.27714 ksi 

X Displacement -0.000687354 in 0.000686632 in 

Y Displacement -0.000686319 in 0.000687575 in 

Z Displacement -0.0010424 in 0.00104757 in 

Equivalent Strain 0.0000900229 ul 0.0188974 ul 
 
1St Principal Stress 
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3rd Principal Stress 

 

 

 

Displacement 
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Stress XX 

 

 

 

Stress XY 
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Stress XZ 

 

 

 

Stress YY 
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Stress YZ 

 

 

 

Stress ZZ 
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X-Displacement 

 

 

 

Y-Displacement 
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Z-Displacement 

 

 

Equivalent Strain 
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Simulation 2 Operating Conditions 
 

Pressure:1 
Load Type Pressure 

Magnitude 400 psi 
 

 

Simulation 2 Results 

 

 
Reaction Force and Moment on Constraints 

 

Constraint Name 
Reaction Force Reaction Moment 

Magnitude Component (X,Y,Z) Magnitude Component (X,Y,Z) 
 
 

Results Summary 
 

Name Minimum Maximum 

Volume 0.0161349 in^3 

Mass 0.000253319 lbmass 

1st Principal Stress -0.332483 ksi 0.802718 ksi 

3rd Principal Stress -1.16572 ksi 0.303229 ksi 

Displacement 0.00000328746 in 0.00251144 in 

Stress XX -0.431997 ksi 0.710904 ksi 

Stress XY -0.338786 ksi 0.330033 ksi 

Stress XZ -0.715742 ksi 0.699674 ksi 

Stress YY -0.403907 ksi 0.655522 ksi 

Stress YZ -0.702628 ksi 0.716321 ksi 

Stress ZZ -1.04491 ksi 0.55428 ksi 

X Displacement -0.00137471 in 0.00137326 in 

Y Displacement -0.00137264 in 0.00137515 in 

Z Displacement -0.00208481 in 0.00209514 in 

Equivalent Strain 0.000180046 ul 0.0377947 ul 
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1st Principal Stress 
 

 
 

 
 

3rd Principal Stress 
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Displacement 
 

 
 

 
 

Stress XX 
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Stress XY 
 

 
 
 
 

 
Stress XZ 
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Stress YY 
 

 
 
 
 
Stress YZ 
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Stress ZZ 
 

 
  

 
 

X-Displacement 
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Y-Displacement 
 

 
 
 

 
 

Z-Displacement 
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Equivalent Strain 
 

 
 

Table A2.  Summary of Simulations 
 

 
Simulation 1 Simulation 2 

Name Minimum Maximum Minimum Maximum 

Volume 0.0161349 in^3 

Mass 0.000253319 lb 

1st Principal Stress -0.166241 ksi 0.401359 ksi -0.332483 ksi 0.802718 ksi 

3rd Principal Stress -0.58286 ksi 0.151614 ksi -1.16572 ksi 0.303229 ksi 

Displacement 
0.00000164373 

in 
0.00125572 in 0.00000328746 in 0.00251144 in 

Stress XX -0.215998 ksi 0.355452 ksi -0.431997 ksi 0.710904 ksi 

Stress XY -0.169393 ksi 0.165016 ksi -0.338786 ksi 0.330033 ksi 

Stress XZ -0.357871 ksi 0.349837 ksi -0.715742 ksi 0.699674 ksi 

Stress YY -0.201953 ksi 0.327761 ksi -0.403907 ksi 0.655522 ksi 

Stress YZ -0.351314 ksi 0.35816 ksi -0.702628 ksi 0.716321 ksi 

Stress ZZ -0.522455 ksi 0.27714 ksi -1.04491 ksi 0.55428 ksi 

X Displacement -0.000687354 in 0.000686632 in -0.00137471 in 0.00137326 in 

Y Displacement -0.000686319 in 0.000687575 in -0.00137264 in 0.00137515 in 

Z Displacement -0.0010424 in 0.00104757 in -0.00208481 in 0.00209514 in 

Equivalent Strain 0.0000900229 ul 0.0188974 ul 0.000180046 ul 0.0377947 ul 
 


