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Abstract 

The pores of bone tissue that play an important part in bone regeneration can emulate the areas of nanoparticles 

from porous scaffolds. This work evaluated a novel designed and developed nanostructure surface of 

polyetheretherketone-reduced graphene oxide, calcium hydroxyapatite (PEEK-rGO-cHAp) composite 

scaffolds of four different lattice structures. The scaffolds were fabricated through fused deposition modelling 

(FDM), as rGO-cHAp composite was coated on PEEK. The composite scaffolds’ mechanical strength and 

surface microstructure were studied, using different nanostructure methods of unit cell homogenisation and tensile 

test. The homogenisation method for the four lattice structures was designed and analysed to mimic spine bone 

structure. A new approach was introduced to homogenise the mechanical characteristics of a periodical lattice of 

3D printing structures based on a semi-rigid frame unit cell. They were taking into consideration the impact of 

geometric approximation errors and joint tightening. A typical frame element with semi-rigid is integrated to 

assess combined stiffening effects in a discrete homogenisation process. The analysis was performed by 

considering the fundamental unit cell as a scaffold that defined the periodic pattern. Also, this study created an 

avenue to examine and improve the interfacial bonding between PEEK and rGO-cHAp scaffolds for 

biocompatibility and degradability, using surface functionalisation techniques. This work aimed to compare the 

manufacturing processes in an intervertebral spacer model and its lattice structure, present the characteristics of 

the PEEK biomaterial and some parameters used for its processing. In addition to its manufacturing part, a brief 

theory on the anatomy of the spine region was also presented. The object of the study was applied, which in this 

case was the cervical region, with a surgical approach through an anterior method to establish its practical 

applications and benefits in tissue engineering. 
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1. Introduction 

Due to diseases related to life and other congenital problems, the demand for spinal implants has increased 

dramatically in recent years. His condition is aggravated by the fact that the individual is born with illness and 

time. One alternative for alleviating or resolving the effects of these diseases is the use of cross-bridge spacers in 



the area to be treated [1-3]. This case promotes bone arthrodesis - a fusion of vertebrae, stabilisation of the spinal 

cord, and primarily pain relief. A polymer known as polyetheretherketone (PEEK) may be used to produce certain 

implants as a raw material. This polymer has excellent mechanical properties, biocompatibility and properties 

close to the human bone. It corresponds practically to the elasticity coefficients and provides a more effective 

implant function [3-5]. 

The use of PEEK has increased substantially as a spine material for arthrodesis in recent years. Percentages of 

each material are obtained over time, with emphasis on data related to PEEK. Due to its stability, biocompatibility, 

radio transparency and critical mechanical properties, it supports PEEK biomaterial to be suitable for solving 

problems related to some applications and solutions for implants [6-8]. PEEK can be made available by suppliers 

in powder or granules, which are later converted into products through extrusion moulding and injection 

processes. Other forms of presentation of this raw material are bars and tubes made by extrusion or sheets moulded 

by compression [9-11]. These can also be reworked to obtain the desired final product. At first, PEEK is beige, 

but when it is associated with carbon fibres to support mechanical resistance, the material from this mixture is 

visualised in black. PEEK can be combined with some additives to create some composites. Composite can be 

defined as a material consisting of two or more distinct phases, and each of them maintaining its peculiarity and 

properties, both physical, biological and mechanical [12-14]. Among the first additives used to increase PEEK 

strength and stiffness are glass and carbon fibres. The configuration of PEEK with carbon fibres is a vital interface 

that effectively distributes and transfers the stresses from mechanical loadings between the fibres and the polymer 

matrix [15-17]. When associated with carbon fibres-polyetheretherketone (CFR-PEEK), characteristics depend 

on the length, size and orientation of the fibres used. This type of composite has been currently used in implants 

for spine and joint replacement. In addition to some additives being intended for the biomechanical function of 

the material, others are used for various biomedical purposes [18-20]. 

Furthermore, an example of an additive with the properties mentioned above is barium sulfate. A radio pacifier 

mixed with PEEK gives better visualisation and contrast in medical imaging, facilitating radiological control 

during and after surgery. Studies are being conducted to investigate the combination of PEEK with some bioactive 

materials, which promote bone growth around the implant and improves its fixation [21-23]. An example is 

hydroxyapatite (HAp), which can be represented using the chemical formula Ca5(PO4)3OH. HAp is presented as 

the reference material for biomaterials, as it exhibits excellent biocompatibility, osteoconductivity and biological 

activity, besides its similarity with the mineral part of teeth and bones. It allows for the proliferation of fibroblast 

and osteoblast cells, which do not distinguish it from the bone surface and hydrophilicity, thus allowing their 

surface to wet with weight [24-26]. Despite all the advantages exhibited by HAp, its clinical use is limited due to 

its slow biodegradation. Studies carried out over long periods have shown that HAp begins to be gradually 

reabsorbed after 4 to 5 years of implantation. Resorption is a desired characteristic for biomaterials in which the 

degradation process occurs concomitantly with the replacement of the bone information [27-29]. 

Due to the increasingly competitive market for these implants, the quality of the product must be improved, 

combining the facilities promoted by the support material, besides promoting a competitive price [30-32]. The 

polymeric injection process can increase production volumes of intervertebral spacers and improve the production 

and production of products with higher aggregate quality. It is an excellent alternative to those who have been 

long-term seeking increased productivity and quality, despite high initial costs for acquiring tools and machinery 

[33-35]. In addition, the technique of additive production (AM) represents significant progress in printing complex 



geometries for a 3D (3D) bone structure and an essential step towards geometrical optimisation of bone 3D 

printing. Studies predict that this technology will be ready in around 2-3 years for industrial applications. The 

bone implant of the PEEK structure has shown that it increases bone output in several respects, such as four times 

the respective capacity and twice the area capacity of a solid electrode block [36-38]. 

 Importantly, this groundbreaking approach is critical to applications in the cell and medical equipment 

industry. This study is well integrated with biomedical devices that require miniaturised scaffolds. This work for 

bone implants due to their low weight and high capacity will also benefit a Non-biological Cell Spine implant.. 

Therefore, the main objective of this current study was to demonstrate the spine implant process in the 

manufacture of an intervertebral spacer model, thus showing some differences between these manufacturing 

processes. This study aimed to improve knowledge and provide guidance for such simulations through various 

grid structures, simulated by finite elements analysis (FEA) software. Include the elements also with the 

homogenisation approach and has joint strengthening effects on homogenised characteristics.  This was achieved 

by evaluating the unit cell homogenisation method with a 3D component and comparing the methods used to 

determine whether their deformed predictable structure matches. This more critical and complex investigation 

was made up of only selected cell units of isotropic beam-cell structure material with a linear elastic deformity. 

2. Methodology 

Variations in fused deposition modelling (FDM) technology have led to the manufacture of scaffolds in 

biometrics PEEK. Although it does not use a laser, another recent PEEK prototyping technique is electron beam 

melting (EBM). The powder is dispensed under an electron beam to be cast according to the part drawings. With 

these fast PEEK prototyper technologies, large pores and functionally graded pores can be controlled (FGPD). 

These changes using high energy beams also have allowed the production of ceramic pieces, which could soon 

lead to the manufacture utilising high dimensional and geometrical spatially controlled pores of the implant 

volume of pure calcium hydroxyapatite (cHAp) scaffolds. The sample was also subject to high laser power, 

resulting in vapour releases. These problems have been resolved using the test-and-error method, reducing the 

dust temperature on the building platform. Double scans with a 1mm hole laser in the field of up until 10 layers 

(~ 2.5 mm) were built to remove the roulette speed and increase coating thickness. 

The structure was also placed in a stove which was heated in a vacuum chamber slowly to 320°C. It was just 

below 350°C but heated sufficiently to vaporise organic materials of the structure and left PEEK only behind. The 

heating method was also known as pyrolysis since the process evaporated 80% of structural material and its 

dimensions but maintained the form and proportions. The final contraction explained, in large part, why structures 

can be made very small.   

The software Mountain 8 Premium used for reproducing, developing and delivering images was used in the 

3D anatomical region of interest via unique imaging systems. 3D printing Mode was converted into a STL shape 

for AM equipment to print a structure that effectively replicates the exciting anatomy of the physical prototype 

(Fig. 1). In health applications, this material model is known as a bio-model [38-40]. The dust layer is 

manufactured as in AM technology as in FDM. Still, liquid glue action achieves dust adhesion at high 

temperatures, such as at room temperature with SLS instead of laser beams. The selection of the release of melted 



powder resin was made with the printhead, similar to inkjet printers for paper printing [41-43]. Dimensional 

accuracy was achieved with AM, and it is often used as prototypes or imaging concepts.  

 

  

Fig. 1. Sequential experimental set-up for the system workflow for 3D printing in vitro and biological 

evaluation of the PEeK composite for biomedical tissue engineering scaffolds, the production of cell 

propagation and bone-implant attachment in FDM. 

 

To use the correct techniques and parameters for PEEK processing, specific guidelines of the supplier must 

be followed and other used polymeric materials. Some specifications presented by the manufacturer have in 

their product line PEEK-OPTIMA, a raw material exclusive for use in implants. The raw material was made 

available by the supplier in granules, in packages free of external contaminants, with double sealing and 

equipped with a system where possible counterfeits can be identified. The raw material initial conditions must 

be maintained to have a “pure” and reliable product, without contaminants, during all processing stages. Before 

using PEEK for subsequent procedures, drying was performed to remove moisture from its granules, reaching 

around 0.5% of the total weight. It was recommended to use raw material with a maximum of 0.1% moisture 

before the injection process. This value was obtained using an air circulation oven. The granules were spread 

in clean trays with a maximum height of 25 mm to get the best drying results. Another important factor observed 

was the cleaning of the oven, which was free of any contaminant. Due to the high risk of contamination, the 

leftovers from the polymer processing was not used, and it was properly discarded. 

 

3. Design of lattice nanostructure 



A layer-by-layer object was created for 3D printing, also known as AM, which enabled creating structures that 

could not be made using conventional subtraction methods, including graving or grinding. Composite materials 

are used to produce ultra-fine 3D designs built by AM for bone implants. Therefore, it made a 3D lattice, with 

beams nanometers long and wide and too small for the naked eye to be seen. This material showed unusual, often 

surprising properties and created an exceptionally soft bio compound after compression returned to its original 

form [44-46]. For the manufacture of higher and lower capacity porous PEEK, 3D printing was used. A new 3D 

printed bone structure process was built (Fig. 2). In PEEK, the porous architecture structure can lead to increased 

body fluid injection capacity.  

 

Fig. 2. Design and implant the spine cage and lattice structure in vertebral bone, showing applied load 

distribution in the human body and fixing support. 

 

4. Mechanical testing 

A universal Intron test machine was used to conduct a tensile test at a constant displacement of 1 mm/min and a 

temperature of 25°C. The load rate was reduced to make a comparative analysis of more versatile and mixable 

materials more straightforward. Ansys and Creo software packages were also used to calculate the strain, tensile 

power, percentage elongation and modulus of the 3 mm thick and 32 mm long composite specimens. Tensile test 

was conducted according to ASTM D638 standard, and it included rGO specimens of 1-5 wt%. AM is a project 

focusing on the research, development and dissemination of virtual and physical prototyping technologies, which 



use surgeon AM technology. A Mountains MAP Premium 8.2 Surface Digitiser software for virtual prototyping 

was used and distributed free. Surgeons are familiar with 3D technologies to plan surgeries, using virtual bio-

models constructed from tomographic images. 

Similarly, supplies with physical bio-models were made with AM from the virtual bio-models to ensure that 

surgical planning was done most realistically or possibly. In physical bio-models, marking of the cuts was not 

only performed. Another application of these technologies is the anatomical moulding of implants. The effects of 

AM on structural parameters are presented to examine the impact, and two parametric studies were carried out. 

The first is for common form, and the second for the angle of construction and the raster corner of the extrusion 

material. We built surrogate models based on parametrical studies in homogenisation procedure used intercalated 

structural values. Homogenisation procedure for evaluating two mechanical characteristics, elastic characteristics 

of steadiness matrix and yield. We use a multi-scale method to derive homogenised mechanical efficiencies. The 

whole structure of the lattice is macro, and its representative cell is defined on a micro-scale. Combining strain 

energy and resulting strength after deformation at both scales, the effective mechanical qualities are also derived. 

We include the proposed homogenisation process suggested for the AM process and the joint stiffening effects of 

semi-rigid, efficient collaborative frame elements. The parameters of the structure efficiency are determined by 

substitute models in specific grid structures based on strut diameters and corners. This allows the analysis of as-

made voxel models, which can normally last up to several hours for each stroke, depending on the resolution of 

the voxel models. 

 

5. Results and discusion 

With a rough structure, the sintered material has high porosity and low mechanical resistance. To confirm 

biocompatibility of nylon-6 and build scaffold pores of 800 μm using AM, scaffolds were tested in the AM 

equipment and nylon was observed to be biocompatible. The platforms were supplied with pores with a cubic 

geometry of 500 μm. In case of the mandibular bio-model, pores were also obtained at the side of 700 μm cubic 

geometry and 500 μm at the wall. The construction of nylon-copper composite parts was also part of other tests 

conducted at InVesalius 3. Although copper was not bio-compatible, experiments have shown that polymer-metal 

composites can be quickly prototyped or ceramic prototyped. The profile derived parameters, which shown the 

roughness profile of the PEEK-rGO-cHAp scaffold, are shown in Fig. 3, according to the ISO 4287 standard. 



 

Fig. 3. Microscopic reference sample demonstrated a significant void development in the centre porous PEEK-

rGo-cHAp composite, due to the weight reduction of the sample: porous material magnification element at (a) 

100x, (b) 50x (c) 100x, (d) 500x porous material magnification at 712 mm (al) 534 mm and (e) 1000x pixel 

magnification at a resolution of 0.2225 mm/pixel microns with exposure time of 1.2872 ms. 

5.1. Lattice structures 

Lattice designs were created in PTC Creo Parametrics 7.0 and modified in ntopology, and Fine homogenisation 

simulated with the Ansys workbench and ntopology software (Fig. 4). After heating the 10 mm stainless steel 

starting plate to 330 °C, selective electron beam melting was used for directly building bars with 10mm supporting 

structure on the preheated starting plate. The entire procedure was conducted under a vacuum controlled by high 

pure helium, which was used as a regulating gas to prevent powder charging. The powder recovery system 

removed semi sintered powder particles thoroughly from the built-in grids [47-50]. The lattices were polished in 

parallel on compression surfaces with a maximum difference of 10 μm. The mean area for the system was 17.7, 

32.9 and 21.1 mm2. 

 



 

Fig. 4. CAD design lattices for spine intervertebral implant application, showing (a) 3-dimensional view (b) 2D 

view, and (c) lattices homogenisation. 

Besides, this current integrated well with cell devices for biomedical applications that involve miniaturised 

scaffolds [50-53]. The microdevices, a non-biological cell, also supported this work. Due to the low battery weight 

and the high capacity of the process, the bone implant can be used on a larger scale. The four lattice structures 

with a cell size of 0.4 mm of octet-truss and kelvin lattice and two 0.20 and 0.25 mm of Schwarz Primitive 

structure and primitive were designed and analysed (Fig. 5).  



 

Fig. 5. The four lattice structure application to intervertebral spine bone implant of PEEK composite, depicting  

(a) side view, (b) 3D view of the spinal implant and (c) displacement simulation of each unit cell in application 

to spine implants. 

5.2. Homogenisation Elastic Properties 

Figure 5 shows the steps to homogenise the elastic properties of this product. Comparing the deformation energy 

of the micro and macro scales the elastic properties of the network structure were determined. To define the 

representative unit cells at the macro level, we start by defining the critical junctions and time vectors and then 

classify the dependent and independent nodes at the comma level, as shown in Figures 6 and 7. The dependent 

node position vector is represented by the linear combination of the free node position vector and the entire product 

of the period vector. All internal nodes are therefore independent and always slave nodes at the cell limits of the 

unit. The four-channel views and the figure shows each of the key positions in the unit cell. The macro-

deformation displacement field causes internal stress in each micro-level rod. When the internal stress in the tire 

axle reaches the elastic limit of the material, the bundle structure will fail. Therefore, we define the 

homogenisation flow resistance as the minimum macro stress that initiates flow at any strut in the unit cell. Figure 

5 shows the general homogenisation procedure for the flow limit. The process starts with the determination of the 

given macroscopic stress field of the node displacement vector. The actual vector is subsequently removed from 

the vector of the Microscopic Node. A balance of elements is used to determine the basic force vector. Considering 

the normal and shear distribution of the cross-section, initial stress is evaluated at three points and a maximum of 

two distances between the centre and the midpoint of the cross-section. At the point of maximum slackness, we 



set the shear force to zero. However, the maximum stress of Mises is chosen for the next step by using the 

fundamental shearing force in the centre. 

 

5.3. Modulus of elasticity 

 

Figure 6 shows the results of a parametric study for the standard homogeneous elastic limit. Like elastic properties, 

elongated Unit cells are less sensitive than folded unit cells to joint properties. Two components can express the 

inner stress in the connection rod. The first concerns the normal strength, and the other relates to bending cells in 

an extended unit, most internal stresses develop in the first stage (F / A), a term that has nothing to do with the 

length of the connecting rod. Therefore, the effect of seal properties on tall unit cells is limited. The results of the 

cubic cell in Figure 6 support this, showing that the elastic limit depends only on the diameter of the connecting 

rod. Standard features in this unit cell do not affect resistance. The cell of octal beam cells in Figure 6 are also 

similar to results for high-force joints in a cubic cell. Since the unit cell is made up of a tilted column that can act 

as a straight line, low rigid joints affect the perspective. 

On the other hand, the results of the unit cells in Figure 6 for Schwarz Primitive were dependent on the joint 

properties. The trend is more difficult than the two other dominant expandable cells. For stability: the greater the 

outcentricity, the higher the elastic boundary. The reason is that a shorter framework length leads to less bending 

time and makes the body structure more external. 

 



Fig. 6. (a) Directional cell displacement stress, (b) directional homogenisation of Young’s MPa and (c) unit cell 

unit unit homogenisation behaviour. 

5.4. Homogenisation Validation 

To first study the effect of the angles set during the AM process, we design four-cell cubic samples. Examples of 

cubic cell properties can be found in Table 4 Every cubic cell instance is of the same size in this sample set. But 

the address of the unit cell is turned. We have created three Schwarz Primitive unit cell samples. Table 5 shows 

an example of a Schwarz Primitive unit cell. For instance, all Schwarz Primitive cells have the same cell structure. 

But with different sizes, we produce samples on an Intamsys Funmat HT PEEK Ultem 3D printer using PEEK 

material, layer thickness 0.254mm, and then perform a tensile test using an Instron tester. We used three 

homogenisation methods for comparison purposes: Proposed discrete homogenisation with members of the 

traditional Euler structure and asymptomatic homogenisation [54-57]. A parametric study determined the effective 

structural parameters for the proposed approach. Two mechanical properties, elasticity module and flow resistance 

are evaluated and compared with the test results. The approximate elasticity and flux resistance in the first sample 

are shown in Figures 6 and 7. The results are normalised from the test results—the maximum and the minimum 

modulus of elasticity. The results obtained from the test were 5790.7 MPa (413.9 MPa), 165.3 MPa (110.4 MPa), 

291.7 MPa (260 MPa) and 751.2 MPa (468.5 MPa) octet-truss, kelvin, gyroid and scharz primitive, respectively. 

(Fig. 7) 

  
Fig.7 . (a)Young modulus of homogenisation of the four lattice structures on the cell strut thickness (b) the 

Relative shear modulus to relative density of composite 

 

The proposed approach to compare the modulus of elasticity at most rotation angles leads to a precise process. 

They are configuring the Euler structure results in more restricted predictions. The results of the silent 

homogenisation method show a big error in some cases. This method overestimates the rigidity of the network 

structure. As the asymptomatic homogenisation method uses solid elements that define geometric details, 

including joints, intact geometry is more rigid than distorted. Therefore, the estimates are slightly more stringent 
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than other estimates for the elastic limit. The use of a semi-rigid link structure member can significantly reduce 

the estimation error. The traditional method of homogenisation with structure members tends to overestimate the 

strength of the grid structure about two times as the technique has a more significant total diameter than the 

effective focal rod diameter. The maximums estimated stress result was less than the estimate of the approach 

proposed, the semi-rigid junction frame. The evaluation of the strength of the truss structure was therefore 

extremely important. However, the asymptomatic homogenisation method considered the elastic limit 

significantly below 79%. Due to asymptomatic homogenisation, solid elements that develop unrealistic stress 

concentrations in the acute geometry to which the columns are connected were used, and linear analyses were 

performed. This resulted in a decrease in the predicted elasticity limit. Figure 8 shows the modulus of elasticity 

and the average estimates for the elasticity limit in different thicknesses (ti) of the cell octet-truss, kelvin, gyroid 

and scharz primitive of lattices structure samples. Each of these thicknesses gives different mean and range 

young’s modulus of the test for 0.4 struts for the beam lattices and 0.2 for the formula lattice were 496.8 MPa 

(165.8 MPa), 137.9 MPa (54.9 MPa), 275.8 MPa (31.7MPa) and 609.8 MPa (282.7 MPa) octet-truss, kelvin, 

gyroid and scharz primitive respectively. The results show that the proposed approach of homogenisation 

overestimates the elasticity module due to the column diameter. Furthermore, the use of structural elements from 

Euler for unitary primitive Schwarz cells resulted in overestimating rigidity. The member of the Euler framework 

overestimates its rigidity by ignoring shear deformation, as the primitive Schwarz cell is curved and the neck has 

a low taper proportion. The asymptomatic homogenisation method provides a greater elasticity module for the 

same reasons mentioned in the previous section. For flexible limit estimation, estimates for other discrete 

homogenisation methods will be different. Since the approach uses entire geometry, the effect of the Additive 

manufacturing process cannot be combined with the resource forecasting process. 

 

5.5. Homogenised Stiffeness Mechanical Properties 

 

This section describes the effect of joint hardening on their mechanical properties. We study parametric in three 

topologies of the cubic octet and Schwarz Primitive cell. Tension dominates the first two cells, and bending is 

dominated by the other. Figure 7 shows the topology of the selected unit cell. Due to the periodic arrangement, 

duplicate edges are not included in a modified unit cell. The range of the three parameters of the structural elements 

is shown in Table 3, unit cell established at 5mm. This substance is PEEK with a modulus of elasticity and elastic 

limit of 1627 MPa and 22 MPa. Where ti is the thickness of the strut 



 
 Figure 8 Homogenised Stiffeness Mechanical Properties of different thicknesses for the lattice structure 

 

5.6. Elastic properties 

 

The standard elastic modules from the proposed approach are presented in fig 8. Based on the results, we can 

determine two points. First of all, the gate structures in both unit cells become more rigid as fixities and 

excentricities increase—the bigger and tighter the joint, the faster the door's structure. As a result, the larger and 

stronger joint reduces total displacement and strength of response. The reduced length also increases the stiffness 

of the frame area. The structure of the grid is therefore enhanced through increasing fixity and exenteration. Next, 

a bend-dominated lattice is more likely than a structure of extended grids to change joint parameters. The unit 

cells of the cube and the octet are dominated, but the Schwarz Primitive cell bends. By contradiction, the results 

are shown by stretching overlooked unit cells in Fig. 8 are smaller than in the unit cell Schwarz Primitives (0.25 

~ 1.0) when compared with the bending overwhelmed unit cells in Fig. 8. Based on axial and bending rigidity, 

this result can be explained in the semi-rigid frame element formulation rigidity 

The linear region, which corresponded to the area where the specimen underwent elastic deformation, reached 

a greater tension in the formula cell before the structure collapse began to occur. After a linear deformation, 

maximum failure was reached, after which either the stress that supported the test micro lattice structures was 

reduced, or in the formular cell, a plateau was produced where the design continued to deform practically at 

constant effort value. As for the beam-cell specimens, composed of small beams, the collapse was not 

homogeneous, but failures were located mainly in the nodes. Densification, after the entire structure of the 

specimen, collapsed. There was accumulation of the material, which drastically increased the stress of the 

specimen and produced a high slope curve until the end of the test at maximum capacity of the machine. (fig. 9) 



                                

Fig. 9. Comparison of the finite element analysis of the CAD lattice model, showing the stress shift behaviour 

(mm) of the models in the z direction following load application. 

5.7. X-ray diffraction 

The PEEK-cHAp sample from opposite 0.1 comprised a grain particle with ramping up to 7.3 mg. The 

crystallinity amount of the Surface coating procedure exposed skin with cHAp was different from that of the 

unexposed side from approximately 2%. This behaviour, though subtle, showed that the crystallinity of the surface 

coating procedure had changed. There was a small increase of crystallinity levels by 2% in absolute terms and 

10% in relative terms in layer samples exposed to the surface coating process. Furthermore, for a cHAp-lacquered 

model, the crystallinity result was subject to only a warm air shock during the surface coating procedure. 

Considering the analysis methods, there was no interaction observed with potential cHAp particles in the samples 

taken.  

 

5.8. Microstructural analysis  

The results obtained showed that the first group of PEEK samples with a thickness of 2 mm recorded higher 

values of modulus of elasticity and resistance to bending compared to the group of 1.5 mm thickness samples. In 



addition, even if removed, binders can leave pollutant residues and jeopardise HAp biocompatibility by forming 

inflammatory in vivo agents. A common solution to mix rGO-HAp and PEEK to make scaffolds is composed of 

composites formed by HAp and biocompatible polymers. The composites were synthesised by heat action. 

Therefore, AM technology, which was different from other additive manufactures and operated near the polymer 

melting point, was suitable for directly synthesising the composites. The control parameters of the porosity 

composed of the HAP grain associated with the HAp-polymer ratio. In general, micrographs and substantial 

porosity show bio-models that constitute these composites (Fig. 10). When biocompatibility tests have been 

carried out, the results have been encouraging.  

                               

Fig. 10. Cell growth scaffolding development with nanoparticles of PEEK-cHAP coating and 3D-printed bone-

implanting scaffolds Biointera representing (a) particle analysis of KL transformation, (b) 4D view of surface 

time change in series and (c) 4D view of the particle analysis. 



Moving forward, Fig. 11 shows the curves obtained from the compression tests. It shows that the curves of the 

formula cell (Gyroid and Primitive) structures were concentrated in the upper area, while those of the beam cell 

(Octet-truss and Kelvin) were lower. Three critical points in the evolution of the graph were identified, where 

there was a direct relationship with the deformation of the piece.  

In the definitions of porosity and, in consequence, the definition final mechanical properties of the scaffolding, 

this control is defined when the load is applied bonding sintering powder. Powder supply technologies are well 

developed and must be improved on the new AM technology demands. With laboratory screenings, it was possible 

to choose the powder granulometry range. Consequently, according to a virtual prototype, pores were delineated, 

which developed after fulfilling the material requirements. This involved smaller laser spot diameters and smaller 

particle size powder. However, these requirements did not constitute a barrier that could not be transposed, given 

the high development of lasers and powders. Nanopowder can add great features to implants, such as the controlled 

release of medications, with the advent of nanotechnology. It then seems that technological resources for AM 

applications in the biometric sector are available, as the requirement for equipment seems not to be strong. In 

addition to microfabrication, the AM applied in the biomedical industry will soon provide stimuli leading to what 

can be known as high accuracy. Addictive production or just quick prototyping of microphones will enable 

mimicking the trabecular structure of bone in the case of scaffolds (Fig. 11). 

 

5.9. In vitro test  

Brian Taylor Office2, Tweed House, Park Lane Swanley, Kent, BR8 8DT, United Kingdom provided a 125 

ml microwavable nutrient agar solution (NAS) for cultivation media for agar plates. 125 ml nutrient agar solution 

is the fastest form of a culture medium from 3-chemical nutrient agar solution. For most experiments, it contained 

the required compositions. For cell culture medium, it did not require any additional ingredients or biological 

fluid. It was prepared for about 60 seconds in the microwave bottle can also be done in a hot water bath. The 

detailed in vitro test results for the Nutrient Agar solution of the scaffold are shown in Fig. 11 with a well-

elucidated caption.  

 



 

Fig. 11. Live/dead staining of compound sample areas of PEEK FDM 3D-printed cells with Nutrient Agar 

Cultivation Solution, showing: (a) 24-hour PEEC, (b) 24-hour PEEK-RGO, (c) live cell culture PEEK-rGO and (d) 

additional cell activity in PEEK during the third to the seventh day. (e) 3rd-7th day PEEK-rGO-cHAp, (f) cell 

growth on PEEK-rGO, (g) cell spreading to a small dead cell on the 14th, (h) cell spreading to a small dead Cell on 

the 14th, (f) PEEK-rGO-cHAP cell growth on the 14th day, I cell PEEK-rGO with more spread on the 14th day and 

(j-l) more dead on the 21st day. 

 

The principles and characteristics in  ISO 487 stated the standards of influencing parameters setting used in 

Tissue engineering for 3D printing with converted scaffolding luminance. The average height of the elements in 

the raw profile (Rc) with ISO 4287 amendment 2 was 2.94 GL, with a total rawness (Rt) profile height of 13.8 

GL, and the mean arithmetical deviation of the ruggedness profile (Ra) was 1.04 GL. Duration of the analysis, the 

divergence in the root-mean-square (RMS) of the 1,22GL roughness profile was set to 0,0718 with the RRP (Rsk) 



skewness and the RP (Rku) skew to 1,82 for the accurate result. Further in vitro test results obtained with the 

modified eagle medium of Dulbecco were also detailed in Fig. 12 with a well-explained caption.   

 

Fig. 12. Sample scaffolded cells after DMEM culture, showing: (a) 50 microns of PEEK after 24 hours, (d) 50 

μm of PEEK-rGO-cHAp composite scaffold after 24 hours; (c-d) corresponding magnification of 50 μm of 

PEEK deposits after three days, (e-f) increased spread of alkalis of cell phosphatases after the 7th day of the 

PEEK-rGO-cHAp cultivation, Cells attacheted to sample scaffolded surfaces after use of PEEK culture. 

 

5.10. Mechanical and microstructural analyses 

A maximum valley profile roughness (Rv) of 120 GL, maximum peak roughness (Rp) of 1.22 GL, complete 

ruggedness profile (Rh) of 2.41 GL were analysed. The analysis was carried out. Fig. 12 shows cell attachment 

and proliferation generation of tissue engineering on PEEK-rGO-cHAp grooves during various test days (a) The 

sample profile is inscribed in the analytical scale by the Gaussian 0.8 mm filter, (b) the sample amplitude 

roughness profile has been extracted over various days and (c) the number of motifs for particle analysis[57-59]. 

The frequency spectrum and tolerance limit test for particulate luminance show results of grain analysis in 

grain/mm2 of PEEK-HAp of reduced valley depth (Sck) are represented in Fig. 13a and b. The parameters used 

were wavelength of 0.535 µm with an angular value of -44.49°, frequency magnitude of -44.26 dBc and a phase 

of 135.6°. 



   

   

  

 

Fig. 13. Sample representation of (a) the living cell in the green of particles analysis in KL transform (b) surface 

autocorrelation of the sample structure, (c) mechanical stresses to average displacement along the face of test in 

representation and (d) strain representation for PEEK and PEEK-HAp during tensile test/experiment. 

 

6. Conclusions 

3D-printed PEEK-rGO-cHAp composite scaffolds have been additively manufactured through FMD 

technique and characterised for bone implants in tissue engineering applications. It was evident that the seven-
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day composite exhibited better properties than other days, based on the results obtained from this study. The 

control, analysis and size of the grain can be determined by its porosity and mechanical end properties when 

applied to bond sintering powder. PEEK-cHAP performed better in strength than PEEK with a 2 to 3 MPa 

difference in their yield strengths from the stress analysis. PEEK-rich nanoparticles were dispersed in grains, and 

spherical nanoparticles grew in size after days of experimentation. Nanoparticle composite content of the gaussian 

(Ra) amplifying parameter in ISO standard decreased on the third day from 0.797 to 0.356 GL, with a tolerance 

limit of 0.751± 0.075 GL. 

This study presents a formulation of a semi-stiff joint frame and combines that with a particular method of 

homogenisation. By analysing the Voxel models produced, we assess the effective structural parameters for the 

columns in the grid structures. This led to the effects of the AM process being investigated. Boards with more 

event groups have a higher typical ownership value. In addition, the construction angle affects the effective 

properties of the structure. To assess the effects of joint elasticity, parametric studies were performed, and study 

results showed that the curved grid is more sensitive than the controlled elongation lattices to common properties. 

Finally, we compare the projections of the proposed approach with the traditional homogenisation approach for 

validation. The evaluation showed that the proposed method could more accurately assess its mechanical 

properties. The predictions are more accurate as the proposed guidelines can capture the impact of AM processes 

and joint stiffening effects. Designers and engineers could use the proposed method for spine vertebrates that 

require additional weight or stiffness reduction, alleviating technical design problems.  

Also, with the prepared PEEK-rGO-cHAp biocomposite scaffolds using FDM technology, it was observed 

that the addition of rGO and cHAP particles increased the biological activity of the PEEK to the PEEK matrix. 

Evaluating the tensile properties and modulus of elasticity of PEEK-cHAp compounds with different HAp levels 

ranging from 0 to 20% by weight, a cHAp of 15% by weight represented the ideal optimal percentage weight. In 

vitro DMEM culture medium tests showed PEEK-cHAp was better adhered to, proliferated, and active than pure 

PEEK. Lastly, the result obtained from the mixture of PEEK and cHAp compounds depicted excellent cell 

coagulation. However, the mechanical properties showed a small decrease because of the combination added. 

There is significant potential in PEEK-rGO-cHAp biocomposite scaffolds, as applied in bone implants/tissue or 

biomedical engineering.  
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