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Abstract. Extruder process is extensively used in fabrication process of wire filament for fused deposition modeling (FDM) process. Single screw extruder machine is using in extruder process. Temperature and screw speed for extruder process are treated as a challenging factors to produce the desired output diameter size of wire filament. The diameter size of wire filament for FDM process is 1.75± 0.05mm. By using Taguchi method, a design of experiment (DOE) has been developed to improving diameter size of wire filament of waste-derived Hydroxyapatite (HA)/UHMWPE composite for FDM process. Waste-derived HA has been synthesized from waste eggshell and be mixed with UHMWPE to become a new feedstock material or FDM process. The study demonstrates that the optimization parameters setting of wire filament of waste-derived HA/UHMWPE composites for FDM process can be adjusted to achieve desired diameter size of wire filament.
1.0 Introduction
In a recent years, additive manufacturing (AM) has been used extensively in biomedical applications such as bone implantation and dental application. AM processes have shown significant potential for developing patient-specific scaffolds with different structural properties using several kinds of materials. With this AM processes, it can make a porous scaffolds to make an augment in tissue regeneration and bone repair. AM normally refers to techniques that have the ability to fabricate physical objects automatically through continual build-up or creation of solid material through additive manufacturing. Applications of additive manufacturing (AM) in tissue engineering offer the pledge of growing these regenerative tissues and functional organs. AM has been effective in integrating structural architecture and assimilation of hormones in scaffolds. In these recent years, there are many additive manufacturing (AM) technologies and techniques have been developing due to extensively used in many industries. 

One of additive manufacturing (AM) technologies is fused deposition modeling (FDM) process by layered deposition of polymer plastic on the platform to create three dimensional objects [1]. Application of fused deposition modeling (FDM) in biomedical applications has shown its potential compared to the conventional manufacturing process where conventional manufacturing techniques process have no control over the pore sizes, their distribution or their interconnectivity. FDM process as has shown in Fig. 1 is one of AM technologies where 3D objects are built layer-by-layer from CAD file on a computer-controlled fixtureless platform. By using wire filament it passes through a heated liquefier and continuous bead or road of materials through a nozzle and deposit onto a platform. Most challenge in the FDM process when to develop a new material of feedstock for this process is thermal characteristic of filament and surrounding environment [2]. Besides FDM process, there are others techniques that are most popular which are Stereo Lithography (SL), Laminated Object Manufacturing (LOM), Selective Laser Sintering (SLS), Solid Ground Curing (SGC), and Ink Jet Printing (IJP) [3] based on layered deposition of polymer plastic on the platform in three dimensional objects. Despite on each type of techniques are based on same concept to build a product, there are different aspects and own characteristic which can indicates the user to consider the technique on certain applications more than others [3]. The selection of the right technique for any field leads to a better results. There has been a study that shows about a systematic approach for selection of AM technology to help the user to select the applicable process technique technology. Selection of technology is a complex task because it depends on many criteria such as cost, flexibility, complexity, user friendliness, environmentally green as well as technical capabilities [4]. 

Selection of FDM process as the main of the study because it is potential to produce prototypes with locally controlled properties (porosity and mechanical properties). FDM is functional for use in design verification, prototyping, development and manufacturing. This kind of method also involves into making of three dimensional objects based upon design data which was provided from a computer aided design (CAD) system. Stratasys Inc. was known as a leading company to fabricate the FDM machine and also a manufacturer of 3D production systems which are based on rapid prototyping and solid free-form fabrication. In 1999, several inventors which were been assigned Stratasys Inc. has patterned first their FDM machine [5]. Nowadays, many industrial and manufacturer use Stratasys system to develop and produce parts with complex dimensions and shape in variety thermoplastic materials such as ABS, PPSF and PC. FDM process has been widely used in many industries including automotive, aerospace, biomedical, construction and also in manufacturing industries [6]. This FDM process is affordable and economical. Thermoplastic extrusion is perfectly adequate fast for minor parts and those parts that have simple geometries.

2.0 HA/UHMWPE Composites as Feedstock for FDM Process
2.1 Hydroxyapatite (HA)

For a numbers of years, a various synthetic implant materials have been routinely utilized as replacement for biomedical applications. Bioactive apatite such as Hydroxyapatite (HA) has been extensively investigated for biomedical applications due to its excellent biocompatibility and tissue bioactivity properties. HA is a natural occurring mineral from calcium apatite with the usually written as Ca10 (PO4)6(OH)2 and has similarity in chemical composition to the inorganic matrix of bone [20]. HA is a natural occurring mineral from calcium apatite with the usually written as Ca10 (PO4)6(OH)2. HA has been widely used as an implant material because its close similarity in composition to natural bone. Based on the previous study, biologically derived natural material such as corals [7], fish bone [8] and eggshells [9] have been converted into useful biomaterials like HA. One of these natural materials is eggshell has most composition similar with the human bone. Everyday millions of tons of eggshells are produced as biowaste around the world. Most of this waste is disposed of in landfills without any pretreatment. Eggshells in landfills produce odors and promote microbial growth as they biodegrade. The eggshell contributes by 11% of the total weight of the egg and has been composed of calcium carbonate (94%), calcium phosphate (1%), organic matter (4%) and magnesium carbonate (1%). The natural biological origin of eggshells results in HA with a crystalline structure and composition similar to that of human bone. 
2.2 HA reinforced UHMWPE

By using only Hydroxyapatite (HA) as biomaterial to make scaffolds or load-bearing applications is not much suitable due to its poor mechanical properties. Therefore, a study conducted by Bonfield et al., in 1981 shown about HA reinforced polyethylene for bone replacement exhibits that this composite of HA and polymer has potential to improve the mechanical properties and has both the porous structure and the chemical structure of bone [10]. Composite blending with a polymeric material such as ultra-high-molecular-weightpolyethylene (UHMWPE) indicate its potential to improve the mechanical and biological properties of bio-composites which is can be adapted to use as implant material for biomedical applications. UHMWPE has extremely long chains of polyethylene with molecular mass which all align in the same direction. UHMWPE has been long used in biomedical applications as biomaterial due to its impressive mechanical strength. 
Recently, many applications were directed towards the development of polymer composites for load-bearing orthopedic applications. The advantage of using composite material for such application is due to the fact that by varying the amount and type of reinforcing material such as Hydroxyapatite (HA), the mechanical and biological properties can be tailored for specific applications [11]. Furthermore, the low processing temperature of the composites prevents phase and compositional changes of the HA. Among the wide choice of polymer matrix that have been widely promoted, UHMWPE and its composites have been highlighted as having the potential for such application [11]. Thermal and chemical stability of ceramics, high strength, wear resistance and durability. These characteristic contribute to making ceramics good candidate materials for bones implant and UHMWPE as a composite matrix has these entire characteristic. UHMWPE is a high performance thermoplastic which been associated with high performance devices, structural and load-bearing biomaterials in various fields including electronic and automotive industries [12]. It is best suited for medium mechanical duties in water, oil hydraulics, pneumatics and unlubricated applications. It has a good abrasion resistance but is better suited to soft mating surfaces. It is anticipated that by incorporating particulate HA into UHMWPE matrix, the mechanical performance of the material, particularly the Young’s modulus could be improved considerably [13]. Reinforcing UHMWPE with HA could potentially reduce the risk for infection due to wear particles. As a result, this could be help to increase the osseointegration (bone growth onto the acetabular cup) [14]. 
This HA/UHMWPE composite shown many benefit and can help the growth of cells of bones. Therefore, the presence of bioactive HA would subsequently enhance implant fixation with proper provision for their interactions with the host tissue [15]. A study by Panin et al. in 2012 shows that the role of HA in HA/UHMWPE composite to increase the wear resistance in 3.5 times compared to the pure UHMWPE polymer [16]. Thus, in the FDM process it will be advantages to solve the problem with the conventional manufacturing is that it takes an amount of processing time for the whole process to complete and producing a part. Besides that, FDM process has control over the pore sizes, their distribution or their interconnectivity with the help of HA within UHMWPE composites towards cell culture of bones. Thus, introduction of HA/UHMWPE composites as a new biomaterial shows a promising potential to be study for biomedical applications like bone grafting and orthopedic implants. As mentioned previously, this paper has been proposed a suggestion to use HA/UHMWPE composites as feedstock for FDM process. FDM process can accept any of material as long as the feedstock material made in form of filament wire. However due to the certain circumstances, FDM process suffer a limitation of material and it is worth extending the FDM material list with materials/composites. Although FDM process has extensively used in engineering application such as manufacturing industry and construction but it has proven that FDM process can make a significant useful in biomedical application.  In this present paper, waste-derived-HA from eggshell and ultra high molecular weight polyethylene (UHMWPE) has been used and formed as feedstock for FDM process. Therefore, a review about HA and previous study HA reinforced UHMWPE as biomaterial in biomedical applications has been taken.
3.0 Materials and Methods

3.1 Materials

Hydrothermal synthesis can be defined as a method of synthesis of single crystals that depends on the solubility of minerals in hot water under high pressure. A study by Hui et.al (2010) proves that HA powder has been successfully synthesized from waste chicken eggshell [17]. First steps to the method of synthesis of HA from waste chicken eggshell by using hydrothermal synthesis are waste of chicken eggshell was collected and crushed into small piece. After that, surface of eggshell was mechanically cleaned by distilled water and boiled in water about 20 minutes. Next, they were placed in a three-stage thermal treatment of furnace machine. In first-stage thermal treatment, the temperature was set from 0°C until 450°C with the heating rate per minute was 7°C and the soaking time was 2 hours. For the second-stage thermal treatment, the temperature was set from 450°C till 600°C with the heating rate per minute was 5°C and the soaking time was 2 hours. Finally in the third-stage, temperature was set from 600°C till 900°C with the heating rate per minute was 4°C and the soaking time was 1 hour. At the temperature 900°C, calcium oxide will be formed by releasing carbon dioxide (CO2) from the waste chicken eggshells. 
3.2 Mixing Process
In this research, ultra high molecular weight polyethylene (UHMWPE) will been incorporating with derived pure Hydroxyapatite (HA) powder to become HA/UHMWPE composites and investigate on their characteristic as a candidate for wire filament feedstock of fused deposition modeling (FDM) machine. Step of procedure for this mixing process are according as Mirsalehi et.al., 2015 which are resulting the increase in HA content leads to an increase of the interfacial bonding between HA and UHMWPE thus as a result can reduce viscosity of UHMWPE and help the improvement of UHMWPE polymer as a bone substitute material rather than pure UHMWPE alone. 
At first a sufficient amounts of UHMWPE will be determine by their weight and hand-mixer it with paraffin oil at 100°C. Paraffin oil will act as surfactant and lubricant to the UHMWPE for improving processing the powder [18] After a certain time, the compounding of HA powder and swelled UHMWPE will be mixing by using Brabender Plastograph mixer type W50. UHMWPE will be feed into mixer at range of 230°C with rotation speed of 10rpm for 5 minutes. After that, HA has been added mixer for 10 minutes. Then, the compounding samples were been cooled down to the room temperature. Besides that, it is important to remove the paraffin oil for HA/UHMWPE further analysis. The removing paraffin oil has been carried out by using hot press at 100°C at pressure 3.8 MPa for an hour. Then, the samples will be extracting by soaking in hexane for 24 hours to remove the remaining paraffin oil after hot press process. Subsequently, the samples then dry in an oven at 80°C overnight. Blending formulation between HA and UHMWPE is 50%wt and 50%wt respectively according the previous result in experiment before this. [19]
3.3 Samples preparation

In order to study the particle bonding of the feedstock, it will be extruded by single-screw extruder machine to become a wire filament feedstock for fused deposition modeling (FDM) process. The HA/UHMWPE composite that had been crushed into pallet size needs to be feed into single screw extruder machine as show in the Fig. 1 below. In this process, time of solidifying has been acquired a lot of attention to produce a constant diameter of filament wire and die diameter of 1.6mm will be used. Nevertheless, the temperature and screw speed of the machine needs to be control to prevent the occurrence of inconsistent diameter of filament wire. There are not any recorded work using waste derived HA powder reinforced UHMWPE producing filament wire. Therefore, many aspect need to  consider to produce a constant size diameter of filament wire for feedstock in FDM process.
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Fig. 1: Single screw extruder machine
3.4 Design of experiment

Design of experiment (DOE) is a well-controlled family of tests and systematic method to determine the relationship between parameters or factors that could be affecting a process and the outcome of the process. The purpose of DOE is to find an explanation and description about the variation of information under certain conditions that could reflect the outcome result of the process or systems. In brief way, it could be said that it is an experiment to aims at predicting at the outcome by introducing a change of the value of factors or parameters that has been determined. The dependent variable, in the context of DOE, is called the response, and the independent variables are called factors. Experiments are run at different factor values, called levels. Each run of an experiment involves a combination of the levels of the investigated factors. Each of the combinations is referred to as a treatment. In this research Taguchi method orthogonal arrays as design of experiment (DOE) has been selected. Taguchi method is orthogonal arrays are highly fractional designs, used to estimate main effects using only a few experimental runs. Before using Taguchi method to optimize diameter size of filament wire, an experiment has been carried out by using 230°C as die temperature accordingly result data from melting point acquired from DSC result. However, the result of size diameter obtained is so small compare to the desired value. Therefore, a design of experiment must be carried out and need to be set below than 230°C. In Table 1 below shown the parameters and total level that will be optimized by using Taguchi method:
Table 1: Factors that been optimized using DOE
	No.
	Parameter
	Unit
	Level

	
	
	
	1
	2
	3
	4

	1
	Die Temperature
	°C
	180
	190
	200
	210

	2
	Screw Speed
	Hz
	1.5
	2.5
	3.5
	4.5


In Taguchi method, it is not only applicable to two level factorial experiments, but also can investigate main effects when factors have more than two levels. Designs are also available to investigate main effects for certain mixed level experiments where the factors included do not have the same number of levels. The parameters that have been chosen are die temperature and screw speed and the outcome result is to find the parameter that could produce constantly 1.75± 0.05 mm wire filament diameter. Besides that, there are 4 different sequences as following 4 different die temperature parameter because to make sure that the temperature from zone 1 (hooper) until zone 4 (die) is increasing uniformly. The sequences and die temperature are shown in Table 2 as below:
Table 2: Sequences and temperature each zone in single screw extruder machine
	Sequence
	Temperature (°C)
	Die Temperature (°C)

	
	Zone 1
	Zone 2
	Zone 3
	Zone 4
	

	S1
	150
	160
	170
	180
	180

	S2
	150
	165
	180
	190
	190

	S3
	150
	170
	185
	200
	200

	S4
	150
	170
	190
	210
	210


4.0 Result and Discussions
In this research, for the optimization process, Taguchi’s orthogonal array (statistical method) has been selected in order to improve the size of diameter. In the previous study, 1.75± 0.05mm diameter size of filament is the standard commercial in the market. Minitab software has been carried out to customize the randomizations of the run order thus using it as a tool to analysis the relation with the factors (die temperature & screw speed) with the response (size diameter). By using four level and two factors, L16’s Taguchi orthogonal array is the most suitable for design experiment. Results of experiment are shown in Table 3. Fig.2 and Fig.3 shows graphically the effect of control factors on screw speed and die temperature. The analysis was made using Minitab software which has been known as the popular software specifically used for design of experiment applications.
Table 3: Experimental result for U50H50 of HA/UHMWPE composites

	Std Order


	Run Order


	Die Temperature (°C)
	Screw Speed         (Hz)
	Sequence
	Wire Diameter (mm)

	7
	1
	190
	3.5
	S2
	1.81

	1
	2
	180
	1.5
	S1
	1.52

	13
	3
	210
	1.5
	S4
	1.57

	4
	4
	180
	4.5
	S1
	1.51

	9
	5
	200
	1.5
	S3
	1.63

	8
	6
	190
	4.5
	S2
	1.65

	10
	7
	200
	2.5
	S3
	1.61

	15
	8
	210
	3.5
	S4
	1.42

	2
	9
	180
	2.5
	S1
	1.79

	12
	10
	200
	4.5
	S3
	1.43

	3
	11
	180
	3.5
	S1
	1.64

	16
	12
	210
	4.5
	S4
	1.57

	5
	13
	190
	1.5
	S2
	1.82

	6
	14
	190
	2.5
	S2
	1.78

	11
	15
	200
	3.5
	S3
	1.41

	14
	16
	210
	2.5
	S4
	1.65


In the Taguchi method, the signal to noise ratio (S/N) is used to determine the deviation of the quality characteristics from the desired value. Therefore the target values has been chosen for S/N ratio is ‘Larger is better’ to investigate which parameter significantly affect the diameter size of filament wire into desired output (1.75± 0.05mm).  In Fig.2 shown is the means of parameter die temperature and screw speed. Parameter for 190°C for die temperature and 2.5 Hz for screw speed has been shown the significant effect for improving diameter size of filament wire compared to the other parameters because the parameters has approximately with the desired output (1.75± 0.05mm). In Fig.3, S/N ratio acquired for parameter die temperature 180°C, 190°C, 200°C and 210°C is 4.1426, 4.9283, 3.6178 and 3.8079 respectively. Besides that, there are also parameter screw speed 1.5 Hz, 2.5 Hz, 3.5 Hz and 4.5 Hz with 4.2501, 4.6379, 3.8702 and 3.7385 respectively. Because our type of S/N ratio is ‘Larger is better’ so the selection of the best result are chosen whoever has the large value of S/N ratio. Based on the result for S/N ratio obtained, it shown that parameter 190°C and 2.5 Hz is the most significant to optimum diameter size of filament wire of HA/UHMWPE composites. It is interesting to note that optimal result of parameters for die temperature and screw speed are quite different that has been affected the desired output but it also can reduce cost and number of experiment. Therefore by using the Taguchi method this experiment, the results obtained are consider quite successfully because it achieved the desired output. 

Table 4: Confirmation result on wire diameter for parameter 190°C and 2.5 Hz

	Run
	Wire diameter for parameter 190°C and 2.5 Hz

	
	Actual (mm)
	Predicted (mm)
	Error (%)

	1
	1.79
	1.75
	2.29

	2
	1.77
	
	1.14

	3
	1.75
	
	0.00

	4
	1.75
	
	0.00

	5
	1.76
	
	0.57

	Average Error (%)
	0.80


The confirmation run need to be conducted to guarantee that the hypothetical anticipated for optimum outcomes utilizing by Minitab software was acknowledged or in the other word to check the sufficiency of the models that were developed. Five confirmation run using the best result of parameters in order to compare with the experimental result before this. The purpose of confirmation run is to consider evaluating and determining whether optimum parameters predicted were in the allowed desired output. The selected of parameters for die temperature and screw speed is 190°C and 2.5 Hz respectively. For the predicted result with set 1.75mm to following standard diameter size of filament wire for FDM process. Better percentage error should be not more than 3% to mark as a reasonable result. In Table 4 shown, each confirmation run has the percentage error between 0% and 3% and the average error is 0.80%. It indicates that these results verified the validity of the model that has been developed.
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Fig.2: Effect of control factors for means
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Fig.3: Effect of control factors for S/N ratio

5.0 Conclusion
The present study successfully synthesis of Hydroxyapatite (HA) from waste eggshell and blend with the UHMWPE to become new material feedstock for Fused Deposition Modeling (FDM) process. Therefore, this formulation has been chosen as the best formulation to produce HA/UHMWPE composite. Other than that, a design of experiment (DOE) using Taguchi method also has been successfully carried out to optimum the parameter setting during extruder process. This DOE has been developed to fabricate wire filament of HA/UHMWPE composite with a diameter of 1.75± 0.05mm for FDM process. Fabrication of 1.75± 0.05mm diameter size of wire filament has successfully been fabricated by using temperature 190°C for die temperature and 2.5 Hz for screw speed. This filament wire is in good size and strength thus improves the processability during FDM process. The development has led to an interesting finding where HA/UHMWPE composite has exhibit the potential as the new material filament wire feedstock for FDM process. Overall, it is quite interesting to see that HA/UHMWPE composites do eventually shows a promising result. Besides that, this research has found the suitable parameter to extrude wire filament by using HA/UHMWPE composites accordingly required size diameter wire filament in FDM process.
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