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Abstract
Three-dimensional (3D) printing is a frontier manufacturing approach with great potential to benefit biomedical and patient care sectors. In the last decades, different types of biomedical materials were investigated in purpose of developing medical tools and devices. The present study attempts to assess mechanical performances (namely: tensile, compression, and flexural) of the newly developed chitosan-reinforced poly-lactic-acid (PLA) scaffolds by using fused filament fabrication (FFF) based 3D printing technology. Specifically, the effects of chitosan loading, infill density and annealing temperature on mechanical behavior of PLA composite scaffolds are investigated via design of experiments. Moreover, fracture behavior under various load types is studied with the help of selective electron microscopy. It is found that the strength of the produced composite samples depends significantly on the loading of chitosan and infill density, while annealing temperature does not affect mechanical response. Overall, the developed PLA composite scaffolds are mechanically efficient and they appear suitable for clinical purposes.
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1. Introduction
Advanced manufacturing systems based on three-dimensional printing (3DP) technologies have a tremendous impact on the production of new biomedical tools and devices [1-5]. The greatest advantage of 3DP technologies is the “no lead time” in-between design and final production stages. Furthermore, it is quite easy to utilize the scanned data using 3DP-based utility software. These characteristics allow manufacturers to create patient-specific products precisely suited on patient’s requirements [5-7]. 3DP technologies have been used for medical applications since early 2000s, mainly on hard tissues [5,7-10]. Specific 3DP technologies, materials and principles used in medical applications are discussed in various publications (e.g. [8-13]).
Fused filament fabrication (FFF) is widely recognized as a highly flexible low cost manufacturing process for developing customized scaffoldings over a broad range of biomaterials [12-14]. The FFF technology provides a prevailing platform for generating tissue-engineered scaffolds by using an accurate axial system to direct the position of a nozzle that deposits strands of pure or composite materials. In a later stage, the deposited material solidifies into a predefined form to shape a construct, layer-by-layer [15]. Most of the biodegradable polymers for tissue engineering (e.g. polycaprolactone (PLC), poly-lactic-acid (PLA) etc.) melt at low temperature and hence can be printed rather easily. Moreover, FFF technology can generate biomimetic scaffolds due to its ability in making multi-material constructs and printing soft biomaterials such as, for example, hydrated gels [16-20]. The innovations introduced in the FFF technique for tissue engineering applications push material scientists towards developing new printable materials [21]. 
A primary requirement in tissue engineering applications is that selected biomaterials should not just improve regeneration mechanisms of patient’s body [18,21,22] but also guarantee the desired mechanical functions [21-24] and possess antibacterial properties [22,23,25,26]. For example, PLA-based biocompatible and biodegradable polymers have increased manifold, especially as scaffolds, and are highly suitable for FFF printing because of their rheological properties (see, for example, [23]). Furthermore, PLA implantable biomaterials can degrade in the human body over time [27]. It is reported that cells could grow well and produce ample matrix within ~700 μm pore scaffolds. However, since PLA’s surface is inherently hydrophobic and lacks of the required functional groups for bioactivity [28], it is necessary to add bio-functionality to printed scaffoldings with some pre-processing or post-processing treatment [29-31]. Remarkably, PLA polymers are suitable for 3DP because they do not degrade during extrusion [32].
Chitosan is a well-known natural biopolymer for its ability to enhance biological responses on host sites as well as to improve apatite formation [33-36]. Chitosan has a polymeric structure similar to glucosamine, which improves cells adhesion, proliferation and differentiation. However, pure chitosan exhibits very poor mechanical behavior. Hence, it is necessary to mix chitosan with a PLA matrix [37]. The resulting composite material has improved intensity and elasticity, which turn useful, for example, in nervous conduction [38]. Almeida et al. [37] reported the cytokine profile of human monocytes/macrophages on 3D printed PLA/chitosan scaffoldings, finding that macrophages were mostly affected by material properties. Similarly, Zheng et al. [39] used solvent extraction and particle leaching methods for coating chitosan onto PLA and observed enhanced cell adhesion and proliferation of osteoblasts. Wu [1] demonstrated cell-cycle and apoptosis assays by fibroblast cells on PLA/chitosan and studied cyto-compatibility and antibacterial properties of the produced mixture. 
The literature survey indicates that PLA and chitosan are two key biopolymers, which could be mixed in order to combine PLA mechanical strength with chitosan bioactivity. The main challenge in 3DP of biomedical implants is to reach target mechanical properties, durability, and designed architectures that may satisfy both mechanical and functional requirements. These properties are fundamental in load-bearing implants, where mechanical performance and fatigue strength are critical. 
In spite of the great potential of PLA/chitosan composites in biomedical applications, there are not many published studies on 3D printing of PLA/chitosan composites. Furthermore, relationships between 3DP process parameters and mechanical properties of manufactured parts (e.g. tensile, compression and flexural strength) have never been investigated in a systematic way. In view of this, the present study will use design of experiments for assessing how the chitosan fraction in the composite mixture, infill density, and annealing temperature affect tensile, compression and flexural behavior of the 3D printed composite. Fracture behavior will be analyzed as well. Multi-objective optimization will also be performed in order to maximize mechanical properties of the PLA-chitosan composite material and assess sustainability of developed scaffoldings for load-bearing tissues under routine human activities.

2. Materials and methods
In this work, PLA consisting of 95% L-lactide and 5% meso-lactide was supplied by Punjab Polymers (Punjab, India) in the form of pallets (average length and diameter of 2 and 1.5mm, respectively). The PLA polymer was dried at 50-60°C for one day under vacuum by using an electrically driven air convection heater. For the sake of reference, tensile, compressive and flexural properties of the 3D printed pure PLA specimens with different densities are given in Fig. A1 of the appendix.
The chitosan powder particles (average size ⁓ 25µm)  obtained from Apex Materials, Punjab (India)  were dried for one day at 70-75°C. The major reason behind considering chitosan in this study is due to its neutral/negatively charge in an acidic environment [40], allowing it to form electrostatic complexes or multilayer structures with other negatively charged synthetic or natural polymers. Furthermore, in comparison of other bio-polymers, it possesses excellent biocompatibility, non-toxicity; non-allergic, and biodegradability, making it suitable for various biomedical applications [41]. Apart from this, chitosan is reported to have other biological properties, including antitumor [42], antimicrobial [43], and antioxidant [44] activities. Therefore, the unique physicochemical property of chitosan offers great potential in a range of tissue engineering, drug delivery vehicles, and enzyme immobilization for bio-sensing [45-47]. 
In this work, the chitosan was dried in vacuum for 8hr at 100-110°C to remove moisture content in both polymers. The chitosan was added to the PLA polymer by selecting different weight fractions, namely 1, 1.5, and 2%. Chitosan content was limited to 2% because pilot experimentations showed that any proportion of chitosan loading greater than 2% made it difficult to extrude the composite material in filament form. Furthermore, the 1% chitosan content allowed transferring a satisfactory large fraction of the mechanical strength of pure PLA into the composite material. Each mixture was then ball milled for about 10 min (dwell time = 1 min for four times) by using RETSCH Cryomill (Retsch, Newtown, USA). 
The prepared mixtures were then extruded using a MINI-HAAKE twin-screw extruder (Thermo Scientific, Germany), equipped with feed hopper, twin co-axial rotating screws and extruding passage. Extrusion temperatures of barrel and die were set equal to 170°C and 180°C, respectively. Composite polymeric filaments of 1.75±0.2mm diameter were hence produced. The PLA/chitosan composite filaments were then given in input to a commercial FFF setup (Make: Divide by Zero, India) for printing test specimens. For that purpose, infill density was set equal to 20, 60, or 100%, while a fixed value was chosen for each other process parameter such as infill speed (35mm/s), number of perimeters (03), printing temperature (195°C), bed temperature (80°C), build orientation (horizontal), nozzle diameter (0.2mm), and raster angle (±45°). Test samples for evaluating tension, compression and flexural strengths were fabricated following the specifications of ASTM D638-14 type IV [48], ASTM D790-10 type IV [49], and ASTM D695-15 [50] standards, respectively. 
The fabricated test specimens were annealed at 60°, 65°, or 70°C in an electric air convection heater at a rate of 5°C/min for 10min. The annealing temperature of PLA/chitosan specimens was selected based on the PLA’s glass transition temperature (Tg), identified with differential scanning calorimetry. The Tg of PLA matrix has been observed as 59°C. It is reported that any inter-fusion issue within printed parts can be resolved by annealing, which also enhances mechanical properties of samples [51]. Effects of process parameters on mechanical properties of printed scaffoldings were evaluated via design of experiments, implementing the Taguchi L9 orthogonal array (OA) listed in Table 1. For each selected combination of 3D printing parameters, tension, compression and flexural tests were carried out. Five specimens were tested for each mechanical test in order to obtain statistically significant results. Furthermore, analysis of variance (ANOVA) was applied for determining statistical significance of input process parameters on the mechanical properties of the printed composite parts. Results of mechanical testing were complemented and confirmed by micrographic investigations.
Table 1 Experimental log designed as per Taguchi L9 OA
	SN
	Chitosan in PLA or A (% wt.)
	Infill density or B (%)
	Annealing temperature or C (°C)

	1
	1
	20
	60

	2
	1
	60
	65

	3
	1
	100
	70

	4
	1.5
	20
	65

	5
	1.5
	60
	70

	6
	1.5
	100
	60

	7
	2
	20
	70

	8
	2
	60
	60

	9
	2
	100
	65



Fig. 1 shows the experimental setups used for tensile (Fig. 1a), flexural (Fig. 1b), and compression (Fig. 1c) tests. All mechanical tests were carried out using Universal Testing Machine (UTM) (INSTRON 5900R, Chennai, India) of 100kN capacity at 1mm/min strain rate. Tensile and flexural tests lasted until fracture of specimens occurred while compression tests lasted until specimen height decreased at least by 40%. The classical three-point bending arrangement was used for flexural strength experiments. Ultimate flexural strength and modulus of elasticity were calculated from the stress-strain graphs recorded experimentally. The following equations were used to calculate flexural properties:


Where  and , respectively, are the flexural stress and strain; F and l, respectively, are the applied load and span length between supports, b and d, respectively, are the sample width and thickness.
Scanning electron microscopy (SEM; Zeiss EVO 50) was used for analyzing fractured surfaces.
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Fig. 1. Fixtures and testing of printed samples: tensile (a), flexural (b), and compression (c) tests.
3. Results and discussion
In the present work, 3D printed PLA/chitosan based composite specimens have been developed for biomedical applications. Figure 2a shows the SEM morphology of the 3D printed PLA/chitosan scaffold surface. Further, Fig. 2b shows the energy dispersion spectroscopy (EDS) of the PLA/chitosan scaffold surface that revealed the existence of various biocompatible phases, such as ‘Ca’, ‘Na’, ‘O’, etc. The presence of the ‘Au’ element has been attributed to the gold sputtering used to prepare polymeric samples for SEM inspections. Table 2 presents the raw data gathered from the experiments listed in Table 1. Details of the stress-strain curves obtained for the tested PLA/Chitosan specimens under the different loads are shown in Fig. A2 of the appendix. Data listed in Table 2 represent the average of the five recorded observations and corresponding standard deviations for each setting of 3DP process parameters. These data were used for computing the signal to noise (S/N) ratio and carrying out ANOVA analysis. Regression models were fitted in order to optimize 3DP process outputs. All statistical calculations were performed with the Minitab-17 software. S/N ratio values served to plot response graphs of individual parametric levels for tensile strength (TS), compressive strength (CS) and flexural strength (FS) following the ‘Larger the Better’ condition. Since response of input process variables changes for each loading condition, 3DP process parameters were optimized via multi-objective analysis. For that purpose, a composite index was determined that reflects suitability of optimized parametric levels for the experimentation universe. Fig. 3 shows the S/N ratio plots for TS, CS, and FS; the triplets “1,2,3” tagged on the horizontal axis of each plot refer to the three levels assigned to each input process parameter: “A” for chitosan weight fraction, “B” for infill density, “C” for annealing temperature, respectively. The vertical axis of the Fig. 3 corresponds to the S/N ratio.
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Fig. 2. PLA/chitosan-based 3D printed surface morphology: (a) SEM micrograph and (b) EDS spectrum.



Table 2 Results and statistical analysis of mechanical tests carried out on PLA/chitosan composite specimens.
	SN
	Tensile strength  (MPa)
	S/N ratio 
(dB)
	Compression strength (MPa)
	S/N ratio (dB)
	Flexural strength (MPa)
	S/N ratio (dB)

	1
	18.41
	25.31
	22.52
	28.81
	  34.00
	30.63

	2
	30.07
	29.56
	27.56
	30.51
	  87.44
	38.84

	3
	44.56
	32.98
	33.54
	30.14
	156.96
	43.92

	4
	16.35
	24.27
	32.15
	31.47
	  27.42
	28.76

	5
	25.96
	28.28
	37.45
	32.48
	  72.12
	37.16

	6
	39.57
	31.95
	42.08
	29.95
	117.42
	41.39

	7
	14.71
	23.35
	31.45
	32.07
	  20.32
	26.16

	8
	23.08
	27.26
	40.15
	33.47
	  60.06
	35.57

	9
	34.36
	30.72
	47.15
	28.81
	106.32
	40.53

	
	σ2 – 9.90
	ρ - 28.18
	σ2 – 7.18
	ρ - 30.86
	σ2 – 43.22
	ρ - 35.88


Note: σ and ρ are the standard deviation of the raw data and overall mean of S/N ratio, respectively.
As expected, composite PLA/chitosan specimens possess lower strength than pure PLA samples. Differences are definitely more marked in the case of tension and compression tests: in particular, by adding just 1% of chitosan, the TS of composite material is reduced by 22.5%, while CS is reduced by 48.5% with respect to pure PLA; FS changes by less than 2% when infill density is at least 60% (see stress-strain curves plotted in Fig. A1 of appendix). At higher chitosan content, filler inclusions formed aggregates and decreased tensile strength of composite material. This occurred because the presence of higher chitosan contents reduced compatibility between PLA and chitosan particles that further led to the generation of discontinuities in the PLA matrix. It can be seen from Table 2 and Fig. 3a that the tensile strength of PLA/chitosan composite decreases as the chitosan weight fraction increases. Including more chitosan particles in the developed composite material will improve the biological response of scaffoldings but not their tensile strength. Such a behavior may be due to incomplete fusion of chitosan particles during filament extrusion and printing [52]. Composite filaments, as well as printed samples, suffer from the brake-down of the polymeric chain caused by of the substantial amount of chitosan particles lacking of physical or chemical attractions. This caused the slippage of polymeric chains over chitosan particles (see Fig. 4).
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Fig. 3. Variations of S/N ratio with respect to parameter levels: (a) TS; (b) CS; (c) FS.
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Fig. 4. Schematic representation of the slippage of the polymeric chain on/around chitosan particles.
The TS increases almost linearly with scaffolding infill density reaching its maximum for the 100% density. This is consistent with other findings reported in the literature [53, 54]. Figs. 5a through 5c show micrographs of PLA/chitosan printed parts with, respectively, 20%, 60% and 100% infill density. As expected, material structure becomes more and more compact as the fraction of plastics increases. Conversely, fractured surfaces of PLA/chitosan samples submitted to tensile tests showed smooth and homogeneous surfaces upon incorporation of chitosan in the PLA matrix. It can also be seen that the fibrils and micro-holes significantly reduced after addition of chitosan into the PLA matrix. 
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Fig. 5. Micrographs (100X magnification) of PLA/chitosan printed parts with (a) 20%, (b) 60%, and (c) 100% infill density.
SEM images of broken tensile specimens are presented in Fig. 6 for different levels of infill density. As infill density increases, fracture behavior of printed specimens changes from ductile to brittle. In particular, printed specimens with 100% infill density are characterized by a compact structure clearly associated to brittle fracture behavior (see Fig. 6c). Conversely, for lower values of infill density, sample’s structure presents polymer fibers that tend to slide against each other and hence give to fracture ductile characters (see Figs. 6a and 6b). Fibers become shorter as infill density increases and finally collapse into a compact structure. The above mentioned transition from ductile to brittle behavior is confirmed by the stress-strain curves shown in Fig. A2 of the appendix: as infill density increases, specimens break at a higher load but also at a lower strain. Furthermore, fractured surface of PLA/chitosan seems not to have any interface layer and appears to be more homogeneous than pure PLA. 
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Fig. 6. SEM images of broken tensile specimens for different levels of infill density: (a) 20% infill density sample showing the presence of long tiny fibers; (b) 60% infill density specimen with less significant fiber formation than case (a); (c) Rough brittle failure occurring for the 100% infill density specimen.
Although higher levels of infill density increase tensile strength of scaffolding, it should be noted that density affects also porosity by a great extent. Porosity is another essential feature to be considered in the design of biomedical tools and devices [55]. Basically, even intermediate levels of porosity may allow a desirable level of TS to be achieved. Indeed, FFF printers can never get rid of porosity, which is as an intrinsic feature of this manufacturing process. The resulting micro-channels act as pathways through which tissues can be grown [56]. TS was marginally affected by annealing temperature. This conclusion comes out clearly from Fig. 3a, which shows how S/N ratio is practically constant with respect to annealing temperature. This finding is consistent with observations made by other researchers [52]. However, the particular combinations of 3DP process parameters (i.e. chitosan weight fraction and infill density) selected in this study might have intrinsically dominated over the selected values of annealing temperature thus making statistical significance of this parameter marginal. Table 3 compares the mechanical properties of PLA/chitosan composite developed in this study with those reported very recently in the literature for other bio-composites. It appears that the mechanical properties of PLA/CS composite determined here are at par with those of the other potential biomedical composites. In particular, the PLA/CS material offers the best compromise between different properties and, unlike its competitors, has practically the same maximum strength in tension and compression. Besides statistical dispersions inherently entailed by experimental investigations, differences in listed mechanical properties might also be due to the quality of the materials and machine tools used in the other studies. In view of this, the results of the present research appear to be relevant and the use of PLA/chitosan materials should certainly be considered significant for future applications in the field of biomedical engineering.
Table 3 Comparison of mechanical properties of potential bio-composites available in the recent literature.
	Material composition
	TS (MPa)
	CS (MPa)
	FS (MPa)
	Ref.

	PLA/CS
	44.56
	47.15
	156.96
	Present work

	Poly-lactic-acid (PLA)
	> 60
	-
	-
	[57]

	Polyethylene terephthalate/carbon fiber
	52.02
	-
	-
	[58]

	PLA/hydroxyapatite
	45
	-
	-
	[59]

	Methacrylate/graphene
	84.6 ± 7.5
	-
	-
	[60]

	PLA/poly-vinyl-chloride/wood powder/Fe3O4
	-
	-
	14.14 ± 2.52
	[61]

	45S5 Bio-glass (BG40)
	37.9 ± 5
	-
	-
	[62]

	PLA/wood
	< 35
	< 70
	-
	[63]



ANOVA results are presented in Table 4. It is confirmed that chitosan weight fraction and infill density are statistically significant for TS as their probability index (p) is lower than 5% at 95% confidence level. Conversely, annealing temperature failed to show any significance at 95% confidence level. Percentage contributions of chitosan weight fraction, infill density, and annealing temperature to TS are 7.55, 92.38 and 0.002%, respectively. The optimal combination of process parameters yielding the highest value of TS is: 1% weight fraction of chitosan in PLA, 100% infill density, and 70°C annealing temperature.
Table 4 ANOVA results for TS, CS and FS properties.
	Source
	Degree of Freedom
	Sum of Square
	Variance (V)
	Fisher’s value (F)
	Probability (P)
	Percentage contribution (%)

	TS

	Chitosan in PLA (% wt.)
	2
	7.0533
	3.5267
	134.91
	0.007*
	7.55

	Infill density (%)
	2
	86.213
	43.106
	1648.96
	0.001*
	92.38

	Annealing temperature (°C)
	2
	0.0018
	0.0009
	0.04
	0.966
	0.002

	Error
	2
	0.0523
	0.0261
	
	
	0.06

	Total
	8
	93.320
	
	
	
	100

	CS

	Chitosan in PLA (% wt.)
	2
	16.107
	8.0537
	43.58
	0.022*
	51.76

	Infill density (%)
	2
	14.527
	7.2636
	39.31
	0.025*
	46.68

	Annealing temperature (°C)
	2
	0.1114
	0.05569
	0.30
	0.768
	0.356

	Error
	2
	0.3696
	0.1848
	
	
	1.18

	Total
	8
	31.116
	
	
	
	100

	FS

	Chitosan in PLA (% wt.)
	2
	20.655
	10.327
	25.76
	0.037*
	6.89

	Infill density (%)
	2
	278.25
	139.13
	347.04
	0.003*
	92.79

	Annealing temperature (°C)
	2
	0.134
	0.067
	0.17
	0.856
	0.045

	Error
	2
	0.802
	0.401
	
	
	0.27

	Total
	8
	299.845
	
	
	
	100


*Indicating the statistically significant process parameters.
Unlike tensile strength, compressive strength of printed composites was found to increase with the chitosan weight fraction (see Table 2 and Fig. 3b). This may be explained considering that mechanical behavior of composite scaffoldings changes under different types of loads. When the PLA/chitosan is subject to compression, both the filler material (chitosan) and the thermoplastic material (PLA) bear the applied load. This explains the beneficial effect of chitosan weight fraction on compressive strength, which in fact becomes maximum for the 2% fraction of chitosan. In general, samples subject to compression failed under buckling. Micrographs and macrographs of fractured specimens are shown in Fig. 7.
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Fig. 7. Micrographs and macrographs of broken samples under compression loading: (a) crushing failure for 20% infill density; (b) mixed mode for 60% infill density; (c) buckling failure for 100% infill density.
In the case of infill density, the behavior of the samples tested under compression was identical to that observed in the tensile test: mechanical strength increases almost linearly with infill density (see Table 2 and Fig. 3b). Higher density results in a lower porosity and hence in a better capacity of bearing the compressive load. Fig. 7 shows that failure mode changed from crushing when infill density was only 20% to buckling when infill density was 100%. A mixed type of fracture resulting from the combination of crushing and buckling was observed for the intermediate level of infill density (60%). Slippage of polymeric chains on chitosan particles did not occur under compression but the higher elastic modulus of the sample resulting from the more compact structure of the material may limit flexibility. Compressive strength of printed composites also was marginally affected by annealing temperature. Again the S/N ratio remains almost constant regardless of values assigned to this input parameter (see Fig. 3b). This result is confirmed from the statistical analysis of Table 3: temperature is statistically insignificant because its p-value is greater than 0.05. This parameter contributes by only 0.356% to overall mechanical response under compression while chitosan fraction and infill density count by 51.76 and 46.68%, respectively. The optimal combination of process parameters yielding the highest value of CS is 2% weight fraction of chitosan in PLA, 100% infill density, and 65°C annealing temperature.
In the case of flexural tests, both tensile and compressive stresses developed in the sample: in particular, tensile stress on the outer side of the tested beam, farthest from the pin transferring load to sample, and compressive stress on the opposite (inner) side, close to loading pin. Thus, all the aforementioned failure mechanisms (i.e. brittle or ductile fracture for tensile stress, crushing or buckling for compression) may concur to define the mechanical behavior of composite material. Samples including a large fraction of chitosan particles will present the slippage phenomena discussed above and fracture initiation will take place in the outer side of the sample hosting tensile stresses. Hence, chitosan weight fraction should not exceed a threshold limit above which FS would decrease by a too large extent: the data listed in Table 2 and the S/N ratio plot of Fig. 3c highlight the marked reduction of flexural strength for increasing chitosan contents. The flexural stiffness of the PLA/chitosan based composite specimens increased with an increase in the infill density. Fig. 8 shows micrographs of the fractured composites for different levels of infill density. It can be seen in Fig. 8 that the tension induced fractured portion witnessed fiber pulling of the PLA, whereas, compression induced led to brittle failure. Fracture patterns of regions hosting tensile and compressive stresses are respectively similar to those observed for the specimens subject to pure tension or compression loads. However, the overall failure behavior seems to be dominated by tensile stresses. This conclusion is supported by the analysis of flexural tests’ stress-strain curves plotted in Fig. A2 of the appendix. Similar to tensile tests, specimens subject to three-point-bending break at lower strain and higher stress as the infill density increases. 
In the case of a clinical scaffold, flexibility is an essential feature to allow the motions of the movable body part without causing stress-shielding. However, by increasing scaffolding stiffness, it is possible to improve load-bearing characteristics of the developed implants. The level of flexural strength to be achieved mainly depends on the scaffolding pre-requisites. For instance, in the case of soft scaffolds (e.g. nose, ear etc.), stiffness does not play an important role, and thus, printing parameters must be controlled accordingly. The experimental data gathered in this study indicates that the annealing temperature did not affect the FS, significantly. This can be seen from the straightness of the line diagram in Fig. 3c. However, this parameter can be important for the dimensional and topographic characteristics of the machined specimen [64, 65]. In summary, percentage contribution of chitosan weight fraction, infill density, and annealing temperature in FS is 6.89, 92.79 and 0.045%, respectively. The optimal combination of process parameters yielding the highest value of FS is: 1% weight fraction of chitosan in PLA, 100% infill density, and 70°C annealing temperature. In this investigation, a small quantity of chitosan was added to the PLA in order to improve the mechanical properties of the material, and the fraction of PLA was kept below 2% for maintaining the neutral metabolism production. The mechanical properties of the developed polymeric composites showed that the scaffolds developed using the selected material system are suitable for bone tissue engineering applications. Furthermore, the PLA/chitosan based composite polymer can be utilized for implants, wound dressings and surgical sutures. The degradability, combined with excellent mechanical characteristics, may result in promising scaffolds for constructing cardiac tissue. The mechanical properties determined in this study highlight the developed scaffold as a potential candidate for tissue engineering applications [66-68].
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Fig. 8. Micrographs of fractured samples under flexural loading: (a) 20% infill density; (b) 60% infill density; (c) 100% infill density. The elliptical zone represents the sample region where tensile stresses develop while the rectangular zone represents the sample region where compressive stresses develop.
Table 5 shows the S/N values for each selected level of process parameters. The maximum values of the S/N ratio listed in Table 5 were selected for further analysis. Based on the percentage contributions of chitosan weight fraction, infill density and annealing temperature to mechanical responses TS, CS and FS (see ANOVA results listed in Table 4), it is possible to rank process parameters. For example, since infill density contributes to tensile strength more than chitosan weight fraction and annealing temperature, it is assigned the 1st rank. The optimum level of S/N ratio Kopt for each output response parameter TS, CS and FS can be predicted from the available data using the following relationship:
                                            Kopt = ρ + (ρAn – ρ) + (ρBn – ρ) + (ρCn – ρ)                                    (2)
where: ρ is the overall mean of S/N ratio listed in Table 2 for TS, CS or FS; ρAn, ρBn and ρCn, respectively, are the highest values of S/N ratio for the chitosan weight fraction, infill density and annealing temperature listed in Table 4 for TS, CS or FS. The predicted values of ρopt for TS, CS and FS from Eq. (2) are 33.00, 33.07 and 44.02dB, respectively. The predicted optimum values of S/N ratio can be converted into optimized outputs TS, CS or FS as follows: 
£opt2 = 1/10–Kopt/10	         		                                 (3)
Hence, the predicted optimum values for TS, CS and FS from Eqs. (2) and (3) are 44.65, 45.50 and 158.85 MPa, respectively.
Table 5 Response table indicating S/N ratios
	Level
	Chitosan in PLA
	Infill density
	Annealing temperature

	TS

	1
	29.28*
	24.31
	28.17

	2
	28.17
	28.37
	28.18

	3
	27.11
	31.88*
	28.21*

	Rank
	2
	1
	3

	CS

	1
	28.79
	29.05
	30.54

	2
	31.36
	30.78
	30.81*

	3
	31.83*
	32.15*
	30.64

	Rank
	1
	2
	3

	FS

	1
	37.79*
	28.52
	35.87

	2
	35.77
	37.19
	36.04*

	3
	34.09
	41.95*
	35.75

	Rank
	2
	1
	3


*Maximum S/N ratio of parametric level.
In order to evaluate the accuracy of predicted responses for TS, CS and FS, experiments were carried out using the optimized settings as manufacturing process parameters. The measured values of TS, CS and FS were, respectively, 43.91, 45.10, and 159.10 MPa, hence very close to the predicted values: in fact, error on outputs never exceeded 1.685%. This proved the statistical efficacy of the applied methodology to understand parametric behavior under a constrained environment. Since the above described methodology considers just one response parameter at a time, multi-parametric optimization was applied to obtain parametric levels for the complete experimental space. For that purpose, equal weight significance was assigned to all output responses and maximum possible S/N ratio values were targeted within the Minitab software. This method ensures that the output responses hit the highest S/N ratio by using the selected parametric levels, only. Table 6 shows the results of the global analysis. It was found that the optimal parametric levels for the experimental universe correspond to Level 2 of each 3DP input parameters. However, the composite desirability of the analysis (i.e. the probability that global analysis delivered the desirable output) is only 0.5369. This indicates that the multi-parametric optimization is limitedly favorable. Statistical analysis reported that there is 53.68% probability that the desired output could be achieved by using the suggested set of parametric setting.
Table 6 Analysis results of multi-parametric optimization.
	Parameter A
	Parameter B
	Parameter C
	S/N ratio fit for TS
	S/N ratio fit for CS
	S/N ratio fit for FS
	Composite desirability

	2
	2
	2
	35.884
	30.662
	28.187
	0.5369


4. Conclusion
This study demonstrated the feasibility of producing chitosan reinforced PLA scaffoldings using FFF 3D printing technology. From the mechanical characterization performed through statistical analysis the following conclusions can be drawn:
· Tensile strength decreases as chitosan weight fraction increases. This was caused by the discontinuities introduced in the polymeric chains by the presence of chitosan particles as well by the slippage of the chains on the chitosan. Increasing infill density allowed TS to become higher.
· Compressive strength increases with chitosan weight fraction because of the higher density reached by the composite material.
· Flexural strength presents a similar behavior to TS but tensile and compressive stresses coexist in the material which hence shows a combination of brittle and ductile fractures (see Fig. 8). The developed scaffoldings possess reasonably higher FS than TS and CS, thus making the scaffolding highly suitable for dynamic motions.
· Single parameter statistical analysis can accurately predict mechanical properties TS, CS and FS. This is confirmed by the experiments performed by including the optimal values of 3DP process parameters. However, multi-parametric optimization achieved a value of composite desirability slightly above 50%.
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Appendix
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Fig. A1. Stress-strain curves of pure PLA for different levels of infill density: (a) Tensile tests; (b) Compression tests; (c) Flexural tests.
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Fig. A2. Stress-strain plots recorded for composite PLA/chitosan samples: (a) Tensile tests; (b) Compression tests; (c) Flexural tests.
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