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[bookmark: OLE_LINK143][bookmark: OLE_LINK144][bookmark: OLE_LINK25][bookmark: _GoBack][bookmark: OLE_LINK90][bookmark: OLE_LINK200][bookmark: OLE_LINK201]Abstract: The present study proposes a characterization approach for the extrusion process of hydroxyapatite (HA) paste considering the nonlinear characteristics of bioceramics materials with the aim of printing high-resolution ceramic scaffolds using low-temperature extrusion 3D printing technology. A novel method named the three-point experimental extrapolation was executed to analyze the necessary extrusion pressure in relation to the extrusion velocity. This new approach presented a higher analytical accuracy as compared to previous methods. The optimum layout of the 3D printer was obtained by the comparative analysis of four typical topological constructions. On this basis, three main factors affecting the extrusion pressure of bioceramics materials, namely paste formulation (solvent content), nozzle length-to-diameter ratio, and the extrusion velocity, were selected as the control factors, and a series of experiments were performed using the L27 (313) orthogonal array. The results indicate that all the control factors significantly affected the extrusion pressure, of which the length-to-diameter ratio of nozzle exhibited the greatest effect. The scaffold printed using low-temperature extrusion 3D printing technology exhibited a uniform microstructure following the optimization of the printing parameters, which validated the ability of the process to accurately control the microstructure. The results of the study can be considered as a guide for the 3D printing of high-resolution bone tissue engineering scaffolds and can be employed to further compression mold bioactive polyetheretherketone/hydroxyapatite (PEEK/HA) composites.
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1 Introduction
[bookmark: OLE_LINK93][bookmark: OLE_LINK107][bookmark: OLE_LINK108][bookmark: OLE_LINK111][bookmark: OLE_LINK476][bookmark: OLE_LINK126][bookmark: OLE_LINK160][bookmark: OLE_LINK161]The creation and repair of damaged tissue or end-stage organ failure is one of the most important and costly problems in human health care. Tissue engineering (TE), which was first proposed by Langer and Vacanti in 1987, applies the principles of biology and engineering to the development of functional substitutes for damaged tissue [1]. Over the past three decades, the development of materials science and manufacturing technology has resulted in the rapid growth of TE to address signiﬁcant medical requirements such as severe tissue damage repair or the displacement of failed organs [2], of which its groundbreaking medical applications have been employed in fabricated skin [3], cartilage [4, 5], bones [6, 7], neural tissue [8], the lung [9], the liver [10], and relatively complicated organoids [11]. The tissue engineering scaffold, which is among the three important elements in TE, is a permeable structure that functions as a synthetic extracellular matrix (ECM) to allow cell to develop in favorable directions and encourage cell attachment, expansion, and differentiation [12]. One of the most important challenges in TE is the design and fabrication of an ideal biodegradable scaffold [13], thereby permitting cell adherence and proliferation to allow the preservation of cell specific properties and simultaneously be suitable for surgical interventions [14].
[bookmark: OLE_LINK474][bookmark: OLE_LINK475][bookmark: OLE_LINK95][bookmark: OLE_LINK96][bookmark: OLE_LINK11][bookmark: OLE_LINK23][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK8][bookmark: OLE_LINK10]Among the many fabrication techniques, material extrusion has been applied in a variety of important applications such as in additive manufacturing (AM) [15]. The extrusion technology of paste materials that are selectively dispensed through a nozzle or orifice has long been used as a means of achieving the desired shape of many different products [16], thereby also deeming the technology as suitable for the fabrication of hard tissue scaffolds for bone tissue engineering [17]. Yang and Vaezi proposed a novel bioactive polyetheretherketone/hydroxyapatite (PEEK/HA) composite for biomedical applications [18-21]. Porous bioactive HA scaffolds were first fabricated using extrusion-based AM technology. PEEK melt was then infiltrated into the HA scaffolds by the compression molding process. PEEK was chosen due to its excellent performance, particularly its biocompatibility and desirable mechanical properties. Scaffolds are vital in TE for their role in the growth of new tissue or the repair of defected tissue given that scaffolds provide the necessary support for cells to proliferate and maintain their differentiated functions. In addition, the scaffold architecture defines the ultimate shape of a new organ [21]. Extrusion-based AM systems are favorable for the printing of scaffolds because of their ability to process a wide range of biomaterials, great porosity control, and generation of pore interconnectivity, which is essential for proper cell in-growth.
[bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK7][bookmark: OLE_LINK12][bookmark: OLE_LINK37][bookmark: OLE_LINK38]In particular, the solvent-based extrusion freeforming (SEF) process is a typical low-cost extrusion-based AM technique. Evans and Yang first developed the SEF process as an application for the low-temperature AM of ceramic lattice structures with controlled filament/pore size and distribution to offer good macroarchitecture or microarchitecture control and to guarantee pore interconnectivity [22-25]. However, due to the lattice architectural features of scaffolds that have highly porous and interconnected three-dimensional channels, the high-resolution printing of these structures has deemed the SEF process as one of the key technologies for the material extrusion process. In 1968, Oveston and Benbow proposed a model to describe the extrusion of ceramic pastes following the assumption that the ceramic pastes exhibit perfect plasticity [26]. However, in the actual extrusion process, ceramic pastes are not perfectly plastic and exhibit nonlinear behavior such that Benbow and Bridgwater modified the model in 1993 with the addition of the power index [27]. The improved model was named the Benbow-Bridgwater model [16]. This particular approach to boundary layer modelling in paste flow has become fairly common. The extrusion process must consider parameters such as the flow properties of the material, the extrusion velocity, and the geometrical details of the extruder [28, 29].
[bookmark: OLE_LINK52][bookmark: OLE_LINK65][bookmark: OLE_LINK157][bookmark: OLE_LINK158][bookmark: OLE_LINK114][bookmark: OLE_LINK115][bookmark: OLE_LINK179][bookmark: OLE_LINK180]Although studies on paste flow and extrusion have long been presented, the printing of high-resolution lattice scaffold architectural features for tissue engineering still exhibits many challenges. The accurate characterization of the extrusion pressure is the basis for optimizing both the 3D printer system and its printing parameters. Hence, the characterization of the extrusion pressure of bioceramics has been one of the key technologies for the material extrusion process. The present study proposes a new approach for the characterization of the extrusion pressure considering the nonlinear characteristics of bioceramics materials, optimizing the structural layout of the 3D printer with the aim of printing high-resolution ceramic scaffolds using low-temperature extrusion 3D printing technology. The present study aims to present results that can serve as a guide for the 3D printing of high-resolution bone TE scaffolds and can be used for the further compression molding of bioactive PEEK/HA composites.
2 Materials and methods
[bookmark: OLE_LINK162][bookmark: OLE_LINK165][bookmark: OLE_LINK141][bookmark: OLE_LINK142][bookmark: OLE_LINK139][bookmark: OLE_LINK140]Yang and Vaezi developed a low-cost production technology to 3D print scaffolds and compression molds of bioactive PEEK/HA composites [18-21]. Table 1 depicts the process and methods of the technique as it is applied to create a bioactive PEEK/HA composite. Porous bioactive HA scaffolds were first fabricated using low-temperature extrusion freeforming 3D printing technology, after which PEEK melt was infiltrated into the HA scaffolds by the compression molding process.
Table 1 Fabricating process of HA scaffold and bioactive PEEK/HA composite for bone TE
	Step
	Process
	Diagram
	Method

	1
	Preparation of ceramic paste
	[image: E:\paper\Bone Tissue Engineering Scaffolds\20170509\step1.GIF]
	Adhesive binder polyvinyl butyral (PVB) and plasticizer polyethyleneglycol (PEG) are fully dissolved in propan-2-ol solvent with the ratio of 75% (w/v) PVB and 25% (w/v) PEG. HA ceramic powder is then added to the solution (with 60% (v/v) of ceramic based on the dried paste), and stirred for 2 hours to achieve a well-dispersed solution.

	2
	Solvent evaporation
	[image: E:\paper\Bone Tissue Engineering Scaffolds\20170509\step2.GIF]
	Excess solvent is evaporated by fast stirring, and blowing hot air (such as using hair dryer) until a viscous ceramic paste is achieved.

	3
	3D printing
	[image: E:\paper\Bone Tissue Engineering Scaffolds\20170509\step4.GIF]
	Ceramic paste is loaded into a syringe for 3D printing. The extrusion process forms lattice-shaped 3D scaffolds by incrementing regularly arranged 2D layers in the vertical axis.

	4
	Drying, debinding and sintering of the scaffold
	[image: E:\paper\Bone Tissue Engineering Scaffolds\20170509\step5.GIF]
	The scaffold is left at room temperature for 24 hours to allow evaporation of excess solvent, and subsequently to place the scaffold in an oven for debinding and sintering. Different heating procedures can be applied depending on the type of ceramic, such as the maximum sintering temperature for HA is 1300°C with a dwelling time of two hours. The bioceramic scaffold is then obtained.

	5
	[bookmark: OLE_LINK59][bookmark: OLE_LINK60]Compression moulding of PEEK powder into the HA scaffold
	[image: E:\paper\Bone Tissue Engineering Scaffolds\20170509\tu\step7.PNG]
Using both static and dynamic loads to produce a PEEK/HA composite.
	Static loading: The mould is heated up to 250°C then load applied until the temperature reaches 400°C, maintains for a further 20 minutes (dwelling time), then heating is stopped, and the mould is left to cool under pressure.
Dynamic loading: The mould is heated up to 400℃ and maintains for 20 minutes. Load is applied for 5 seconds before heating is stopped, then the mould is left to cool under pressure. Whereby the PEEK matrix crystallized and solidified.

	6
	Get bioactive PEEK/HA composite
	[image: E:\paper\Bone Tissue Engineering Scaffolds\20170509\tu\step8.PNG]
	Composites are removed from the mould when the temperature has fallen to just below the glass transition temperature (143°C), follows by cooling to room temperature, thus mitigating thermal stress and cracking.


[bookmark: OLE_LINK97][bookmark: OLE_LINK98][bookmark: OLE_LINK94]According to Table 1, the characterization of the extrusion process is crucial to this technology as it determines the fabrication of high-resolution HA scaffolds. The accurate characterization of the extrusion pressure is the basis for the optimization of both the 3D printer system and its printing parameters. Therefore, the present study discusses the further development of the characterization approach to improve the presented characterization accuracy according to literature [21]. Table 2 presents the materials used to form the presented HA ceramic pastes.


Table 2 Materials being used to form ceramic pastes in this study
	No.
	Material
	Molecular formula 
	Melting point (°C)
	Density (g/cm3)
	particle size (µm)

	1
	HA (powder)
	Ca10(PO4)6(OH)2
	1650
	3.156
	1-5

	2
	PVB(binder)
	C14H18ClN3S
	Amorphous
	1.100
	-

	3
	PEG(plasticizer)
	HO(CH2CH2O)nH
	64-66
	1.127
	-

	4
	propan-2-ol(solvent)
	(CH3)2CHOH
	-88.5
	0.789
	-


3 Analysis of the paste extrusion process
3.1 The paste extrusion process
[bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK446][bookmark: OLE_LINK447][bookmark: OLE_LINK81][bookmark: OLE_LINK82]The quality of bone TE scaffolds fabricated using the low-temperature extrusion 3D printing method depends on the rheological properties of the ceramic paste and the die geometry. Figure 1(a) presents the flow of the pastes in a ram extruder based on the Benbow-Bridgwater model. Paste is contained in a barrel with diameter D0 and is forced by a ram into a die land (capillary) with diameter D and length L. The important feature of capillary flow is its use of very small capillary diameters that exhibit laminar flow throughout with no turbulent core. With this knowledge, we can find the rheological properties of a flowing paste from the experimental measurements [16]. In proceeding from the barrel into the die land, the paste extends in the direction of flow and its cross-section decreases. The paste extrusion process is comprised of three stages [30], namely the (1) initial stage, (2) steady stage, and (3) dead zone stage, as presented in Fig. 1(b).
[image: E:\paper\Bone Tissue Engineering Scaffolds\tougao\Ceramics international\修改稿\图与表\fig1a.jpg] [image: E:\paper\Bone Tissue Engineering Scaffolds\tougao\Ceramics international\修改稿\图与表\fig1b.jpg] [image: E:\paper\Bone Tissue Engineering Scaffolds\tougao\Ceramics international\修改稿\图与表\fig1c.jpg]
(a)                            (b)                              (c)
[bookmark: OLE_LINK393][bookmark: OLE_LINK406]Fig. 1 Schematic diagram of paste extrusion: (a) cross-section of a ram extrusion, (b) pressure-time extrusion curve, where, 1 represents initial stage, 2 represents steady stage and 3 represents dead zone stage, and (c) cross-section of a syringe plunger extrusion
[bookmark: OLE_LINK83][bookmark: OLE_LINK84][bookmark: OLE_LINK403][bookmark: OLE_LINK404][bookmark: OLE_LINK85][bookmark: OLE_LINK86]The initial stage encompasses the starting ram movement until the steady status of the paste extrusion process. In this stage, the application of extrusion force on the ram generates pressure build-up within the paste with decreasing paste volume, thereby allowing the excretion of entrapped air in the paste. The compression of the paste results in enhanced pressure augmentation until a peak point is reached, after which paste extrusion from the nozzle occurs. Meanwhile, the solvent of the paste quickly evaporates in the outlet of the die land. In particular, ceramic pastes that are suitable for AM applications generally have a low solvent content that allow easy evaporation following paste exposure to air. Therefore, the paste through the nozzle rapidly dried, upon which the friction pressure between the die wall and the drier paste turned into the predominant resistance. The drier paste was then expelled from the nozzle as the extrusion pressure conquered this resistance, and the paste flowed out rapidly to release the excessive pressure. This resulted in a quick pressure drop and the formation of the peak point in the extrusion pressure profile, which is presented as point “A” in Fig. 2(b). With the exception of the shear pressure at the barrel wall, the paste deformation resistance in the die entry and the flow pressure in the die land were also deemed the main paste flow resistance pressures at this stage.
[bookmark: OLE_LINK181][bookmark: OLE_LINK182][bookmark: OLE_LINK185][bookmark: OLE_LINK183][bookmark: OLE_LINK184]After the initial stage, the paste was continuously extruded throughout the period that exhibited a stable status and relatively constant pressure remains, which is also called the “steady stage”. Despite the above-mentioned steadiness, the extrusion pressure may exhibit a little fluctuation due to the temporary inhomogeneity in the paste, which is induced by air bubbles and agglomerates. After the steady stage, the ram reached to the dead zone, where the paste is stationary at the bottom of the barrel, which yielded a rapid increase in the extrusion pressure, as presented by curve “B” in Fig. 1(b). The dead zone is dynamically changed in the paste extrusion process. The beginning of the pressure increase to the end of the extrusion process is termed the “dead zone stage”. To improve the stationary paste in the bottom of the barrel and generate an increase in the extrusion pressure, an optimized structure for the extrusion of the syringe plunger is presented in Fig. 1(c). Meanwhile, a higher ram velocity may generate a faster paste flow, thereby shortening the dead zone stage to reduce the impact of this stage on the extrusion pressure. 
[bookmark: OLE_LINK163][bookmark: OLE_LINK164]3.2 Analysis model of the extrusion process
[bookmark: OLE_LINK87][bookmark: OLE_LINK88][bookmark: OLE_LINK452][bookmark: OLE_LINK453]Many researchers have found that paste materials often exhibit a substantial yield stress such that there is little bulk shearing of the material when flowing in a capillary, i.e. plug flow. In such cases, the extrusion velocity V can be used as a measurement of the volumetric flow rate [16]. The Benbow-Bridgwater model-based extrusion process has two flow zones, particularly one that is from the barrel into the die land, the extrusion pressure of which is expressed as P1, and another that is along the die land, the extrusion pressure of which is expressed as P2. Following the incorporation of the two zones, the extrusion pressure required for paste flow can be calculated by equation (1) assuming that the paste material is a perfect plastic.

             (1)
However, experimental results generally indicate the imperfect plastic state of paste materials given their nonlinear behavior. Therefore, equation (1) can be modified as follows:

             (2)
[bookmark: OLE_LINK172]where, in equations (1) and (2), P is the extrusion pressure, σ0 is the initial bulk yield stress of the paste, τ0 is the initial paste-die wall shear stress, α is the velocity-dependent parameters of the convergent flow on the die entry, β is the velocity-dependent parameters of the parallel flow in the die land, m and n are exponents, V is the mean extrusion velocity of the paste, D0 is the barrel diameter, and D and L are the die land (capillary) diameter and length, respectively. Of the six characterizing parameters, namely σ0, α, m, τ0, β, and n, three are associated with the flow from the barrel into the die land and the remaining three are associated with the flow along the die land. Parameters σ0 and τ0 depend strongly on the paste formulation. Considering the rheological properties of the paste materials and the die geometry, equation (2) can be written as follows: 

                    (3)
where f(V) and g(V) are the functions of the extrusion velocity (V) related to the rheological properties of the paste.
3.3 Characterization method of the extrusion pressure
[bookmark: OLE_LINK109][bookmark: OLE_LINK110]To enable better control on the low-temperature extrusion 3D printing process and generate high-resolution bioceramic scaffolds for the bone TE, the present study considered control factors that affect the paste extrusion pressure, specifically paste formulation (solvent content), extrusion velocity (V), and nozzle geometry (L/D). The characterization of the extrusion pressure has been one of the key technologies for the material extrusion process. The present study discusses the characterization method of the extrusion pressure using equation (3) as an example. From equation (3), an increase in capillary length L can theoretically result in an increment of extrusion pressure, which hinders high-resolution printing. When L tends to zero, the minimum pressure P0 can be obtained. However, in the actual printing process, the presence of a capillary length-to-diameter ratio tending zero generally presents very obvious entry and exit capillary effects, which affect the construction of the printed scaffolds. In addition, due to the insufficient flow of the paste in the capillary, it is impossible to obtain useful capillary flow data. Therefore, it is vital to ensure that the capillary has a suitable length L within the allowable range of the printer structural stiffness. The data set for L/D=0 can be determined either by extrapolation or estimation based on the available experimental date points [21]. Previous research [16] presented a linear relationship between the extrusion pressure and L/D ratio. Based on this conclusion, the data set for L/D=0 in literature [21] was obtained by extrapolating the data of L/D=32 and L/D=64, which is named the one-point method in this study. However, the extrusion pressure may exhibit minor fluctuations due to the presence of air bubbles and agglomerates, which results in temporary inhomogeneity in the paste even at the steady stage. The data set, which is based on the conventional one-point method to characterize f(V) and g(V) in equation (3), generates relatively large pressure errors between the experimental value and the predicted/simulation value. Therefore, the present study generated an improved valuation method named the three-point experimental extrapolation (or “three-point method”) to characterize the extrusion pressure value. To illustrate this approach, a schematic diagram is presented in Fig. 2, where the x-coordinate axis represents the length-to-diameter ratio L/D and the y-coordinate axis represents the extrusion pressure P.
[image: E:\paper\Bone Tissue Engineering Scaffolds\tougao\Ceramics international\修改稿\图与表\fig2.jpg]
[bookmark: OLE_LINK514][bookmark: OLE_LINK515]Fig. 2 Schematic diagram of three-point experimental extrapolation
[bookmark: OLE_LINK518][bookmark: OLE_LINK519][bookmark: OLE_LINK520][bookmark: OLE_LINK544][bookmark: OLE_LINK545]The three-point experimental extrapolation proceeds as follows:
[bookmark: OLE_LINK61][bookmark: OLE_LINK62]The extrusion experiment is first performed with three definite L/D values under a certain extrusion velocity (V), wherein each extrusion pressure Pi (i=1, 2, 3) can be measured. The coordinate values of the three points are P1(x1, y1), P2(x2, y2), and P3(x3, y3), respectively, as presented in Fig. 2. The P2P1 line then extends to the y-axis to obtain the P012(0, y012) point, extends the P3P1 line to the y-axis to obtain the P013(0, y013) point, and extends the P3P2 line to the y-axis to obtain the P023(0, y023) point, respectively. In addition, the following geometric relationship is followed: 

                               (4)
By transforming the above equation, equation (4) can be written as follows:

                           (5)
Similarly, the following relationships can be obtained.

                                                         (6)

                           (7)
Hence, the mean extrusion pressure value P0 can be obtained with the following relationship when L/D=0:

              (8)
[bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK539][bookmark: OLE_LINK533][bookmark: OLE_LINK534]Substituting equation (8) into equation (3), the mean f(V) value under a certain extrusion velocity (V) can be calculated as follows:

                                (9)
Using the experimental pressure value Pi with different L/D values into equation (3), the gi(V) value can then be calculated as follows:

                         (10)
Consequently, the mean g(V) value under a certain extrusion velocity (V) can be calculated as follows:

                              (11)
[bookmark: OLE_LINK123][bookmark: OLE_LINK121][bookmark: OLE_LINK122][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK68][bookmark: OLE_LINK69][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK72]The extrusion experiment would be repeated according to the above steps using at least three different extrusion velocities (V). The discrete data of f(V) and g(V) can then be obtained in relation to each extrusion velocity (V). However, the discrete data of the f(V) and g(V) values cannot be directly employed because they do not provide the necessary information related with any extrusion velocity (V). Therefore, a set of analytical models composed of polynomial fitting curves is required to calculate the f(V) and g(V) values at an arbitrary V for the assessment of the extrusion pressure based on the least squares theory. The orders of the polynomials are determined by the inspection of the residual errors of approximation following the analysis of the mean squared error (MSE) [31]. 
[bookmark: OLE_LINK75][bookmark: OLE_LINK76][bookmark: OLE_LINK132]4 Experimental designs
[bookmark: OLE_LINK400][bookmark: OLE_LINK405][bookmark: OLE_LINK33][bookmark: OLE_LINK34]4.1 Topological construction of the low-temperature extrusion 3D printer
[bookmark: OLE_LINK194][bookmark: OLE_LINK195]The TE scaffolds are lattice structures with highly porous and interconnected three-dimensional channels. To print these structures, the low-temperature extrusion 3D printer must exhibit four main features, specifically x-, y-, and z-sliding tables and a paste extrusion head. The structural layout of the printer plays a critical role in the quality of the printed scaffolds. According to the multi-body system theory [32], the low-temperature extrusion 3D printer can be considered as an open kinematic chain consisting of a series of links connected by bodies. A workbench can be placed at one end of this chain, on which a substrate can be used as support for the printed scaffolds, while an extrusion head mounted on an extrusion axis can be placed on the other end. To reduce the extrusion force, the optimum layout of the extrusion axis is in the vertical direction (i.e., z-direction).
[image: E:\paper\Bone Tissue Engineering Scaffolds\tougao\Ceramics international\修改稿\图与表\fig3a.jpg]   [image: E:\paper\Bone Tissue Engineering Scaffolds\tougao\Ceramics international\修改稿\图与表\fig3b.jpg]
(a)                                     (b)
[image: E:\paper\Bone Tissue Engineering Scaffolds\tougao\Ceramics international\修改稿\图与表\fig3c.jpg]    [image: E:\paper\Bone Tissue Engineering Scaffolds\tougao\Ceramics international\修改稿\图与表\fig3d.jpg]
(c)                                     (d)
[bookmark: OLE_LINK45][bookmark: OLE_LINK46]Fig. 3 Four typical topological constructions: (a) layout 1, (b) layout 2, (c) layout 3, and (d) layout 4
[bookmark: OLE_LINK39][bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK44]Figure 3 presents the four typical topological constructions of the low-temperature extrusion 3D printer. In layout 1, the x-, y-, and z-sliding tables are placed on the workbench end, thereby resulting in a complex workbench moving structure. In layout 2, the x-, y-, and z-sliding tables are placed on the extrusion head end, thereby resulting in a complex extrusion head moving structure. In layout 3, the x-sliding table is placed on the workbench end, and the y- and z-sliding tables are placed on the extrusion head end, which also results an in complex extrusion head moving structure. As compared to above three layouts, the x- and y-sliding tables in layout 4 are placed on the workbench end, and the z-sliding table is placed on the extrusion head end. This advantageous layout creates relatively simple moving parts for both the extrusion head and the workbench. Therefore, the topological construction of layout 4 was chosen as the design basics for the low-temperature extrusion 3D printer.
4.2 Experimental 3D printing system
[bookmark: OLE_LINK196][bookmark: OLE_LINK197][bookmark: OLE_LINK408][bookmark: OLE_LINK416][bookmark: OLE_LINK417][bookmark: OLE_LINK50]Following the application of the topological construction of layout 4, a low-temperature extrusion 3D printer was constructed by Yang et al. to create HA ceramic scaffold lattice structures, as presented in Fig. 4. Three extrusion heads (nozzles) of different length-to-diameter ratios were employed to optimize the extrusion control parameters. To ensure movement precision in the three dimensions, the geometric errors of the printer was compensated by software-based error compensation techniques [31, 33].
[image: E:\paper\Bone Tissue Engineering Scaffolds\tougao\Ceramics international\修改稿\图与表\fig4a.jpg]   [image: E:\paper\Bone Tissue Engineering Scaffolds\tougao\Ceramics international\修改稿\图与表\fig4b.PNG]
[bookmark: OLE_LINK394]                    (a)                                                (b)
[bookmark: OLE_LINK48][bookmark: OLE_LINK49][bookmark: OLE_LINK53][bookmark: OLE_LINK54]Fig. 4 3D printing system: (a) self-developed low-temperature extrusion 3D printer, and (b) three extrusion heads with different length-to-diameter ratio
[bookmark: OLE_LINK422][bookmark: OLE_LINK423]The paste extrusion head installed at the end of the extrusion axis, which is comprised of a stainless steel syringe, can move in the z-direction, whereas the substrate clamped on the workbench, which is made of glass material, can move in the x- and y-directions. The extrusion head extruded ceramic paste into the fine filaments and the movement of the x-y table resulted in the writing of paste on the substrate. Following the 3D printing of a layer, the extrusion head moved up for a fine pre-set amount and dispensed a new layer on the previously printed layer. By repeating this procedure, the whole lattice structure can be printed layer-by-layer.
Three linear servo motors were used to separately drive the x-, y-, and z-sliding tables to ensure accurate movement precision in all three dimensions, while a stepper motor drove a 2 mm-pitch lead screw (i.e., extrusion axis) to generate a continuous extrusion force on the syringe plunger during the extrusion process. A reduction gear box mounted between the stepper motor and lead screw was used to decrease the speed of the stepper motor to reach a smooth displacement. The extrusion pressure was measured by a load cell that was mounted on the extrusion axis. While the system was over-load, the load cell provided the alarm. The entire printing process was recorded and observed on a computer by a microscope.
4.3 Data collection
[bookmark: OLE_LINK198][bookmark: OLE_LINK199]Low-temperature extrusion 3D printing offers the ability to rapidly print functional materials with complex 3D structures of different resolutions. Its resolution depends on several control factors such as the precision of the motion system, appropriate adjustment of the process parameters (e.g., extrusion speed with respect to the x-y table motion), the type of material, and the paste delivery system. In particular, paste formulation is a crucial factor in determining the extrudability, extrusion pressure, and viscoelastic behavior of the paste to design and successfully print high-resolution 3D materials. Following the careful adjustment of the printer motion system and error compensation, the paste formulation (solvent content), nozzle length-to-diameter ratio (L/D), and extrusion velocity (V) at the three different levels were selected as the control factors. The Taguchi orthogonal experiment method generated statistically identical valid results using a lesser experiment number as compared to the classic experimental design. The selection of the Taguchi orthogonal array is vital in obtaining valid conclusions. The present study considered the three factors at each of the three levels and three interactions, thereby deeming the total degree of freedom as 18. The appropriate orthogonal array for this study is L27 (313), which consist of 13 columns for assigning the factors or interactions and 27 rows for designating the trials or experimental conditions. Three control factors, namely the solvent content, L/D, and V, were randomly placed in column 1, column 2, and column 6. Three nozzles of different length-to-diameter ratios were created from stainless steel tubes epoxy sealed to a polypropylene hub, thereby giving these the ability to work in high pressures, as presented in Fig. 4(b). For all the experiments, each extrusion pressure was read in the steady stage (after 120 s pre-extrusion as the initial stage). The pressures still exhibited fluctuations in the steady stage due to imperfections between the plunger and the syringe wall, or due to local agglomerates. The pressure value Pi (here, i=1 to 27) was calculated as the mean of the three extrusion readings to ensure the accuracy of the measurement data. The relevant factors and levels are presented in Table 3.
Table 3 Factors and their levels using L27 (313) orthogonal array
	Fixed factors
	
	Control factors

	Factor
	Value
	Unit
	
	Factor
	Symbol
	Level
	Unit

	
	
	
	
	
	
	1
	2
	3
	

	D0
	4.6
	mm
	
	Solvent content
	A
	10.2
	13.4
	15.2
	wt%

	D
	0.2
	mm
	
	L/D
	B
	32
	64
	127
	-

	Material
	HA paste
	
	velocity (V)
	C
	2.7
	5.3
	8.0
	mm/s


A series of experiments were performed to effectively characterize HA paste extrusion and statistically analyze the contribution of each control factor on the extrusion pressure using equation (3) and the L27 (313) orthogonal array. The results were considered as a guide for the 3D printing of high-resolution bone TE scaffolds. On this basis, HA scaffolds with a range of filaments and pore sizes were printed to further compression mold bioactive PEEK/HA composites.
5 Results and discussion
Low-temperature extrusion experiments were implemented to determine the effect of the control factors on the extrusion pressure using the L27 (313) orthogonal array. Simultaneously, the functions of f(V) and g(V) related with the extrusion velocity (V) of the paste were established by the three-point experimental extrapolation proposed in this study. The established functions of f(V) and g(V) were as follows:

     (12)
[bookmark: OLE_LINK133]To compare the analytical accuracy between three-point experimental extrapolation proposed in this study and conventional one-point method used in literature [21], the functions of f(V) and g(V) in literature [21] were as follows: 

   (13)
To verify the analytical accuracy between the three-point method proposed in this study and conventional one-point method used in literature [21], equations (12) and (13) were substituted into equation (3), respectively, and 27 experimental conditions were inserted into the two models. The data of the two models were compared with the measured values, the results of which are presented in Table 4. 
Table 4 L27 orthogonal experiment results and comparison of two models for extrusion pressure
	No
	A
	B
	C
	Extrusion pressure (MPa)
	
	Relative error (%)

	
	
	
	
	Measured value
	One-point method simulation value
	Three-point method simulation value
	
	One-point 
method
	Three-point method

	1
	1
	1
	1
	5.4
	5.24 
	5.38 
	
	2.92
	0.45

	2
	1
	1
	2
	6.5
	6.61 
	6.25 
	
	1.68
	3.82

	3
	1
	1
	3
	8.1
	7.64 
	7.92 
	
	5.63
	2.23

	4
	1
	2
	1
	7.8
	7.71 
	7.79 
	
	1.16
	0.16

	5
	1
	2
	2
	9.3
	9.68 
	9.41 
	
	4.05
	1.17

	6
	1
	2
	3
	11.9
	11.13 
	11.17 
	
	6.47
	6.11

	7
	1
	3
	1
	12.5
	12.57 
	12.54 
	
	0.53
	0.29

	8
	1
	3
	2
	15.9
	15.72 
	15.63 
	
	1.16
	1.73

	9
	1
	3
	3
	18.1
	17.99 
	17.58 
	
	0.58
	2.88

	10
	2
	1
	1
	4.7
	4.54 
	4.82 
	
	3.50
	2.63

	11
	2
	1
	2
	6.3
	5.81 
	6.31 
	
	7.72
	0.09

	12
	2
	1
	3
	6.9
	6.83 
	6.88 
	
	1.01
	0.29

	13
	2
	2
	1
	7.2
	6.69 
	6.77 
	
	7.14
	5.91

	14
	2
	2
	2
	9.2
	8.53 
	8.92 
	
	7.31
	3.01

	15
	2
	2
	3
	10.4
	10.15 
	10.12 
	
	2.42
	2.67

	16
	2
	3
	1
	10.6
	10.92 
	10.61 
	
	3.02
	0.14

	17
	2
	3
	2
	14.2
	13.87 
	14.08 
	
	2.33
	0.87

	18
	2
	3
	3
	16.7
	16.68 
	16.51 
	
	0.11
	1.16

	19
	3
	1
	1
	3.5
	3.23 
	3.59 
	
	7.79
	2.57

	20
	3
	1
	2
	5.1
	4.45 
	5.37 
	
	12.83
	5.36

	21
	3
	1
	3
	6.4
	5.09 
	7.02 
	
	20.54
	9.61

	22
	3
	2
	1
	5.0
	4.61 
	4.94 
	
	7.81
	1.26

	23
	3
	2
	2
	7.2
	6.21 
	6.84 
	
	13.78
	4.99

	24
	3
	2
	3
	9.5
	7.02 
	8.49 
	
	26.08
	10.67

	25
	3
	3
	1
	7.5
	7.33 
	7.59 
	
	2.27
	1.18

	26
	3
	3
	2
	9.5
	9.68 
	9.73 
	
	1.88
	2.42

	27
	3
	3
	3
	10.9
	10.84 
	11.38 
	
	0.59
	4.44


A correlation between the measured and simulation values of the two methods are presented in Fig. 5, wherein the correlation coefficient R and the determination coefficient R2 of the one-point method is 0.9896 and 0.9794, respectively, and the correlation coefficient R and the determination coefficient R2 of the three-point method is 0.9962 and 0.9924, respectively. The ideal values of the correlation are R = 1 and R2= 1. The closer correlation gets to the ideal value, the higher analytical accuracy is.
[image: E:\paper\Bone Tissue Engineering Scaffolds\tougao\Ceramics international\修改稿\图与表\Fig5a.emf] [image: E:\paper\Bone Tissue Engineering Scaffolds\tougao\Ceramics international\修改稿\图与表\Fig5b.emf]
(a)                                           (b)
Fig. 5 Correlation between the measured and simulation values: (a) one-point method, and (b) three-point method
According to Table 4 and Fig. 5, the analytical accuracy of the three-point experimental extrapolation method proposed in this study is significantly higher than that of the conventional one-point valuation method used in literature [21], which indicates the effectiveness of the proposed three-point experimental extrapolation method as a general method for characterizing the paste extrusion to optimize the extrusion system and process parameters.
The results of the intuitive analysis are presented in Fig. 6, and the results of analysis of variance (ANOVA) are presented in Table 5. The significance and importance of each parameter was expressed by the probability values (i.e., sig. value) and the percentage contribution values, respectively. A sig. value in the ANOVA table of less than 0.05 generally considers the parameter as statistically significant [34, 35].
[image: E:\paper\Bone Tissue Engineering Scaffolds\tougao\Ceramics international\修改稿\图与表\fig6.PNG]
Fig. 6 Main effects plot (data means) of the extrusion pressure



Table 5 Results of ANOVA for extrusion pressure
	Parameters
	Source of variance

	
	A
	B
	C
	A×B
	A×C
	B×C
	Error
	Total

	df
	2
	2
	2
	4
	4
	4
	8
	26

	Seq.SS
	56.53
	224.19
	67.79
	19.58
	0.54
	4.8
	2.72
	376.16

	Adj.MS
	28.27
	112.09
	33.89
	4.89
	0.14
	1.20
	0.34
	

	F
	83.17
	329.84
	99.74
	14.4
	0.40
	3.53
	
	

	Sig.
	0.000
	0.000
	0.000
	0.001
	0.805
	0.061
	
	

	Contribution (%)
	15.0
	59.6
	18.0
	5.2
	0.1
	1.3
	0.7
	


Following the characterization of the HA paste, the obtained data was used as a guide for to provide the optimum conditions for printing high-resolution HA scaffolds. From the above analysis results, all the control factors exhibited significant effects. In particular, the length-to-diameter ratio of the nozzle exhibited the greatest effect on the extrusion pressure. The length-to-diameter ratio of the nozzle and the extrusion velocity need to be selected as less as possible while solvent content should be increased to have minimum effect on the extrusion pressure. Therefore, it is very important to carefully adjust the system parameters to ensure the printing of high-resolution scaffolds.
[bookmark: OLE_LINK91][bookmark: OLE_LINK92][bookmark: OLE_LINK148]To accurately mimic the native tissue environment, the TE scaffolds must have a highly controlled 3D macrostructure and microstructure. The scaffolds may have simple or complicated macrostructures depending on the application, but its microstructure is the factor that affects the regeneration of specific tissues using synthetic substances. The purpose of accurately characterizing the extrusion pressure is through the control of the printing parameters such as the solvent content in the paste, nozzle size, paste deposition speed, and build layer thickness, etc. to determine the microstructure of the scaffolds, thereby making it beneficial for improved in vivo nutrient diffusion, removal of waste products, and more efficient vascularization. The detailed optimization method of the printing parameters will be reported in another investigation. 
[bookmark: OLE_LINK151][bookmark: OLE_LINK152][bookmark: OLE_LINK149][bookmark: OLE_LINK150][bookmark: OLE_LINK204][bookmark: OLE_LINK205]HA scaffolds with different filaments and pore sizes were printed following the optimization of the printing parameters. Figure 7 presents the SEM images of a sintered HA scaffold and its internal surface of the filaments.
[image: \\soton.ac.uk\ude\personalfiles\users\mv1y11\mydesktop\20 02 14\29.jpg]  [image: \\soton.ac.uk\ude\personalfiles\users\mv1y11\mydesktop\20 02 14\16.jpg]
(a)                                           (b)
Fig. 7 Typical printed scaffold following the optimization of the printing parameters: (a) SEM image of sintered HA scaffold with uniform microstructure and macroporosity (yellow rectangles), and (b) SEM image of internal surface of the filament of the HA scaffold.
[bookmark: OLE_LINK153][bookmark: OLE_LINK154]According to Fig.7, the scaffold printed by low-temperature extrusion 3D printing technology exhibits a uniform microstructure following the optimization of the printing parameters. Sintering-induced micropores were observed on internal surface of the filaments, as presented in Fig. 7 (b), which is suitable for in vivo cell attachments. This validates the effectives of the process to accurately control the microstructure and generate a very consistent and repeatable overall process for further use in the PEEK compression molding process.
[bookmark: OLE_LINK460][bookmark: OLE_LINK461]6 Conclusions
1. To improve the characterization accuracy of low-temperature extrusion 3D printing, an improved characterization method named the three-point experimental extrapolation was introduced to analyze necessary extrusion pressure in relation to the extrusion velocity (V). As compared to previous methods, this new approach exhibited a higher analytical accuracy.
2. The low-temperature extrusion 3D printer must exhibit a reasonable structural layout and motion system precision to ensure the printing of high-resolution scaffolds.
3. The paste formulation (solvent content), length-to-diameter ratio of the nozzle (L/D), and the extrusion velocity (V) significant affect the extrusion pressure. In particular, the length-to-diameter ratio of the nozzle exhibited the greatest effect.
4. Scaffolds printed by low-temperature extrusion 3D printing technology exhibit a uniform microstructure following the optimization of the printing parameters, which validates the effectiveness of the process in accurately controlling the microstructure.
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