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Our current study concerns the structural analysis and mechanical properties under compressive loading of a new developed additive-manufactured hydroxyapatite (HA) scaffolds, designed for bone tissue engineering. Structural evaluation was performed by X-ray computed tomography (X-CT) and the compressive strength was determined by uniaxial testing method to compare the performance of the new structured material with those reported in the literature. The studied scaffolds showed a well-defined periodic structure with a well-controlled interconnected porosity which is about 32 %. The compressive strength was of 60 MPa and the Weibull modulus of 6. These values are higher than those generally obtained on porous scaffolds fabricated by other techniques with the same level of total porosity. These results demonstrate the potential use of this 3D printed scaffolds for load bearing bone tissue.

Introduction

Hydroxyapatite (HA) is one of the most widely used bioactive porous ceramic for bone tissue repair, owing to its excellent biocompatibility and bioactivity [START_REF] Oonishi | Orthopaedic applications of hydroxyapatite[END_REF][START_REF] Petit | The use of hydroxyapatite in orthopaedic surgery: A ten-year review[END_REF]. The fabrication of HA scaffolds by additive manufacturing (AM) allows overcoming many limitations of conventional fabrication methods by controlling the structure parameters (pore size distribution, their geometry and interconnectivity) and producing custom-designed tissue scaffolds with favorable mechanical properties. Among the various AM techniques that have been used for fabricating porous scaffolds based on calcium phosphates [START_REF] Zhang | Porous bioceramics produced by inkjet 3D printing: Effect of printing ink formulation on the ceramic macro and micro porous architectures control[END_REF][START_REF] Sun | 3D printing of calcium phosphate scaffolds with controlled release of antibacterial functions for jaw bone repair[END_REF][START_REF] Shuai | Structural design and experimental analysis of a selective laser sintering system with nano-hydroxyapatite powder[END_REF][START_REF] Schmidleithner | Application of high resolution DLP stereolithography for fabrication of tricalcium phosphate scaffolds for bone regeneration[END_REF][START_REF] Lim | 3D-Printed ceramic bone scaffolds with variable pore architectures[END_REF], Lithography based ceramic manufacturing, industrially developed by Lithoz GmbH, is a promising technology that enables the production of complex and precise ceramic parts by using a photocurable ceramic suspension, hardened via a photolithographic process [START_REF] Schwentenwein | Lithography-based ceramic manufacturing: A novel technique for additive manufacturing of high-performance ceramics[END_REF][START_REF] Lantada | Lithography-based ceramic manufacture (LCM) of auxetic structures: present capabilities and challenges[END_REF]. Porous scaffolds for bone regeneration should satisfy a combination of requirements properties [START_REF] O'brien | Biomaterials and scaffolds for tissue engineering[END_REF][START_REF] Murphy | Cell-scaffold interactions in the bone tissue engineering triad[END_REF]: biocompatibility, biodegradability, osteoconductivity and mechanical properties. They must have a welldefined pore architecture with interconnected porosity and controlled pore volume to allow bone ingrowth and providing an optimal biological response, combined with the requisite mechanical properties to allow an appropriate support during the bone regeneration process.

In this work, X-ray computed tomography and mechanical tests were carried out to investigate the structure and the mechanical properties during compressive loading of a newly additive-manufactured HA scaffolds.

Materials and Methods

This study was performed using cylindrical porous hydroxyapatite (HA) scaffolds, with a diameter of 10 mm and a height of 10 mm, a scanning electron microscopy image (SEM) of which is shown in Fig. 1.

The samples were produced by Lithography based Ceramics Manufacturing (LCM) by Lithoz (GmbH, Vienna), from HA powder synthesized by LMCPA (Valenciennes, France). The HA samples were obtained after different debinding steps and sintering at 1250°C for 2h. The mean apparent density of the fired samples, calculated from their weight and dimensions, assuming a theoretical density of 3.16 g/cm 3 for the fully dense HA is of 67.3 ± 0.5 %. Structural evaluation was performed by X-ray computed tomography (X-CT) with a Phoenix v/Tome /x, described in detail by Buffière et al. [START_REF] Buffière | In situ experiments with X-ray tomography: An attractive tool for experimental mechanics[END_REF]. The experiments were done at a voltage of 120 kV and a current of 120 μA, with a voxel size of 8 μm Indentation tests were performed using a Vickers indenter and the cracks developed on the corners of the indentation were measured to determine the fracture toughness using the formula developed in [START_REF] Evans | Fracture toughness determination[END_REF]. The compressive strength was determined by uniaxial testing method on a universal testing machine (Zwick) at a constant crosshead speed of 0.5 mm/min, using the cylindrical specimens, with two parallel and flat loading surfaces according to ASTM [START_REF]Standard Test Method for Monotonic Compressive Strength of Advanced Ceramics at Ambient Temperature, Annual Book of ASTM Standards[END_REF]. The maximum load reached during the test was used to calculate the compressive strength. The Young's modulus was calculated from the slope of the loaddisplacement curve during unloading. 

Results and discussion

Scaffold structural analysis

The scaffolds exhibit a 3D periodic porous structure revealing complete interconnected porosity and homogeneous pore architecture, as shown on the X-CT slices illustrated in Fig. 2. The pores are characterized by a well-defined elliptical shape with side lengths of 358 ±12 µm and 216 ±8 µm in the (XY) plan and of 433 ±12 µm and 213 ±9 µm in the orthogonal plans (XZ) and (YZ). The struts -dimensions and spacing are homogeneous inside the sample with an average length of 383 ±8 µm (in Z direction) and an average thickness of 415 ±11 µm (in X or Y direction). At the edge of the sample, the struts are thicker, with an average length of 685 ±10 µm and an average width of 540 ±5 µm. Observations of X-CT scans show some defects, related to the manufacturing process and the drying conditions that not affect the overall homogeneity and the regularity of the structure. Microcraks that propagated by linking pores were mainly located at the edge of the sample. Some radial cracks were also observed at the periphery of sample. Minor defects like residual solid particles, a few residual pores and small removed particles on one side of the sample were also identified. 

Mechanical characteristics

The studied scaffold exhibits good mechanical properties. The Vickers hardness is of 483±11 Hv and the toughness of 0.55±0.2 MPa.m 1/2 . These values are in accordance with the results of previous works [START_REF] Benaqqa | Slow crack growth behaviour of hydroxyapatite ceramics[END_REF][START_REF] Shuai | Optimization of TCP/HAP ratio for better properties of calcium phosphate scaffold via selective laser sintering[END_REF][START_REF] Barabashko | Variation of Vickers microhardness and compression strength of the bioceramics based on hydroxyapatite by adding the multi-walled carbon nanotubes[END_REF]. The obtained elastic modulus, which is of 85±5 GPa, is superior to all bibliographic results reported for HA structure with comparable porosity [START_REF] Liu | Preparation and characterisation of porous hydroxyapatite bioceramic via slip-casting route[END_REF][START_REF] Metsger | Mechanical properties of sintered hydroxyapatite and tricalcium phosphate ceramic[END_REF][START_REF] Miranda | Mechanical properties of calcium phosphate scaffolds fabricated by robocasting[END_REF].
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The unusual high value obtained in the present study might be due, on the one hand, to the optimized processing route and sintering conditions and on the other hand, to the fine and the precise periodic structure with well oriented parallel channels.

The measured compressive strength is of 60 ± 11 MPa with a Weibull modulus of 6. The strength value is much higher than that reported for cancellous bone (4-12 MPa) [START_REF] Giesen | Mechanical properties of cancellous bone in the human mandibular condyle are anisotropic[END_REF] and lower than that of the cortical bone (100-150MPa) [START_REF] Aa | Hydroxyapatite-carbon nanotube composites for biomedical applications[END_REF]. Moreover, literature compressive strength data for HA scaffolds are in the range of 30 to 58 MPa for a porosity range between 25% and 40% [START_REF] Liu | Control of pore geometry on influencing the mechanical property of porous hydroxyapatite bioceramic[END_REF][START_REF] Chu | Mechanical and in vivo performance of hydroxyapatite implants with controlled architectures[END_REF][START_REF] Miranda | Fracture modes under uniaxial compression in hydroxyapatite scaffolds fabricated by robocasting[END_REF][START_REF] Roleček | Bioceramic scaffolds fabrication: Indirect 3D printing combined with ice-templating vs. robocasting[END_REF]. Liu et al. [START_REF] Liu | Control of pore geometry on influencing the mechanical property of porous hydroxyapatite bioceramic[END_REF] varied both pore geometry and porosity for HA ceramics produced with conventional method, and they demonstrate that samples having elliptic pore shape and the lowest porosity, of 36%, have the highest compressive strength, which is of 58 MPa. Chu et al. [START_REF] Chu | Mechanical and in vivo performance of hydroxyapatite implants with controlled architectures[END_REF] produced HA scaffolds using negative molds made with stereolithography and obtained a compressive strength of 30 MPa for 40% total porosity. Miranda et al. [START_REF] Miranda | Fracture modes under uniaxial compression in hydroxyapatite scaffolds fabricated by robocasting[END_REF] fabricated a HA scaffold by robocasting technique and reported a strength of 50 MPa with porosity of 39%. Furthermore, Roleček et al. [START_REF] Roleček | Bioceramic scaffolds fabrication: Indirect 3D printing combined with ice-templating vs. robocasting[END_REF] reported a compressive strength of 43.5±8 with 25.7% of total porosity for HA robocast scaffolds. Representative load-displacement curve recorded during uniaxial compression test with LVDT sensor is shown in Fig. 3. It can be seen that the scaffold exhibits a linear elastic behavior. The load of the sample increased as the displacement increased until reaching its maximum, then the scaffold failed in a brittle manner. This mechanical response is attributed to the brittle nature of the HA ceramic. Whereas, we observe a pop-in event marked with a red arrow in Fig. 3 which may be related to cracks propagation. 

Summary

This work shows that Lithography-based Ceramic Manufacturing is a very promising technique for manufacturing load bearing engineering scaffolds with a precise and controlled architecture combined with good mechanical properties. This study pave the way for future work to identify the damage mechanism and factors controlling the fracture in this scaffold to achieve better mechanical and biological performance.
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 1 Fig.1: SEM image of the HA studied scaffold.

Fig. 2 :

 2 Fig. 2: X-CT slices showing (A) top side of the sample in XY plan and its corresponding orthogonal sides in YZ plan (B) and XZ plan (C), blue arrows indicate preexisting microcracks at the edge of the sample and red arrows show solid particles entrapped between layers.

Fig. 3 :

 3 Fig. 3: Representative load-displacement curve for HA sample during uniaxial compression test.
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