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Abstract 
Dental implantation was introduced as a restorative procedure to reinstate the teeth functions and put the patient in normal contour, comfort, speech and health. Dental implants have been used over the centuries and the production techniques have been developed over the years. One of the advanced technologies is additive manufacturing (AM) which enables high degree of freedom ability to produce complex shaped and customized parts similar to human teeth. AM facilitates the production of complex geometric structure without the need of preparing expensive tools, hence it is more cost effective and time saving process. The current chapter provides an overview of AM as a promising technology for near net shape production of dental in preparing customised dental implants. The chapter also explore the anatomy and mechanical properties of human teeth together with the requirements for the design of teeth implants. The chapter survey the current AM technologies used for dental implant, clinical implications and highlights the future trend of AM in the development of near net shaped dental implants.
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Introduction
Human teeth can get damaged or lost because of periodontitis, caries, gum disease, trauma, poor bone density, developmental defects, aging and genetic disorders [1]. Teeth restoration is important as damaged and lost teeth put the patient in severe pain by deteriorating the temporomandibular joint and cause speech disorders. Dental implantation was introduced as a restorative procedure to reinstate the teeth functions and put the patient in normal contour, comfort, speech and health. Dental implants can help in restoring the teeth function for patients who have lost their teeth (either partially or completely edentulous). Dental implants have been used over the centuries and can be traced back to ancient Egyptian and South American civilization. During the pre-Columbian era artificial teeth were made of dark stone. Over the years, dental implantable materials evolved and many materials were used over the centuries. During the 1900s aluminium, red copper, brass, silver, magnesium and gold were used to fabricate teeth implants. Early in the 20th century metal alloys, synthetic polymers and ceramics were introduced and achieved better performance compared to naturally derived materials. Developments of biocompatible dental materials and advances in the manufacturing processes of dental implant are growing rapidly to introduce high performance dental implant. One of the advanced technologies is additive manufacturing (AM). The high degree of freedom ability to produce complex shaped and customized parts are the most advantages of AM which enabled the advancement of many industries such as automotive [2, 3], aerospace [4, 5], biomedical [6-8], and art [9].  AM is not only a robust technology [10], but it is also one of the fast growing market. The estimated value of AM market was more than US$ 5.1 billion in 2015 with a an estimated annual growth rate (CAGR) of about 25.9% [11]. AM also offers short lead time and reduced number of processes. The dentistry workflow using traditional approach (A) and additive manufacturing approach (B) is shown in Figure 1. A typical dental implant requires getting an impression of the patient’ teeth, followed by preparation of the mould. Next, design, casting and finishing of the implant takes place before sending to density for implantation.  On the other hand, additive manufactured implant can be archived directly by 3D printing of a digital design made using patient’ teeth scan.
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[bookmark: _Ref498435886]Figure 1: Dentistry workflow using (A) traditional approach (B) and additive manufacturing approach
This chapter provides an overview of additive manufacturing as an important technology to for the manufacturing of dental implants. The structure and properties of teeth, requirements and materials for the design of teeth implants are explained and discussed. The review analysed the current AM technologies used for dental implant and highlights the challenges and future trend of AM in the development of teeth implants.

Structure and Properties of Teeth
Teeth are most distinctive feature of humans and develop in two sets throughout their lifetime, primary and permanent. The oral cavity consists of upper jaw (maxillary), lower jaw (mandible), teeth, muscles, nerves, and blood vessels. Humans have primary arrangements of teeth, which consist of 10 maxillary teeth and 10 mandibular teeth, a total of 20. All primary teeth are replaced with their permanent corresponding ones. In addition, every human will have 32 permanent teeth, this will consist of 16 maxillary and 16 in the mandible. The first signs of tooth development are a narrow band known as dental lamina. Previous studies have revealed that Pituitary homeobox 2 (Pitx2) and Sonic hedgehog (Shh) are expressed in the lamina in some taxa [12-14]. Afterwards, teeth are initiated within the lamina, while tooth buds are formed at discreet locations in these bands by secondary thickening of the epithelium. Once the teeth are erupted, the teeth can only change with damage that naturally and inevitably occur within the mouth. Human teeth have specific shapes for each tooth for each position in the jaw. Basic shape of the teeth can vary, as it will be precise for dietary such as molar teeth, which are modified for shearing by having cusps with sharp cutting edges, therefore correct formation of teeth is crucial for animal and human survival. 
The main structure of a tooth consists of a crown and one or more roots see Figure 2. The crown of the tooth shows out of the mouth and root is the part, which is firmly fixated into the jaw. The crown of a tooth is covered with enamel and has diverse shapes depending on the type of tooth. The main area of tooth is composed of dentin, which is the middle layer of the tooth. The pulp is soft inner tissue, and this is mainly in the crown position. Main four tooth tissues are enamel, cementum, dentin, and pulp, only the first three are hard tissue but pulp is a soft tissue. Enamel is refined from the epithelium of the mouth after dentin is produced and it is the most hard and extremely mineralized material in human body [15]. Dentin originates from underlying mesodermal tissue and pulp cavity contains soft tissues, which can restore the dentin due to tooth wear or damage. As over time, it will endure significant changes erosion or dental decay causing destruction of the hard tissues of the tooth crown.  Development of the tooth crown starts as a tooth bud epithelium which forms a `cap'. At this stage enamel knot is present, and at the end of the stage when the cap is formed this relates to the opening of tooth crown shape. The root portion is covered with cementum to help attaching the teeth to the alveolar bone. The pulp interconnects with the periodontal ligament, which is a specialised tissue fiber via a hole in the apex of the tooth root. The pulp and periodontal ligament part of the tooth have good supply of blood and have connective nerves that conduct impulses from sensory receptor.
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[bookmark: _Ref498522197]Figure 2: (a) Tooth model, (b) Schematic of structure of a tooth.
Important properties of teeth include hardness, elasticity, fracture toughness, and visco-elasticity. Hardness is a measure of how a material resists plastic deformation. On the other hand, elasticity is a measure of how a material behaves under external load and return back to the original shape after removing the load. The elastic properties of human teeth include the Young’s modulus, which is the ratio of stress to strain within the elastic region. In addition, the shear modulus is the ratio of transverse strain to longitudinal strain. Fracture toughness is defined as the ability of a material to initiate a crack or fracture. Finally, the visco-elasticity of a material is a characteristic that reveals both viscous and elastic behaviour when the material deforms.
Dental hard tissue includes both the enamel and dentin with different arrangements. When eating, enamel is the surface that in contact with food. Hydroxyapatite is the main mineral of enamel, which consists of crystalline calcium phosphate. It has different colours ranging from greyish white to pale yellow. Enamel is considered the hardest tissue as it does not contain any water. It shields the whole crown and protects the dentin. Enamel contains trichome rods with hexagonal prism shape of a diameter of 3–5 µm and varies in density and thickness over the surface of the tooth so that it is the hardest and thickest at the cusps. The enamel layer of primary teeth is half-thick when compared to the permanent teeth and therefore it is less hard. However, tooth enamel cannot be restored once it has been eroded [15].
Dentin structures are hydroxyapatite (70%), organic tissue (20%), and water (10%). Dentin is hard, and it is mainly made of phosphoric apatite crystallites. Cavities are formed by tooth decay which starts with a tiny hole on the enamel surface. Once it has passed through the enamel layer, it spreads deeper and wider into the soft dentin, which can then be easily decayed. Odontoblasts (outer surface of dental pulp) form a single layer that surrounds the pulp chamber. The channels in the dentinal tubules connect calcium ions of dentin and odontoblasts. Pain, temperature, and pressure are transferred to the dentinal tubules nerves through the surface of dental pulp channels. Factors, which affect the mechanical properties of dentin, include tubule orientation collagen fibril, tubule density, and age of the human dentin. The mechanical properties of dentine and enamel are summarised in Table 1.
Table 1: Mechanical properties of enamel and dentine [16]
	[bookmark: _Ref498439144]Teeth type	
	Elastic modulus
	Hardness

	Dentine
	19.89±1.92GPa
	0.92±0.11GPa

	Enamel
	80.35±7.71GPa 
	4.88±0.35GPa








Requirements and Materials for Dental Implants
This section discusses the requirements that need to be considered in net shape manufacturing of dental implants. The materials used for dental implants should be biocompatible and possess adequate mechanical characteristics to enable long-term stability. Dental implants are subjected to tensile, shear and compressive forces. Ideally, a dental implant should have high fatigue, fracture toughness and high tensile strength. Bone tissues can also adapt their structure in response to forces exerted on them hence can have higher musculature and jaw performance. This should be taken into account when designing dental implants. Mechanical process hardening methods enhances the strength of the dental implant. Nonetheless, it could compromise the ductility. If ductility gets below 8%, brittle fractures will occur to the implant. Hence, most standardization bodies such as American Society for testing and Material (ASTM), American dental Association (ADA) and International Standardization Organization (ISO) require minimum of 8% ductility of dental implant materials. Besides, dental implantable materials should possess elasticity modulus/stiffness similar to the bone to avoid any stress-shielding [17]. 
Dental implants should have the ability to resist the surrounding reactive environment in human mouth [18]. Corrosion could take place especially with metallic implants because of the difference in the oxygen and electrolyte composition between the material and the surrounding tissue fluids. It is also believed that the risk of galvanic corrosion is higher in dental implants compared to bone implants.  Stress corrosion cracking, fretting corrosion and risk of mechanical degradation are also common in dental implants. Materials used in preparing dental implants should not be toxic and any biodegradation products (cations or anions) should be removed easy by the body metabolic activity without depositing and accumulating in the tissues. Anodic oxidation and cathodic reduction facilitated by the implant biodegrading byproducts are reported to impair the cellular growth and stimuli transmission between cells [19].
Dental implant surface is a main feature that needs to be well designed. In vitro studies strongly suggest that rough surfaces of dental implants improve cellular behaviour and promote faster and better bone apposition. Rough surfaces facilitate cellular responses, cytoskeletal organization and maturation of bone tissues. Besides, rough surfaces stimulate faster osseointegration compared to smooth surfaces [20, 21].  The osteoblastic activity is believed to enhanced when the implant possess average surface roughness (Ra) of 1- 7 µm [22]. Many clinical studies reported high success rate and long survival term of dental implants with rough surfaces [23, 24]. Many techniques such as surface modifications, acid-etching, grit-blasting, sandblasting, anodization, discrete calcium-phosphate crystal deposition and surface coating with biological materials have been explored to alter dental implants surfaces. 
Porosity, interconnectivity, and pore size within the dental implant are also believed to play mechanical and physiological role in the success of the dental implant. The porous structure of dental implants facilitates the exchange of fluids including nutrients, ions and cells within the bone substitute [25]. Mechanically, controlled porosity minimizes the elastic modulus mismatch between the implant material and the surrounding bone, therefore reduce the stress shielding effect for a longer and more stable fixation [26]. Nonetheless, high porosity improves the contact surface between the dental implant and the surrounding fluids. This mediates biodegradation and osteoinductive potential in the implant [27]. Also high porosity can weaken the material. Therefore, a good and controlled porosity should be achieved. Many researchers recommended a pore size between 100- 400 µm to enable bone cell distribution in the implants [28]. Smaller pores are believed to be occluded by the cells, this prevents the further cellular penetration and elaboration into the scaffold [29]. Spraying techniques co-sintering and plasma spraying have achieved some success in this area, however, none of these techniques but 3D printing managed to produce a scaffold with controlled surface and internal design. The mechanical property of the material used is another key factor to be considered during the designing of dental implants. The main challenge is that the elastic properties for the majority of dental implant materials are different to the surrounding bone tissues. The stiffness of the dental implants is measured by the elastic modulus (stiffness modulus) of the material used. A big variation between the elastic modulus of the implant and the surrounding cortical bone, which possess elastic modulus of 10- 26 GPa, results in stress shielding [30].


Materials for Dental Implants
The main metal biomaterials are cobalt alloys, stainless steels, aluminium, titanium and titanium alloys [31-34] while the main ceramic biomaterials include hydroxiaptite, zirconia, alumina, and bio-glasses [35-37]. For dental applications, the majority of dental biomaterials are limited to titanium and its alloys and zirconia ceramics. 
Titanium and Titanium Alloys
Titanium has superior biocompatability properties due to its ability to form stable layer of oxide on the surface. Titanium is typically available in 4 grades determined by the amount of the oxygen content [33]. Pure titanium or unalloyed titanium contains trace impurities of iron, carbon, nitrogen, and oxygen can form alloys by reacting with other elements such as Cu, Fe, Al, Ar, Zn, Ur and Va. Titanium- vanadium-aluminium alloy is the most commonly used alloy and can be found in α, β and α- β forms depending on the concentrations of Al, Va used in their preparations.  When it comes to biomedical applications, Titanium alloys are amongst the most attractive metals. They are popular materials used to replace hard tissues such as knee joints, hip joints, cardiac valve prostheses and bone platers and screws. Titanium alloys are also used in preparing various dentistry devices and implants such as bridges, crowns, overdentures and implants. Ti-6Al-4V is a typical material for many biomedical implants. Nonetheless, its release of aluminium and vanadium causes toxicity making it not suitable metal for permanent implants. Ti-6Al-4V is believed to have lower removal torque compared to commercially pure Ti and significantly lower bone contacts [38].
Zirconia ceramics
Ceramics were used to replace metals to enhance the osseointegration of dental implants. Inert ceramics such as aluminum oxides, zirconium oxide and bioactive ceramics such as bioglasses and calcium phosphates are used to coat metal-based endosseous implants. Coating techniques such as sol-gel coating, sputter-deposition, biomimetic precipitation, electrophoretic deposition or plasma spraying are usually used to form a thin layer (between 1 to 100 µm) of ceramic on the metal dental implant [39]. Over time ceramics started to be used in fabricating dental implants. Oxide ceramics such as Yttria stabilised tetragonal zirconia polycrystalline possess high flexural strength (up to 1000 MPa) and resist corrosion and wear. The use of zirconia in preparing dental implants started over a decade ago [40]. Early attempts and clinical evaluations showed that zirconia has outstanding performance thanks to their superior mechanical properties and ease of machining using computer-aided design and computer-aided manufacturing (CAD-CAM). Zirconia exists in monolithic, tetragonal, and cubic crystalline/polymorphic forms. Transformation from the tetragonal to monolithic crystalline phase up on cooling is associated with a large volume increase which leads to implant failure. Therefore stabilizing agents such as yttria (3 mol%) are commonly added to zirconia to quench t-m transition at low temperatures. Yttria stabilized zirconia (3Y-TZP) is tougher because of the development of transformation zone which shields crack tips and inhibits the propagation of cracks. The use of ceramics in additive manufacturing of dental implants is still in the early stages. Further investigations are required to assess the mechanical behaviour and physiological responses of ceramics 3D printed dental implants prior to any clinical evaluations. Also preparing crack free zirconia implants remains challenging and further trials are required.

Additive Manufacturing
[bookmark: _Ref483411309]The new manufacturing technology, additive manufacturing, refers to a group of processes that has the ability to create 3D parts by adding a material layer-by-layer, whether the material is metal, plastic, ceramics or others. Recently, AM becomes very vital to many industries and in research as well. This is evident by looking at the number of research publications in the past 15 years. Figure 11 shows Scopus search results of the number of publications per year. Additive manufacturing and 3D printing were used in the search. As shown, there is a growing research interest for additive manufacturing and 3D printing as the technology getting more mature for industry and research.

Figure 3: Research interest in additive manufacturing, as indicated by the number of publications globally per year.
AM processes typically start by creating a CAD model representing the physical geometry of specific physical part. The designed model is then uploaded to a 3D printer where it is placed and sliced into layers. The machine builds the part layer by layer until the physical part is completed. The international organization for standardization and American society for testing and materials (ISO/ASTM) introduced the standard of AM ISO/ASTM 52900:2015. According to the standard, AM were grouped into seven main groups as shown in Table 2
[bookmark: _Ref499025126]Table 2: AM technologies according to ISO/ASTM 52900
	AM Process
	Material Class
	Techniques
	Consolidation 
	References

	Binder Jetting
	Metal, Ceramics, Polymer,
	Multi-Jet,  Poly-Jet, , Ink-Jet
	Binder polymerization
	[41, 42]

	Material Extrusion
	Metal, Ceramics, Polymer, Composite
	Fused Deposition Modelling (FDM)
	Thermal
	[43]

	Powder Bed Fusion
	Metal, Polymer, Composite
	Selected Laser Melting (SLM), Electron Beam Melting (EBM), Direct Metal Laser Sintering (DMLS)
	Laser, Electron Beam
	[44]

	Vat Photo-polymerization
	Ceramics, Polymer 
	Stereo lithography (SLA), Digital Light Processing (DLP), Continuous Liquid Interface Production (CLIP) 
	Light

	[45, 46]

	Direct Energy Deposition
	Metal, Composites
	Laser Cladding (LC), Laser Energy Net Shaping (LENS), Laser Deposition Welding (LDW) 
	Laser
	[47]

	Sheet Lamination
	Metal, Composite
	Laminated Object Manufacturing (LOM), Solid Foil Polymerization (SFP), Ultrasonic Additive Manufacturing (UAM)
	Cutting and Gluing
	[48]



Binder Jetting 
In binder jetting process, a nozzle selectively deposits binder droplets according to a CAD file and often cured using photo-polymerization. The print head of binder jetting printers is similar to those used in paper printers. The difference between the paper printers and binder jetting printers is that in paper printers can print papers in colours while binder jetting printers can print different materials [41, 42], see Figure 4. 
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[bookmark: _Ref499025182]Figure 4: Schematic diagram of binder jetting process
Several researchers studied the use of binder jetting techniques to manufacture dental implants. Özkol et al. [49] investigated the use of ink-jet printing to fabricate Yttria stabilised zirocinia  3Y-TZP dental restorations. A 27% zirconia solution was prepared in water, boehmite solution, and dispersants. Zirconia suspension was injected into Hewlett Packard cartridge and printed using deskjet printer (HP DeskJet 930c, Hewlett Packard). The obtained implant had density of 96.9% and showed superior mechanical properties comparable with 3Y-TZP produced by cold isostatic pressing.  The zirconia dental implant had a tensile strength of 763 Mpa and fracture toughness 6.7 ± 1.6 MPam0.5, Figure 5. 


[bookmark: _Ref498879152]Figure 5: Sintered 3Y-TZP bridge framework fabricated by ink jet printing [49], reused with permission from Elsevier.
Material extrusion 
Material extrusion (ME) works by extruding molten or semi molten materials through a nozzle to create AM components line by line, Figure 6. Typically, the deposited materials are thermoplastic in the form of filaments [43].  As a result wide range of polymers are available in filaments form [50] . 
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[bookmark: _Ref499025479]Figure 6: Schematic diagram of material extrusion process
Material Extrusion based on fused deposition modelling (FDM) was received a notable attention in the development of dental implants. Customized monolithic prosthetic zirconia restorations were established for a 3-unit fixed dental prosthesis and also for an implant-supported single-tooth [51]. The FDM process was used to fabricate the implant cast based on a 3D scanned model, Figure 7. Designing FDM based printed implant cast is expected to expand the use of the digital workflow in the dental applications which holds a great promises in precision and reproducible dentures. The precision of the developed restorations has proved to be clinically acceptable. The process was also used as a planning tool for dental implant surgeries by fabricating jaw bio-model [52]. Using FDM biomedical dental implant improves the safety of the implant surgery and helps in planning the treatment. Having a scanned model of the patient’s jaw enabled the dentist to precisely plan the surgery. In another application, FDM was implemented to fabricate bioresorbable polycaprolactone insertion as a 3D scaffold as a fresh extraction sockets to promote bone healing. The study found that the healing of the ridge after 6 months was better when compared to extraction sockets without the scaffold [53].
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[bookmark: _Ref498886446]Figure 7: (a) 3D scan of the soft tissue, (b) 3D model of the dental implant, (c) abutments on FDM implant cast, (d) restoration on FDM implant  [51], with permission from Elsevier.
Powder Bed Fusion 
In powder bed fusion process, a powder layer is spread uniformly onto a building platform. In the meanwhile, a laser or electron beam selectively consolidates the layer according to a CAD file. The process is repeated until all the layers are laser scanned and the geometry is created [44]. Selective laser melting (SLM) and electron beam melting (EBM) are two powder bed fusion processes have been available since the 1990’s. SLM is one of the most popular powder bed fusion systems used to build near net shape components, Figure 8. In SLM, a laser beam is used as an energy source to create the components layer by layer [6, 54]. 
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[bookmark: _Ref499025787]Figure 8: Schematic diagram of powder bed fusion process
There is a growing interest in using powder bed fusion processes for industrial applications. The capabilities of using powder bed fusion processes for in metal AM have enhanced significantly in the past two decades since it first became available. SLM offers many advantages over the other AM processes as it can build complex shaped parts with a high accuracy and better surface finish [31, 55, 56]. As a result, the process has been widely investigated to enhance the performance of dental implants. Customized implants with near full density, high mechanical strength and satisfactory accuracy fabricated using SLM shown to be an effective approach for high performance implants [57]. The new dental implant kept the geometry of the root, and showed improved Von Misses stresses and stability. Analog and threaded dental implants were designed by using the reverse engineering approach, Figure 9. The images of the two printed models using SLM are shown in Figure 9 a and b. The figure shows intact implants with no visible distortion cracks, and pores. However, the surfaces show the inherited roughness of SLM process. The pull-out strength of the threaded implants was considerably higher than those with analogue implants, see Figure 9 c. 
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[bookmark: _Ref498895353]Figure 9: (a) Image of analog implant, (b) Image of threaded implant, (c) pull-out strength comparison between the customized analog and threaded implants, reused with permission from Elsevier, [57].

Tolochko et al. developed a process based on a combination of selective laser melting (SLM) and selective laser sintering (SLS) to create an implant with solid core and porous shell [58].  SLM was also used to prepare dental implants with gradient of porosity content from the core to the shall surface [59]. The titanium alloy dental implant had roughly spherical particles on the surface and showed modulus of elasticity of 104±7.7 GPa at the inner core and 77±3.5 GPa at the outer porous material. The prepared implants were etched with hydrofluoric acid to improve the surface roughness Figure 10.

[bookmark: _Ref498897977]Figure 10: SEM images of dental implants produced by SLM (a) after sintering, (b) an implant after sintering and etching [59] reused with permission from Elsevier.

Electron beam melting (EBM) is another powder bed technique in which an electron beam is used as energy source to selectively scanned on a layer of metal powder to build metallic components layer by layer. The electron beam velocity can reach a velocity of about 8000m/s while it is only about 10m/s for the laser beam in the SLM technology. Such high scan speed allows the electron beam to move rapidly from one place to another which helps in maximising the effect of multiple beams and allows the metal melt pools to be maintained simultaneously. On the other hand, preheated building platform and vacuum chambers are required in EBM to achieve dense AM parts. However, the process is only limited to conductive materials [60]. Schematic diagram of EBM processes is shown in Figure 11. 
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[bookmark: _Ref476234249]Figure 11: Schematic diagram of EBM technology.
	
Electron Beam Melting (EBM) printer was used to build an implant similar to the tooth geometry [61]. The printed implant is a one-component implant with 2 interfaces: implant/dental prosthesis and an implant /jaw bone, see Figure 12. It is believed that producing an identical implant to the original tooth will maintain the loading distribution on the jawbone and void any pre-insertion procedures such as boring and drilling. Mechanically the produced implant showed superior mechanical strength and elongation but poor ductility [61]. In general, samples produced by EBM have poor surface texture, which may require surface polishing post processing techniques for applications where parts with smooth surfaces are required. However, the inherited surface roughness of EBM samples holds benefits to AM dental implants. Ramakrishnaiah et al. [62] manufactured customized medical grade Ti–6Al–4V dental implant using EBM system. They found the rough surface roughness improves tissue ingrowth into implant porosities and enhance osseointegration. Results also showed good surface wetting, which promotes osteoblastic adhesion on the surface of the implant. However, they concluded that the rough surface roughness of EBM must be addressed for other intraoral dental restorations as it leads to accumulation of food and further gum problems. Therefore, surface-finishing techniques such as sand blasting, and milling were found useful to have dental implants with smooth surfaces. Yang et al. [63] studied the osseointegration and stability of EBM manufactured rough surface samples and compared it with smooth surface titanium samples. They revealed that the torsional resistance and osseointegration of the implant are improved with the rough surface created by the EBM implant. On the other hand, fixed and removable partial dentures dental applications require smooth dental parts with smooth surface to avoid accumulation of food and to improve patient comfort. Hence, improving surface finish using techniques such as sand blasting are recommended for such application and also may have another beneficial effect to reduce stress concentration [64]. EBM parts with improved surface finish can also be realized by altering the CAD model, slicing conditions,  orienting the model direction in the building platform and by controlling the energy inputs [65].
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[bookmark: _Ref498693195]Figure 12: A solid dental implant (left) and lattice bone/implant (right) adapted from [61], (a) Model, (b) EBM implants, reused with permission from Springer.

Several other studies have investigated the manufacturing and characterisation of customised dental implants using EBM. Jamshidiniaa et al. [66] manufactured dental implant model with lattice structure for fatigue characterisation. Their study showed that their lattice design can withstand load of five million cyclic at 100 N. They also found that fatigue failure in their implant was because of non-melted particles and the sharp and rough surface of the structure, Figure 13. In another study by Jamshidiniaa [66], they investigated the properties of non-stochastic lattices dental implant. They manufactured different designs such as honeycomb, octahedral, cross, and studied mechanical behaviour of lattice structure when subjected to biting forces. They found that the deformation of the implant was increased with the increase of the cell size. 
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[bookmark: _Ref498700629]Figure 13: (a) Fatigue test samples with lattice structures under different cyclic loads, (b) SEM image of a broken lattice sample under 500-N load (c) higher magnification SEM image shows cracks initiation and stable growth step (1,2), (d) Crack initiation and brittle fracture [66],  reused with permission from Elsevier.


Vat photo-polymerization
Vat photo-polymerization is a popular technique to create 3D components from photo or UV sensitive materials, see Figure 14. Stereo-lithography apparatus (SLA) and continuous liquid interface production (CLIP) are two techniques used to manufacture polymer and ceramic parts [41]. The stereo-lithographic dental template has proved to allow an accurate and stable seat on surgical procedure of dummy mandibles. Hence, the process offers a proper planning and, therefore, safe flapless placement of dental implant [67, 68]. Lee et al. [69] printed zirconia dental implants using SLA. The authors mixed zirconia powder together with a light curable resin in methanol as an organic solvent. The layers were added on the top of one another and connected tightly upon the evaporation of methanol then a green block was prepared using solvent soluble slurry. The green block was solidified in methanol before sintering at 600 oC to burnout the binder then at 1450 oC to sinter the zirconia. The prepared dental implant had flexural strength of 539.1 MPa and microhardness of 1556 HV. Zirconia was also in Mitteramskogler et al studies who proposed the use of light to cure Lithography-based SLA printed implants [70]. Light curing produces implants with higher surface resolution and quality compared to thermal polymerization. During the light curing processes, the intensity of light and exposure time can be optimized according to the characteristics of the slurry used. The characteristics of zirconia dental implants prepared by SLA were reported in recent literature studies (Osman et al [71]. Osman and co-worker investigated the surface topography and dimensional accuracy of zirconia implants printed by SLA. The angle of printing was found to affect the mechanical characteristics of the implant. Vertical printing at an angle of 0o showed the highest flexure strength of 1006.6 MPa followed by tilted printing at 45o and horizontal printing at 90o, possibly because of the vector of the applied force. All the prepared implants were of high dimensional accuracy (root mean square value of 0.1 mm) and had micro-porosity ranging between 196 nm to 3.3 μm of which some were connected resulting in flaws. All the prepared implants were moderately rough with mean roughness of 1.59 ±0.41 μm that can mediate osseointegration.
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[bookmark: _Ref499035974][bookmark: _Ref498897900]Figure 14: Schematic diagram of photo-polymerization process
Sheet Lamination (SL) and Direct Energy Deposition 
Based upon extensive study of the available literature, it can be concluded that, sheet, sheet lamination (SL) and direct energy deposition (DED) are two AM techniques that have not yet explored for dental applications. Extremely poor quality and large size limitation of both techniques, could be the possible reason behind that, which are not adequate for dental implant applications.
A summary of the research work that used AM in the dental implant applications is shown in Table 3. Powder bed fusion techniques such as selective laser melting and electron beam melting were mostly used to fabricate metal dental implants. This may be because both techniques can well process metals such as titanium super alloys with ease, high precision, and acceptable surface roughness. Stereo-lithography and fused deposition modeling are often enabled to support dental implant surgeries with their ability to manufacture accurate dental guided template, insert and moulds for patients’ teeth and jaws impression. In addition, zirconia dental implants were successfully manufactured using stereo-lithography of zirconia slurry and also using FDM from polymers fabricated moulds.    	
[bookmark: _Ref485203967]Table 3: Overview of AM technology used for dental implants
	AM technology
	Materials
	Dental applications
	References

	Selective laser melting
	Ti-6Al-4V
	Implants
	[57-59]

	Electron beam melting
	Ti-6Al-4V
	Implants
	[61-64]

	Ink-Jet
	Zirconia
	Implants
	[49]

	Fused deposition modelling
	Thermos-plastic polymers
	Implant cast, guided template, models
	[51-53]

	Stereo-lithography
	Photo sensitive polymers, Zirconia
	Guided template, models
	[69-71]




Clinical evaluation of 3D implants
Many in vitro studies have been conducted to study the cellular response to 3D dental implants.  For instance Mangano et al [72] studied the behaviour of human osteoblast, dental pulps stem cells on titanium implants printed with Selective Laser Sintering while Mangano et al [73] studied the effect of 3D printed Ti6Al4V alloy on rat calvarial osteoblasts. These studies concluded that titanium prepared with laser sintering improved the osteoblastic differentiation and enabled the production of endothelial growth factors and morphogenetic proteins which was attributed to the ability of the 3D printing method to control the topographical porosity.
Animal studies also reported the bone response to 3D printed dental implants. Witek et al. [74] compared the biomechanical and histomorphometrical behaviour of laser sintered titanium implants against alumina-blasted/acid-etched implant using male beagle dogs.  The surfaces of the laser sintered implants demonstrated higher Sa and Sq which increases the blood clot retention during the healing process. Besides, the 3D implants showed higher torque after one and six week of implanting due to their higher surface texture with Sa mean value of 1.26 µm showing stronger bone response when compared to alumina-blasted/acid-etched implants with 0.56 µm. Moreover, the 3D printed implants showed superior bone area fraction occupancy and Bone-to-implant contact (BIC) when compared to alumina-blasted/acid-etched implants. Stubinger et al. [75] also evaluated the behaviour of titanium implants in Swiss Alpine sheep and reported similar findings to Witek et al studies. 3D printed dental implants deemed to have higher fixation strength and torque values when compared to standard machined or sandblasted and etched implants. The macroporous surface generated by the additive manufactured technique (DMLS). Another study conducted by Ponader et al. [76] prepared Ti-6Al-4V porous implants using elective electron beam melting (SEBM) and studied the ingrowth of osseous tissues in domestic pigs over 60 days. Over the sixty days, bone tissues have grown steadily inside the implant and managed to reach 46% at the end of the experiment. Nonetheless, some scarce bone-implant was formed around the compact specimen. 
Clinical evaluations of dental implants using human participants were undertaken to understand the healing mechanism and the behaviour of bone tissues surrounding the 3D dental implants. Mangano and co-workers histologically and microscopically evaluated the formation of bone around DLMS dental implants. Micro-implants were implanted in the jawbone of four human participants which were retrieved after a healing period of 8 weeks. The bone-implant interface was evaluated using histomorphometric analysis and scanning electron microscopy. Calcium and phosphorus was revealed in the elemental analysis studies confirming the formation of new bone matrix over the DLMS implants. This suggests that the surfaces of DLMS implants can provide stratum for growth of bone tissues [77]. Besides the rough surface topography of the 3D implant enhances the differentiation and proliferation of the osteocytes. Bone is believed to be formed within the structure of the 3D dental implants by the migration of osteoblast precursors into the implant gaps , the cells grow until they reach confluence where the proliferation cease and cells begins to differentiate. On the other hand, the healing process is believed to begin after the insertion of the 3D implant. The process is triggered by the blood clot formation in the peri-implant gaps which cascades the formation of fibrins. Clinical studies also compared between immediately loaded and unloaded 3D printed implants. Shibli et al inserted 12 transitional immediately loaded and unloaded implants in the posterior maxilla of 12 edentulous patients and evaluated the surrounding tissues using histomorphometric analysis. After 2 months, all the inserted implants were found to enable the growth of new bone on the top of the mature pre-existing bone. The histological studies concluded that the bone-to-implant contact was higher in the loaded direct laser metal-forming implants compared to the unloaded ones [78]. 
Many clinical studies have also looked the survival and success rate of 3D printed dental implants. A successful dental implant should devoid any continuous peri-implant radiolucency, mobility and should not cause prothetic complication. Dental implants should not also cause any biological complications such as per-implant infection, exudation, suppuration, soft tissue inflammation, swelling and sensitivity. Failure of dental implants is common in the maxilla than in the mandible. Factors such as low bone intensity, poor quality of bone, use of implants with small diameter and short length attribute to the failure of the dental implant. Mangano and colleagues conducted a multi-centre clinical study to evaluate the survival rate of 201 3D printed dental implants [77]. The 3D implants prepared by showed a survival rate of 99.5% as one implant in the posterior maxilla was lost during the 1-year study. The early failure of this implant was due to the lack of Osseointegration. The success rate was reported to be 97.5% with 5 implants did not fulfil the implant requirements. A single implant (0.5%) caused sensitivity when functioning and two implants (1%) showed large gap between the implant shoulder and the bone contact, while the remaining 2 implants (1%) became loose [79]. Long term clinical studies were conducted as well to measure the survival rate of 3D dental implants. Mangano and co-workers collected clinical and radiographic data annually and over 3 years. The incidence of biological complications was reported to be 10.6% and prosthetic complications of 17.8% were reported [80]. Similar results were investigated by Tunchel et al 2016 [81]. Many techniques such as x-ray radiography, x-ray tomography histomorphometry, x-ray micro-CT and synchrotron radiation-based computed microtomography helped a lot in evaluating the bone macroscopic structure in the clinical studies.
Conclusion and Future Outlook
Despite the huge advancements in dental implant fabrication, most of the conventional manufacturing technologies fail to fabricate a dental scaffold with controlled porosity and complex geometry. Additive manufacturing technologies enable customization of dental implants to accommodate the patients’ needs and conditions. They can produce any geometric structure without the need of preparing moulds or many tools. The flexibility, availability, and cost savings of AM have gained much interest in manufacturing dental implants. The process is facilitated by the advancement in computer-aided design/computer-aided manufacturing (CAD/CAM) technologies that empower accurate, fast scanning and modelling of patient dental structures. Literature reviews show that selective laser melting and electron beam melting were widely used to fabricate titanium dental implants. The two techniques have proven to process near net shaped titanium implants with high precision. In few studies, zirconia dental implants were also fabricated using fused deposition modelling and stereo-lithography, while the majority of the applications of the former two technologies were limited to dental guided template, insert and moulds. Additive manufacturing technologies will enable industries to control the microarchitecture and the geometry of customised dental implants. This means a better control over the mechanical properties of the teeth implants and the biological behaviour of the surrounding bone tissues. Clinical evaluations of 3D dental implants look promising as majority of the clinical studies reported high success and survival rate. The investigated research presented in this chapter showed that understanding of AM processes for biomedical implants is still insufficient, dentists and manufacturers must understand the process limitations such as inspection, and quality control and the need to post processing in order to support the penetration of this technology into dental applications. Although AM proved capable to satisfy dental implants requirements, many of the presented research are in the early stages and more work are needed on the design, materials, and quality in order to well establish the technology to fit a broad range of dental applications.
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