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Abstract

:

Three-dimensional (3D) printed titanium orthopaedic implants have recently revolutionized the treatment of massive bone defects in the pelvis, and we are on the verge of a change from conventional to 3D printed manufacture for the mass production of millions of off-the-shelf (non-personalized) implants. The process of 3D printing has many adjustable variables, which taken together with the possible variation in designs that can be printed, has created even more possible variables in the final product that must be understood if we are to predict the performance and safety of 3D printed implants. We critically reviewed the clinical use of 3D printing in orthopaedics, focusing on cementless acetabular components used in total hip arthroplasty. We defined the clinical and engineering rationale of 3D printed acetabular cups, summarized the key variables involved in the manufacturing process that influence the properties of the final parts, together with the main limitations of this technology, and created a classification according to end-use application to help explain the controversial and topical issues. Whilst early clinical outcomes related to 3D printed cups have been promising, in-depth robust investigations are needed, partly because regulatory approval systems have not fully adapted to the change in technology. Analysis of both pristine and retrieved cups, together with long-term clinical outcomes, will help the transition to 3D printing to be managed safely.
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1. Introduction


Three-dimensional (3D) printing, also known as ‘Additive Manufacturing’ (AM), of titanium orthopaedic implants has revolutionized the treatment of massive bone defects in the pelvis due to their ability to be customized with complex shapes, size and surface geometries; this is more complicated to achieve with conventional manufacturing (i.e., non-3D printing) methods, such as drop forging and machining, which are commonly used to produce orthopaedic implants. The greatest impact of 3D printing of orthopaedic implants is, however, still to come: the mass production of millions of off-the-shelf (non-personalized) implants.



Every year, over 600,000 total hip arthroplasty (THA) procedures are performed in Europe and 1.4 million worldwide; these numbers are expected to grow significantly by 2030 [1,2,3]. The main clinical rationale for the use of 3D printed off-the-shelf implants is achieving a successful long-term fixation with bone to restore biomechanical function of the joint.



The process of 3D printing has many adjustable variables which, taken together with the possible variation in designs that can be printed, has created even more variables in the final product that must be understood if we are to predict the safety and performance of 3D printed implants [4,5,6,7]. The regulatory approval systems have not yet completely caught up with the change in technology [8]; surgeons prefer to use implants that have been followed up for several years and have been highly rated by systems such as the Orthopaedic Data Evaluation Panel (ODEP, UK) [9]. Orthopaedics has already shown cases of unpredictable outcomes with design solutions that were thought to be revolutionary, such as metal-on-metal hip replacements [10,11].



This review aims to describe the role of 3D printing of orthopaedic implants, focusing on acetabular components used in THA. To achieve this, we (1) explain the rationale for 3D printed acetabular cups, (2) describe the variables and the limitations involved in the 3D printing manufacture, and (3) suggest a classification for these cups, presenting also the investigation methods and the clinical outcomes of 3D printed cups.




2. Rationale for 3D Printing in Orthopaedics


Although the majority of THA procedures are still performed using conventionally manufactured cups, acetabular components produced using 3D printing technologies are being increasingly used for primary and revision hip surgeries. There are advantages and disadvantages of each production techniques (Table 1). In terms of manufacturing, 3D printing enables complex porous structures with specifically designed pores shapes to be produced, unlike conventional technologies, where the control over the final architecture of the porous backside coating is limited. Furthermore, customization of implants can be achieved more easily using 3D printing. In terms of clinical outcomes and investigation of the implants, the conventional cups have a long-track record, with long-term clinical results, unlike 3D printed; however, aseptic loosening (i.e., loss of fixation without infection) is still one of the most common reasons for revision [12]. Independent investigations of full-post production 3D printed acetabular components are currently missing.



2.1. Clinical Rationale for 3D Printed Cups


Customized implants



The clinical unmet need addressed by customized 3D printed titanium acetabular implants was the poor outcome resulting from the use of conventionally manufactured triflange implants, jumbo cup, cages and augments to reconstruct massive acetabular defects [14,15,16,17,18]. These defects most commonly occur following previous failed implants. Conventionally manufactured implants failed due to poor fixation to the bone as a result of the complex shape of the defect and low surface area of host bone with good blood supply. 3D printed implants have overcome both of these problems (Figure 1a).



Off-the-shelf



One of the commonest reasons for the failure of orthopaedic implants is loosening from the bone [19]. Several factors are responsible for this including poor bone quality, the presence of metabolic bone diseases, pathological bone anatomy or conditions due to previous surgeries [20,21]. 3D printing creates implants with highly porous structures for enhanced fixation, matching bone characteristics such as pore size, coefficient of friction and modulus of elasticity to avoid stress shielding. Porosity and properties similar to cancellous bone may enable bone-implant interactions that lead to primary stability, bone ingrowth and osseointegration [22].



3D printed, off-the-shelf implants can also be designed to optimize hip joint biomechanics and cup size. Surgeons try to use the 36 mm heads for greater stability [23,24], but this is difficult to achieve with conventional implants in a size suitable for most women unless they can be made with thinner walls. 3D printing can achieve this, allowing surgeons to use large femoral head size options (e.g., 36 mm diameter) with smaller acetabular cups (e.g., 48 mm diameter). It is not clear, however, what impact this design modification may have on the mechanical properties of the cup (Figure 1b).




2.2. Engineering Rationale for 3D Printed Cups


The ISO/ASTM 52900 standard defines 3D printing as ‘the process of joining materials to make parts from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing and formative manufacturing methodologies’ [25]. From an engineering perspective, the greatest advantage of 3D printing, when compared to conventional techniques, is the design freedom enabled during the Computer Aided Design (CAD) process. Unlike conventional methods, tools such as molds are not needed, reducing the cost of the final part; therefore, increased complexity in the structure of the 3D printed object does not involve higher costs.



To date, 3D printing involves a lower cost-per-part than conventional manufacturing when the number of parts is below a certain threshold, but with the increased adoption of this manufacturing technique, this threshold will grow [6]. It has also been estimated that the consumption of raw materials may be reduced up to 75% [26]. Acetabular cups with complex architecture and controlled mesostructure (structure associated with pores and porosity) can be designed and made, integrating porous and dense regions.





3. 3D Printing Manufacturing Process, Limitations and Risks


Both conventional and 3D printing technology use Titanium-6-Aluminum-4-Vanadium (Ti6Al4V) alloy, due to its biocompatibility, mechanical strength and corrosion resistance [27,28]. Guidelines regarding the properties of Ti6Al4V as a material for surgical implants are defined by both the International Organization for Standardization (ISO) and the American Society for Testing and Material (ASTM) standards [29,30,31]. However, we must be aware of the limitations and risks of defects that are unique to the 3D printing process, together with the potential impacts of these when present in orthopaedic implants.



3.1. Manufacturing Process


Conventional manufacturing technologies start production of the implant from a dense block that is machined into the shape of an acetabular component, using techniques such as computer numerical controlled (CNC) machining of wrought or cast bars, powder metallurgy, drop forging and casting [27,32]. The component is then finished using wet or coarse blasting on the external surface to obtain roughened areas, and post-processing the internal surface to obtain the required dimensional tolerances and minimal friction for an optimal seating of the liner [27]. The backside coating is applied at a later step using different methods such as solid state processing (powder metallurgy, sintering of powders and fibres), vapour deposition or plasma spray [22,33,34,35].



The 3D printing, or additive manufacturing, methods used to manufacture acetabular cups are classified as Powder Bed Fusion (PBF) technologies, where an energy source (laser or electron beam) selectively melts specific regions of a powder bed. Two different processes fall under the PBF category: selective laser melting (SLM) [36,37] and electron beam melting (EBM) [7,38,39,40,41]. In the pastdecade 3D printing has evolved, leading in 2007 to the first acetabular component produced using EBM to obtain the CE-certification (Figure 2) [42]. To date, several companies have commercialized machines with laser powder-bed hardware (EOS GmbH, Kraillin, Germany; SLM Solutions, Lübeck, Germany; Concept Laser, GE Additive, Lichtenfels, Germany; Renishaw, Wotton-under-Edge, UK; 3D Systems, Rock Hill, SC, USA) and one company (Arcam, GE Additive, Mölndal, Sweden) with electron beam as the energy source [6,43,44].



These 3D printing processes are guided by CAD files containing the model of the part to manufacture. With the layer-over-layer process, once a layer of powder has been selectively melt, the build platform is lowered, new powder is deposited and raked, and the process is repeated until the object is built [45]. Adherence of the current layer to the rest of the part is achieved by re-melting of previous layers. The whole implant (dense and porous parts) is produces in a single step, although post-processing such as powder removal, heat treatment or post-machining are required [4,6,37,43,44]. It has been estimated that more than 130 variables are involved in PBF [46,47]; a schematic summary of some of these variables is presented in Figure 3.



The feedstock quality is the first ‘macro-variable’ to determine the properties of the final implant. Powder characteristics, such as size, shape, chemical composition and surface morphology depend on the powder production technique (gas atomization, rotary atomization, plasma rotating electrode process, plasma atomization); these influence properties like flowability (how well a powder flows), apparent density (how well a powder packs) and thermal conductivity of the whole powder bed [43,44]. Smaller powder particles are used in SLM, compared to EBM, leading to a smoother surface finish due to decrease of the size of satellites formed during melting and reduction of layer thickness; this has an effect on the overall roughness, which is higher in EBM-manufactured components [44]. Moreover, powder chemical composition must be within the alloy specifications, especially when the material is recycled and the possibility of contamination with oxygen or other gases is present. It has been demonstrated that oxygen content can increase up to 0.19% in weight over 21 reuse cycles [48], implying that powder can be reused, but titanium and its alloys are known to oxidize and suffer embrittlement when the oxygen content increases [49].



The second ‘macro-variable’ is defined by the software system; the CAD model represents the ideal final shape of the part to build, but it has to be converted into a surface tessellation format (STL) and sliced into layers in order to generate the manufacturing information for each cross-section. The conversion CAD-to-STL may represent a source of error with loss of resolution because the STL format simplifies the component geometry into a set of triangular facets connected at the vertices [4,47,50]. Moreover, the spatial position and the orientation of the components in the build chamber may influence the geometrical accuracy of the part, because different temperature gradients can result in the powder bed [51].



The third ‘macro-variable’ is represented by the hardware of the machine. SLM works using a laser source, a system of lenses and a galvanometer (scanning mirror) to position the beam; the laser heats and melts the powder when photons are absorbed by the powder particles (Figure 4a). EBM uses a filament (usually made of tungsten) as source of electrons, a magnetic coil to collimate and deflect the beam spatially and a column for the electron beam, resembling a high-power scanning electron microscopy (SEM) (Figure 4b). In this case, the powder is heated by the transfer of kinetic energy from incoming electrons, generating also increasingly negative charge on the powder bed. In order to reduce this, the EBM energy is more diffuse (i.e., larger heat-affected powder zone) and helium gas is injected during melting to dissipate the charge; this leads to a larger minimum feature size that can be produced and to the use of larger powder particle size [34,43,44,45]. In general, the small feature size that both SLM and EBM can manufacture allows to print the meshes or foam structures that are present in orthopaedic implants such as acetabular cups [52].



Other variables to be considered in the 3D printing processes can be summarized as follows: scan speed, which is higher in EBM because magnetically driven, while in SLM depends on the galvanometer inertia; layer thickness, which determines how much powder is distributed to the melt surface and is greater in EBM because of larger powder particles size and beam focusing; powder deposition, which is delivered by a powder hopper and a metal rake in EBM and by variable feeding systems (hopper or dispersing piston) and re-coating systems (soft blades or roller) in SLM; build chamber atmosphere, which is filled with inert gas (argon or nitrogen) to avoid oxidation in SLM and is under vacuum (<5 × 10−4 Pa) to generate the electrons and prevent any contamination in EBM [43,44].



A fundamental step of the building process is the cooling phase, which determines both microstructural and mechanical properties of the 3D printed part. This process is influenced by parameters such as scan strategy (path followed by the heating source) and temperature of the powder bed. The higher energy input of the electron beam heats the surrounding loose powder, generating a higher temperature in the chamber (400–1000 °C), compared to SLM (100–200 °C), where heaters are used to avoid temperature drops on the build platform. Therefore, the thermal cycling experienced by the metal (simultaneous melting of the top powder, re-melting of underlying layers and cooling) is different between the two PBF techniques, resulting in different microstructure (grain size and orientation, phase distribution). Laser-built components experience the presence of residual stresses which must be relieved [4,43,44]. A summary of the differences between SLM and EBM is presented in Table 2.



At the end of the building process, the part is considered “as-fabricated” and requires post-processing steps. Excess powder and support structures must be removed; thermal treatment can be applied to reduce residual stresses in the structure and enhance the overall mechanical properties. Machining can also be used to modify the surface finish, influencing the actual part tolerance, minimum feature size and surface roughness of the end-use component. As example, surface roughness is influenced by the layering effect (‘stair-step effect’), by the actual roughness of the powder particles (finer powder means smaller satellites formation) and by post-processing steps. Similarly, the geometrical accuracy depends on the setup of the machine and post-processing treatments [43,44]; it has been suggested that EBM tolerance capability is about ±250/300 µm [53,54].



The mechanical properties of the final part depend on the microstructure that is formed during the building process, which in turn depends on the parameters of the technology [45].



At room temperature, the Ti6Al4V alloy is made of α- and β-phases; after being processed using EBM or SLM, different microstructures are generated [43]. The low cooling rate experienced during EBM enables the β-phase formed during the process to transform back to α-phase, whilst the high cooling rate of SLM generates martensitic α’-phase. This is usually removed using post-processing heat treatments. Overall, the thermal history (melting and cooling), the quality of the feedstock, the potential presence of structural defects, the component size, the energy source density and the scanning strategy are the main factors affecting the final mechanical properties [55,56,57]. The layer-over-layer building process also creates anisotropy in the build direction (i.e., Z-direction).



If the 3D printed part also includes porous structures, as with acetabular cups, the mechanical properties of the whole component will differ and depend on the behaviour of this region, as demonstrated by Murr et al. [13]




3.2. Limitations and Potential Risks of 3D Printing


Dimensional accuracy, optimal surface roughness and minimization of residual stresses in the material structure are key aspects of 3D printed parts for critical applications like medical implants. These can be achieved choosing the most adequate powder feedstock, correctly designing the final object and selecting the best machine parameters. However, 3D printing shows limitations that leads to the presence of defects in the built part.



One of the most common limitation is represented by the presence of voids or pores in the structure of the final part, which can affect its mechanical properties [45]. These defects can be due to the properties of the powder feedstock or to suboptimal building conditions. Spherical gas pores entrapped in the powder particles can be transferred to the final object if the powder is not completely melted; similarly, gasses of the build chamber can be entrapped in the melt pool during the process, resulting in spherical voids [61]. Another source of defects is the so-called ‘keyhole melting’ mode, where the depth of the melt pool is controlled by the evaporation of the metal due to the high-power energy source. If the vapor cavity collapses, then almost spherical voids are left behind [62]. Voids with elongated shapes can also be generated if a lack of fusion between subsequent layers occurs (lack of fusion defects) [63].



Another common limitation is given by the presence of solid powder particles partially attached to the surface of the built part (Figure 5); if the energy source is too low, then the powder is not completely molten, whilst if it is too high, the molten pool can form small ‘islands’ that generate particles (‘balling phenomenon’) [45].



Cracking and delamination are other possible defects exhibited by 3D printed parts; these can occur due to solidification shrinkage (thermal contraction) of the structure, which subsequently generates tensile stresses that form cracks at the grain boundaries if the strength of the material is exceeded. When the residual stresses overcome the strength of the metal at the interface of subsequent layers, then a delamination phenomenon of these consecutive layers can occur [45]. When the temperature of the melting material is too elevated, a phenomenon of loss of alloying elements can also occur. This depends on the metal alloy and can cause modification in the alloy composition [64].



At the end of the manufacturing process, the as-fabricated part needs to be cleaned from the residual unmolten powder [43]. The complex porous structures that can be produced with 3D printing have made this cleaning process challenging [35,65,66].



Although all these limitations and the presence of defects have been widely reported in 3D printed parts, few studies have addressed this for medical implants. In a comprehensive review on additive manufacturing of medical instruments, Culmone et al. [66] highlighted how the presence of debris in the final component is still a technical issue that needs to be addressed. Another study by du Plessis et al. [67] identified pores in the material structure of a nasal cavity implant made of Ti6Al4V produced using SLM; these pores were in the range 10–60 µm, according to the region analyzed. In general, an issue found with 3D printed device related to surgery, such as anatomic models and surgical guides, is the non-satisfactory accuracy of the final components compared to the initial model [68].



It cannot be excluded that some of these defects are present in 3D printed acetabular cups, although no studies have reported this. It can be speculated that if some defects were to be found, then, there might be implications for the implant’s properties and performance. As an example, the presence of unmolten particles on the surface of the cups might lead to the release of titanium.



To date, 3D printed implants have received both the Food & Drug Administration (FDA) and CE marking approval. In the United Kingdom, three 3D printed acetabular cup designs are currently going through the Beyond Compliance initiative, which monitors new or modified implants placed on the market. The substantial equivalence to other legally marketed devices, regarding safety and effectiveness, is still applied as a principle to clear implants, including 3D printed cups. These components are treated as conventionally manufactured implants, since the intended use (i.e., acetabular component for THA) is the same [69].





4. Classification and Analysis of 3D Printed Acetabular Cups


Over fifteen 3D printed acetabular cup designs are currently commercially available (Table 3); this number has grown constantly since 2007, when the first cups were released (Figure 6). It has been estimated that more than 60,000 acetabular cups produced using EBM have been used worldwide by 2017 and this number is expected to grow [39].



According to their end-use application, the cups can be classified as ‘custom’ or ‘off-the-shelf’. Considering the design of the porous structure present on the cups, another classification for 3D printed acetabular components can be suggested.



4.1. Acetabular Cup Classification: Porous Structure Design


Regardless of the end-use application, another classification may take into account the different porous architectures that each company have developed. The overall aim is to obtain an open-pore (cellular or lattice) structure that can promote bone ingrowth and prevent a later-stage loosening of the implant, avoiding micromotion over 150 µm [82]. Moreover, the porous structure can reduce the risk of stress shielding due to stiffness mismatch between the metallic implant and bone, providing a lower modulus of elasticity [13,83,84]. Similarly to implants with conventionally manufactured porous coatings, the fixation efficacy of 3D printed components strongly depends on the geometric characteristic of the porous structure [33]. A compromise in maintaining the mechanical strength while providing adequate pore size leads to different porous architectures. The majority of the specifications are proprietary but the possible methods to define the 3D porous structures are well established [34,47,85]. Regular (repeated unit cells) or irregular (stochastic, random) structures can be designed and manufactured, theoretically producing any kind of porous shape; typical design strategy for periodic regular networks include the use of CAD tools (libraries of unit cells), image-based structure taken from computed tomography (CT) or magnetic resonance imaging (MRI) data or implicit surfaces solutions, where a single mathematical equation defines the pore shape [34,85]. These solutions are usually based on a trial-and-error approach, which is why the so-called ‘topology optimization’ have been applied in order to create structures with desired properties satisfying prescribed constraints. These techniques have been thoroughly described elsewhere [34]. In general, the quality and the real dimensions of the mesh may vary significantly depending on design and fabrication process.



An example of a unit cell-based highly porous trabecular structure is represented by Trabecular Titanium (TT; Lima Corporate, Udine, Italy): a hexagon-shaped structure developed on three planes which mimics a diamond crystal (Figure 7a) [53,54,86,87]. Differently, a stochastic architecture is represented by Tritanium (Stryker, Mahwah, NJ, USA), which is a random interconnected structure with irregular pore size and shape (Figure 7b). An example of porous structure derived from human CT data is represented by OsseoTi (Zimmer Biomet, Warsaw, IN, USA).




4.2. Acetabular Cup Analysis


The number of investigations of 3D printed acetabular designs is limited. A summary of the analysis methods used for these cups is reported in Table 4.



Other investigations tools have been suggested to assess the properties of 3D printed samples, such as electron microscopy, mechanical testing and histology. However, these methods have been applied to cylindrical or cubic specimens to test the properties of the structure, evaluate bone ingrowth and the interaction with bone cells [13,32,40,52,53,92,93,94].



Non-clinical tests, defined as ‘performance tests’ in the FDA 510(k) reports, have been performed on 3D printed cups in order to determine the substantial equivalence to conventionally manufactured implants and obtain the certification. Shear testing, both static and fatigue, as well as tensile testing, deformation testing, locking mechanism strength, range of motion testing, dynamic compression, fatigue testing, push-out, lever-out and torque-out testing have been carried out based on standards [95,96,97]. However, the outcomes of such tests are not publicly available.



To date, a small number of clinical studies about 3D printed cups have been published for both off-the-shelf [73,98,99,100,101,102] and custom implants [21,78,103,104,105,106,107,108].



A registry study by Castagnini et al. [73] compared the survival rate and reason for revision of a specific 3D printed off-the-shelf design (Fixa Ti-Por; Adler Ortho, Milan, Italy) with all the other cementless cups used from July 2007 and December 2015 reported in the Registry of Prosthetics Orthopaedic Implants (RIPO). The AM socket was implanted in 9,864 cases out of 36,787, with similar patients mean age at the time of surgery (68 vs. 69 years). Significantly higher survival rate (98.7% vs. 97.9%) and lower incidence of aseptic loosening were reported for the 3D printed socket. Steno et al. [98] reported on the early outcomes (mean follow-up period of 38.14 months) of three AM designs (Delta TT, Delta ONE TT, Delta Revision TT; Lima Corporate, Udine, Italy) used in 81 revision cases (mean age 68 years) between March 2009 and May 2012. Only one re-revision was performed due to instability of the acetabular component; in general, encouraging results were showed. Perticarini et al. [99] reported good clinical and radiographic mid-term results (mean follow-up period of 72.7 months) of the Delta TT cup (Lima Corporate, Udine, Italy) used in 134 THA and 8 revisions carried out between September 2007 and November 2009 (mean age 57.5 years). At the last follow-up, both improvement of the Harris Hip Score (HHS) [109] and radiographically stable acetabular components (99.3%) were recorded; hip dislocation occurred in two cases, aseptic loosening in one patient. Similar clinical and radiographic outcomes were reported by Gallart et al. [101] regarding the use of Delta TT and Delta Revision TT (Lima Corporate, Udine, Italy) in 67 revision and 5 primary cases performed between January 2009 and July 2014 (mean follow-up 30.5 months). Aseptic loosening (2 cases), infection (3 cases) and dislocation (3 cases) were recorder as reason for re-revision. Massari et al. [100] evaluated the osseointegration of Delta TT cups (Lima Corporate, Udine, Italy) implanted in 91 primary THA between February 2009 and November 2010 in four centres. Periacetabular changes in bone mineral density (BMD) were evaluated using dual-emission X-ray absorptiometry (DEXA) at fixed time points after surgery. An initial decrease in BMD was noted, followed by a progressive increase and stabilization at the last follow-up (24 months), in accordance with previous studies related to cementless acetabular components. Significant improvements in HHS and good radiographic outcomes were also reported, with no revision needed. Short and mid-term (mean follow-up of 58.6 months) clinical and radiographic results of the AM cups Delta One TT and Delta Revision TT (Lima Corporate, Udine, Italy) were also described by De Meo et al. [102]. Among the 154 revision procedures (mean age 69.6 years) performed between December 2008 and August 2015, re-revision was required in 3 cases due to dislocation. In general, more consistent conclusion about the performance of 3D printed off-the-shelf implants may be reached with long-term clinical follow-up, which are still unpublished.



Clinical outcomes related to custom-based components mainly concerned the aMace® acetabular revision system (Materialise, Leuven, Belgium). Colen et al. [103] reported of the successful application in the short-term of this custom design used in six patients with severe acetabular defects (mean age 69.2 years). Similarly, Citak et al. [21] and Baauw et al. [105] described the clinical outcomes of the aMace® solution in nine and twelve patients, respectively. Encouraging results were showed, although in the first study one case needed a further operation due to implant failure at 13 months. The complexity of the patient condition must be taken into account, considering that the average number of revisions that patients underwent before being implanted with the custom components were reported to be five and two, respectively. Baauw et al. [104] reported also of the difficulty to achieve a correct position of the patient-specific implant comparing pre-surgery plan and post-surgery clinical outcome with CT scans; seven out of sixteen cases showed malposition in at least one of inclination, anteversion, rotation or position of the centre of rotation. Other good clinical results on the use of this implant were reported by Wong et al. [78] and Goriainov et al. [106], with one and eleven patients, respectively. The challenges in planning and implementation of the operation were highlighted, but satisfactory outcomes were reached in treating patients with disability or severe bone loss. Myncke et al. [107] reported about the experiences in using the aMace® technology in Belgium between September 2009 and November 2014. The overall results suggested that 3D printed custom implant can represent an acceptable solution for complex acetabular revisions, despite the cumbersome and time-consuming planning procedure. A high rate of complications (36%, 8/22 cases) were also reported, concerning mainly dislocations; this was attributed to the poor quality of the soft tissue in multioperated patients. Lastly, Angelini et al. [108] reported satisfactory early clinical outcomes (mean follow-up 13.7 months) using both Promade and C-Fit 3D® in six patients with severe acetabular defects. In general, likewise off-the-shelf implants, only clinical outcomes in the short-term have been reported for custom-based components. Moreover, considering the high costs, these implants have been used in a limited number of cases where the acetabular defects could not be corrected with any other solution. Longer follow-ups and bigger numbers are required to better understand the performance of AM patient-specific implants.





5. Conclusions


In this review of 3D printed acetabular implants, we compared and contrasted 3D printing with conventional manufacturing. We defined the clinical and engineering rationale of 3D printed acetabular cups, summarized the key variables involved in the manufacturing process, and created a classification of the applications. Whilst early clinical outcomes related to 3D printed cups have been promising, in-depth robust investigations are needed.



3D printing has already revolutionized the way customized orthopaedic implants are produced and the same may happen for off-the-shelf implants. Complex porous structures to achieve enhanced fixation with bone and the printing of personalized shapes are the two main advantages of 3D printing over conventional manufacture for customized implants. Enhanced porous structures and design flexibility is the main rationale for the use of off-the-shelf implants.



However, the importance of standardization of all the steps involved in the production process before implantation in the human body is clear. Both the International Organization for Standardization (ISO) and the American Society for Testing and Material (ASTM) have released guidelines related to terminology, design, process, materials and test methods [25,31,110], but significant gaps remain with respect to the interplay of various parameters in the properties of the final part and how to investigate the potential presence of defects.



In-depth analysis of the properties of these implants is highly suggested in order to avoid unexpected wide-scale failures as occurred with metal-on-metal implants [10,11]. A better understanding of the link between the microstructure, processing and properties of 3D printed components is necessary, considering the complex thermal cycles and the distinctive layer-over-layer building experienced with this technology, which are issues uniquely associated with the use of 3D printer technology [6].



Although it is still unclear if this new manufacturing technology is completely suitable for orthopaedic implants, further analysis of both pristine and retrieved components, together with long-term clinical outcomes and surveillance of new implants placed on the market, will help the transition to 3D printing to be managed safely.
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Figure 1. Images showing backside and internal surface of (a) custom and (b) off-the-shelf 3D printed implants. Post-operative X-ray images are also shown. 
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Figure 2. Timeline chart of the evolution of 3D printing in orthopaedics (EBM, electron beam melting; SLM, selective laser melting). 
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Figure 3. Flowchart of the powder bed fusion process showing the main variables involved. The output properties of the final part are determined by feedstock quality (metal powder), software and hardware specifics, and post-processing. 
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Figure 4. Schematic representations of the two-powder bed fusion machines used to manufacture orthopaedic implants: (a) selective laser melting (SLM) and (b) electron beam melting (EBM). The two technologies use the same powder-bed principle for layer-by-layer selective melting, but hardware and process differences are present. 
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Figure 5. Scanning electron image (×150) taken at our laboratory showing a 3D printed part with presence of partially molten powder particles attached to the surface of the object. The part was manufactured using electron beam melting. 






Figure 5. Scanning electron image (×150) taken at our laboratory showing a 3D printed part with presence of partially molten powder particles attached to the surface of the object. The part was manufactured using electron beam melting.



[image: Metals 09 00729 g005]







[image: Metals 09 00729 g006 550]





Figure 6. Graph showing the number of acetabular cup designs produced using 3D printing placed on the market in the past decade. In 2007 there were six available designs, in 2019 the number has reached seventeen, data from [70,71,72,73,74,75,76,77,78,79,80,81]. 
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Figure 7. Scanning electron microscopy images taken at our laboratory showing two examples of 3D printed porous structures: (a) regular shaped architecture (Trabecular Titanium, TT; Lima Corporate, Udine, Italy) and (b) irregular shaped architecture (Tritanium; Stryker, Mahwah, NJ, USA). The first one is produced using EBM, the second one SLM. 
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Table 1. Summary of advantages and disadvantages of 3D printing and conventional manufacturing for acetabular components in hip arthroplasty [6,7,12,13].
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	Factor
	3D Printing
	Conventional Manufacturing





	Advantages
	
	
Complex and easily adjusted porous structure for enhanced fixation



	
Cup size optimization



	
Easily customized/personalized





	
	
Widespread clinical use



	
Long-term clinical outcomes








	Disadvantages
	
	
Potential risks and clinical impact poorly understood



	
Absence of implants investigations



	
Few reported clinical outcomes





	
	
Poor fixation still an issue in THA



	
Limited design freedom



	
Customization limited
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Table 2. Main parameters of the main parameters of selective laser melting (SLM) and electron beam melting (EBM) [37,42,43,44,58,59,60].
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	Features
	SLM
	EBM





	Heat source
	Laser beam (up to 1 kW)
	Electron beam (60 kW)



	Scan speed
	Limited by galvanometer inertia
	Fast, magnetically driven



	Powder size
	10–45 µm
	45–106 µm



	Minimum beam size
	50 mm
	140 mm



	Beam/melt pool dimension
	0.5–1.5 µm
	2–3 µm



	Layer thickness
	20–100 µm
	50–200 µm



	Chamber atmosphere
	Argon or nitrogen
	Vacuum (+helium)



	Environment temperature
	Build platform at 100–200 °C
	Chamber at 400–1000 °C



	Powder pre-heating
	Using infrared or resistive heaters
	Using electron beam



	Surface finish
	Excellent to moderate (~20 µm)
	Moderate to poor (~35 µm)



	Residual stresses
	Yes
	No
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Table 3. 3D printed acetabular cup designs currently on the market (custom designs are specified) [65,70,71,72,73,74,75,76,77,78,79,80].
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Company

	
Cup Brand

	
Porous Structure

	
Properties:

Porosity; Pore Size






	
Adler Ortho

(Milan, IT)

	
Agilis Ti-Por®

	
Tri-Por™Cup

	
65%; 700 µm




	
Custom




	
Fixa Ti-Por®




	
Omnia Ti-Por®




	
PolyMax Ti-Por®




	
Corin

(Cirencester, UK)

	
Trinity™ Plus

	
Porous Layer Unique Structure (PLUS)

	
50–90%; 300–900 µm




	
Implantcast

(Buxtehude, DE)

	
C-Fit 3D® (custom)

	
EPORE®

	
60%; 100–500 µm




	
EcoFit®




	
Lima Corporate

(Udine, IT)

	
Delta TT

	
Trabecular Titanium (TT)

	
65%; 640 µm




	
Delta ONE TT




	
Delta Revision TT




	
Promade (custom)




	
Materialise

(Leuven, BE)

	
aMace® (custom)

	
aMace®

	
70%; 720 µm




	
Medacta

(Castel San Pietro, CH)

	
Mpact®

	
3D Metal™

	
~75%; 600–800 µm




	
Smith&Nephew

(Memphis, USA)

	
Redapt

	
Conceloc Advanced Porous Titanium

	
~67%; 202–934µm




	
Stryker

(Mahwah, USA)

	
Trident® II

	
Tritanium® AMagine™

	
55–65%;

100–700 µm




	
Zimmer Biomet

(Warsaw, USA)

	
G7

	
OsseoTi™

	
~70%; 475 µm
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Table 4. Summary of the investigation performed on 3D printed acetabular cups.
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	Authors
	Acetabular Cup
	Investigation
	Findings





	Davignon et al. [88]
	Trident II Tritanium
	Comparative analysis with conventional cup of seating and initial stability in bench test with foam blocks
	3D printed cup showed significantly higher yield moment (i.e., failure of fixation) and lower seating



	Kourra et al. [89]
	Prototype cup produced using EBM Arcam machine
	Porous structure analysis using micro-computed tomography (micro-CT)
	Micro-CT can accurately provide qualitative and quantitative data on porous structure of 3D printed cups



	Jahnke et al. [90]
	Ecofit EPORE
	Comparative analysis with two conventional cups of primary stability and relative micromotion in simulator test with foam blocks
	3D printed cup showed similar micromotion to conventional cups, within an acceptable clinical range



	Le Cann et al. [91]
	Unspecified cup by Alder Ortho
	Surface roughness influence on primary stability in bench test with foam block and animal bone
	Macro-roughness is good for osseointegration but has negative effects on primary stability if present in the equatorial region of the cup
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