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Abstract
Additive Manufacturing is widely utilised in an array of sectors (e.g. Automotive, Aviation) within the manufacturing industry, however his report focuses on the fundamental principles of Additive Manufacturing (3D printing) and its impact on my current industry sector (Medical Device).   
With a combination of knowledge and understanding gained from the review of the latest research and objective data published by subject matter experts, I will aim to demonstrate a solid understanding and awareness of explore the fundamental scientific principles of Additive Manufacturing, analyse the manufacturing process, its environmental & safety implications and evaluate its future impact on the medical device industry.
I’ll focus on the origins of its use within the industry, and as the technology has advanced, its uses today and the impact it will have on future industry (Industry 4.0) and environmental requirements.  
Zimmer Biomet use Additive Manufacturing in the production of varied families of orthopaedic implants including knee, spine, dental, shoulder and ankle extremity, however the focus of this report will be for orthopedic hip implant, specifically G7 OsseoTi® Acetabular shell as this is the product family that is produced at the Bridgend site. 
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Originally, from the perspective of my employer Zimmer Biomet, the use of Additive Manufacuring within the business was limited to the production of prototype samples during the Product Development and Design stage of new product introduction where the utilisation of the 3D printing process (Culmone, Henselmans, van Starkenburg, & Breedveld, 2020), partnered with a 3D CAD package, was a cheaper and quicker option to produce prototypes with a Thermoplastic polymer before running full production development parts.    
However, with an ever increasing focus on Quality, cost saving and waste reduction, manufacturers have increased their use of Additive Manufacturing in recent years, as the technology has advanced, to meet efficiency and contiuous improvement targets in regular production runs.  During the last decade the usage of the process has been introduced to the manufacture of orthopedic implants for the market, as the technology has driven advancements in process capability, operation runtimes, tighter dimensional tolerances and development of complex trabecula structures (see figure 1) that mimic the cancellous meshlike feature found in the porous framework of human bone (see figure 2) has progressed. (Zimmer Biomet Orthopedic Inc, 2017)
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[bookmark: _Toc43677059]Figure 2. Porous structure of human cancellous bone
This structure accelerates the adhesion of human tissue to the orthopedic implant by promoting cell migration, vascularisation and subsequent tissue integration or “ingrowth” between metal and bone (Gautam Gupta, August 2012).  These benefits are critical to the patient who can experience increased recovery times and reduced implant rejection rates due to these characteristics (Mahmoud & Elbestawi, 2019).
As a measure to mitigate business continuity and maximise supply capacity, we outsource production of G7 OsseoTi® Acetabular shell to a third party manufacturer (Lincotek Trento SPA, 2019) in addition to our in-house manufacture. 
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Over the last three decades, Additive Manufacturing has made significant technological leaps which has taken it from a niche technology used by hobbyists for small scale projects often using open sourced designs, to R&D teams utilising 3D printers paired with CAD software to create produce low cost/accurate prototypes.  This became a viable option as processing costs (initial outlay of equipment/media and operating), process speeds and capability/accuracy reduced & increased respectively. 
Since 2009, the medical device industry (Royal Academy of Engineering, 2013), and Zimmer Biomet in particular, has started to embrace the benefits of producing medical implants with the UK site, specifically sourcing its G7 OsseoTi® Acetabular shell primarily via a third party manufacturer (Lincotek Trento SPA, 2019) and, at a reduced capacity, from our in-house at our Warsaw (US) site.  In comparision, the G7 range of acetabular hip shells also include a PPS (pourous coated) range of shells produced by conventional  standardised machining methods from both casting or raw material barstock (see figure 3).  These both require significant processing, to produced required dimensions, however in the case of the PPS shell the surface finish on outside diameter is applied post machining operation by the addition of the time comsuming and expensive operation, where complexity of control and the high rate of scrap being a significant issue (Sher, 2020). 
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In comparision, with the capability of the Additive Manufacturing process being able to produce the accurate and complex lattice structure that is required for the G7 OsseoTi surface finish provides an aopportunity to save on additional processing and production leadtimes from receipt of raw material to finished product.
In addition to the 3D laser printing systems, the OsseoTi process (at both Lincotek Trento SPA and Zimmer Biomet Warsaw sites) also involves the use of other equipment in a sequence of operation for producing the G7 Acetabular shell blanks with the porous surfaces from titanium alloy (Ti6Al4V) powders.  The G7 OsseoTi process is based on Selective Laser Melting (SLM) technology of Additive Manufacturing methods (Farinia Group) (Goodridge & Babu, 2015)which utilizes a high-power laser beam to selectively melt and locally fuse loose the titanium alloy metal powder as the laser scans across a bed of powder which is deposited onto a build platform, or basplate, to obtain the desired thre dimensional part.  After every cycle of the high power laser, the powder bed is lowered a short distance and a new layer of fine powder is deposited onto the build.
In the case of the G7 Acetabular shell constructs are printed layer by layer to create a fully-integrated component comprised of a solid hemispherical region for the substrate along with a porous lattice structure on the substrate surface which are printed simultaneously to create a single integrated part.  
The output of the OsseoTi process is a medical device with a porous outer structure with predetermined requirements of pore size, porosity, thickness and strength that supports bone attachment and a solid substrate with the desired mechanical properties which provides the structural strength for the device.
However, this only represents part of the manufacturing process to produce finished G7 OsseoTi Acetabular shells for joint replacement application. The OsseoTi process at Lincotek results in semi-finished OsseoTi Acetabular shells or shell blanks which are produced in a sequence of operation starting with the Ti6Al4V alloy powders (Shirazi, et al., 2015) as raw materials and employing several manufacturing techniques to create the shell blanks as shown in the process flow (figure 4).
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[bookmark: _Toc43677061]Figure 4.Manufacturing Process Flow

Following the SLM fabrication cycle, the build plate along with the parts attached to the plate are removed from the system and placed inside a sealed cabinet where they are subjected to a blast of inert gas from a nozzle. The purpose of the inert gas jet is to remove any un-melted loose metal powders from the build that are not used in the SLM process. In the blast cabinet, the jet of high-pressure inert gas is aimed manually at the parts on the build plate to dislodge and remove the loose metal powders from the parts.  The powders in each layer that do not interact with the laser beam in the SLM process remain un-melted and are recycled for another build. To ensure consistency in the distribution of powder particles from one build to the next, the powders are sieved in a separate sieving module or station before being charged back into the SLM machine to be used in the next build.  
The build plates and parts from multiple cycles are then transferred to a vacuum furnace where they are subjected to a high temperature heat treatment cycle to relieve any internal stresses generated in the build from the rapid heating and cooling effects from the laser sintering cycle.  
After the heat treatment cycle in the vacuum furnace, the parts are separated from the build plate with the help of a band saw or electrical discharge machining (EDM). The band saw is used to cut through the supports that were used to anchor the parts to the base plate during the build cycle. Following inspection, the separated parts are deemed as the 3D printed OsseoTi G7 blanks. The OsseoTi G7 blanks are further processed (including turning, drilling, thread cutting, anodise, etch, final clean/inspection, sterile pack and gamma sterilisation) to before they can be released finished parts. 
[bookmark: _Toc43683199] Advantages/Disadvantages of Additive Manufacturing vs Machining and porous coat of Hips Acetabular shells

The increased use of Additive Manufacturing for Acetabular Hip shells against the conventional manufacturing processes used to produce standard porous coated shells is driven by the Lean targets that reduce many of the 8 Wastes, however the current status of the technology brings disadvantages which ensures that historic production processes will be the preferred or only viable option for the near future. The folowing must be considered 
[bookmark: _Toc43683200]Advantages
· Waste reductions
· Processing leadtimes from the receipt of raw material to dispatch to customer are reduced due to reduced processing operations. 
· Material scrap reduction due to elimination of material removal required to produce the three dimensional part. (Horizon Technology, 2020)
· Environmental impact.  The reduction of the above wastes will have significant positive impacts to carbon footprint associated with the total process from transport of raw material, (Carlström, 2018) (3DEO, 2018)
· Lower headcount to run the automated process after initial setup. Lincotek are able to setup and moitor 15 EOS printers and supervise remotely during the 20 hour runtime using one operator.
· Bespoke implants/Instrumentation using 3D moodelling techniques.  Reducing the need to bring large instrument kits, which hold the full size range of instruments into the Operation Room.  Both Implant and the required instruments can be printed to suit the specific requirements of the Patient/Customer. 
· Flexibility and resourcing of equipment.  During the COVID-19 crisis, Zimmer Biomet were able to redirect resource to support front line staff by producing personal protection equipment using open sourced designs.
· Development acceleration.  Design changes to the CAD drawing can be quickly re-engineered (Fried, 2019) and development prototypes produced withou the need for increased leadtimes for raw material or standard machining processes. 
· Maximum manufacturing flexibility.  Once the design has been settled on, manufacturing the implantable parts can begin. From custom-made to small-size batches or even mass production, a competitive miscellaneous range of items can be ready in just a few working days by using additive manufacturing technology.
[bookmark: _Toc43683201]Disadvantages
· Costly technology.  These printers are still costly and not readily available. (Vaishya & Vaish, 2019).  With the addition of high cost of specialised raw materials and processing for many manufacturers there is no reason to make the investment if the parts can be produced using traditional machining methods. (Horizon Technology, 2020)
· Not effective to produce large volume production parts.  Additive Manufacturing is still considered to be a niche process and as such the progress of developing the process has some way to go until production run times improve enough to make this a viable option for a greater scope of inductries withing manufacturing. (Horizon Technology, 2020)
[bookmark: _Toc43683202]The future for Additive Manufacturing

· Bio-printing. With the 3D printing of orthopedic implants using metal metal now well established in the industry, bio printing is the next stage in development.  This technology is expected to be the ultimate game changer in the Healthcare inductry.  Benefits would include lower implant rejection rates due to the the implants being produced using the patients own genetic material and bespoke fitment. (Vaishya & Vaish, 2019)
· Real time printing of surgical instruments (Ali Madani, 2018)
· Industry 4.0.  With the expected major paradigm shift in the manufacturing practises of the future, Additive Manufacturing is seen as a key technology which will provide great economic, quality and environmental benefits.  
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[bookmark: _Toc43677062]Figure 5. Schematic of smart factories with general properties required in Industry 4,0
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Although the process being over 3 decades old, Additive Manufacturing is still considered to be in its infancy and has a long way to go until it develops into a viable alternative to current traditional manufacturing process, particularly for large scale part production.  Nevertheless, the process has been embraced within the Medical Device industry for the many advantages it offers and its ability to produce customised high quality products.

In the future, with an increased importance placed on Industry 4.0 and environmental impacts, Manufacturing (smart factories) will depend heavily on developing the process as it will be key to reducing wastes and increasing efficiencies.  

The current version of the Acetabular shell (hip joint) is in transition between production by traditional, heavily laboured, manufacturing processes and sole manufacturing by additive manufacturing methods, however until the required developments to increase production speeds and reduce associated costs  have been addressed the reliance on this process along cannot be relied upon.  

The future for this process is extremely positive and its contribution to medical device manufacture is assured.
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ultimate shear push-out strength. For histological AR
evaluation, the specimens were processed for

undecalcified PMMA embedding. Longitudinal

sections of the specimens were ground and stained

with Sanderson’s rapid bone stain.

RESULTS & DISCUSSION

The Osseoli Porous Metal structure showed
excellent integration with host bone as early as 4
weeks post implantation. This was apparent by a
large amount of tissue attached to the outer surface
of the push-out sample (Figure 2). After 12 weeks,
the implant integration with host bone increased,
as expected, as illustrated by a continuous layer of
bone tissue attached to the outer surface of the
implant (Figure 2). The biomechanical testing
data confirmed the strong integration between
Osseoli Porous Metal and host bone, and showed
that the mechanical stability increased from 4
weeks to 26 weeks (Table 1).

Table 1 >
Biomechanical push-out loads for OsseoTi Porous Metal
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