MSc Advanced Manufacturing (Industry 4.0)



Abstract
This project intends to look at the developments of additive manufacture during the age of industry 4.0. How the pillars of I.4 have enabled and promoted its adoption and where these developments have led. The bespoke Jewellery industry has been an operator for additive manufacture in its lost wax investment casting processes and is now defining it’s place within direct metal printing processes, such as selective laser melting. It will look at the associated software for the computer Aided design and manufacturing operators as well as the new tooling that will be required. What this will mean for current skilled workers in regard to role and quality of life within the industry. The post processing that will be required for the novel designs will be addressed. A study of the Design possibilities and innovations that these manufacturing processes allow and the enablers and the barriers that are in place. Innovations in design were selected and reviewed with a comparison to current methods, such as indirect metal printing and direct metal printing. The skill set gap between operators can be addressed by embedding technology now so that when direct metal printing has been refined, it can be utilised with haste. The technologies surrounding additive manufacture are still being perfected and will need to be so for its realisation.
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Introduction
By 2025 there is a projection that the jewellery industry will be worth just over 244 Billion GBP (Statista, 2021) of which the British jewellery market is responsible for nearly eighty percent (Cooper, 2016). With a public want for mass customisation, and the rise of AI imagineering and algorithmic personalisation, there will be a requirement for the industry to respond with an agile and practical manufacturing system.
The additive manufacture process is achieved via the automated construction of an object via layer-by-layer increments of materials such as precious metals, Waxes and resins. This offers a numerous number of novel options and solutions to the increase in public desire for mass-customisation and personalisation of products (Wujec, T 2017). 
Diamond Centre Wales currently utilises the lost wax casting process for the initial creation of bespoke items. For this to be achieved, wax models are formed to be used as temporary moulds to be burnt out to allow chambers for precious metals to follow during the casting process. Seen as a potential greener option (Ahn, 2016) to this industry standard current practice, Additive manufacture could be seen as a contender for replacing the investment casting process despite its prominence (Pattnaik, Karunakar and Jha, 2012). This would be accomplished by the use of direct metal printing systems that would negate the need for the energy inefficient role of lost wax casting. Additionally manufacturing via the direct metal process has the ability to significantly change the product mileage and supply chain steps, granted more agility to manufactures and eligibility to bring the entire process in house.
Direct metal additive manufacturing processes such as selective laser melting promote the creation complex geometries that would involve lengthy processes using established and traditional approaches (Wang et al., 2019). For example, parts could be built within other parts during builds, or stones being set during the printing process. Unique products would be promoted by this technology. 
For this to be achieved, Novel metal alloys will need to be defined for their specific machines, with a study on the melting points, particle size and homogeneity, and the microstructure porosity and density associated the finished alloy (Yakout et al., 2017).
Industry 4.0s technologies enabling additive manufacturing in the bespoke jewellery industry will be for the betterment of Reclamation of Materials, introduction of further Automation​, Innovative designs and higher yields int the reclamation of Materials, Process time reduction, Environmental Benefit’s​ and Health Benefits for workers such as the operators and Goldsmiths.
This project will triangulate its research with industry (Diamond Centre Wales), academia (literature Review) and primary research.




Diamond Centre Wales
The emphasis of this paper will be from an industry-based focus using Diamond Centre Wales as a case study.
Diamond Centre Wales is based outside of Cardiff in the south of Wales, a manufacture of bespoke jewellery with an emphasis on cocreation, relying on lean and agile methodologies for continuous improvement to its products and services provided.
Originally Diamond Centre Wales focused on the reappropriating of prefabricated catalogue parts aiming for an approximation of what the client would first describe. This could be costly for misunderstanding or simply if the designs were found to be outside the remit of the company after failed builds.
This limited design capability led Diamond Centre Wales into creating a CAD/CAM department, that was able to not only create photorealistic renders of finished pieces to allow for improved communication between the business and the customer, but it also brought in additive manufacture. In the form of wax and resin printers for use in lost wax casting. Allowing the team to create 3D models for printing, these could double up as a viewing model or prototype for the customer if there were queries with the design. It was even possible for the customer to try on the pieces even though they were in wax form and not precious metal.
This also opened the doors to improved designs that were not feasible to create beforehand. It allowed for less wasted material, less time being spend on failed parts and more freedom to operate.
The rapid prototyping originally began with the Roland JWX-10, using a subtractive method to create the models. The photocuring Envisiontec was then utilised alongside a pair of Solidscape machines, that employed a wax deposition system. The current machine is the Projet2500W – able to handle what the previous machines were able to quickly and with a wax that allows finer details than seen in the systems before.
Industry 4.0 technologies have already transformed Diamond Centre Wales, the continued exploration of other aspects that further enable DCW and additive manufacture are always being viewed.




Aims
This paper intends to explore the innovations enabled using additive manufacture against traditional and current design and manufacturing methods in the bespoke jewellery industry.

Objectives
· Perform a literature review.
· Explore innovations allowed by AM.
· One print builds.
· Hollow piece unsuitable for lost wax investment casting.
· Comparison of printed pieces against lost wax investment cast pieces.
· Review prototype builds and their suitability for use preceding precious metal builds.
· Comparison of printed piece raw and polished







Literature Review
[bookmark: _Hlk128424760]The Age of Industry 4.0 is here.

During the first industrial revolution, there were several unprecedented processes that took place. Firstly the changeover to steam and water-powered production methods replaced traditional hand processes. This change facilitated work within factories to those who had previously worked in agricultural roles. New skillsets were introduced to workers with the added benefit that old and young alike were all starting with a new process and skillset. Not only did this change in processes expedite the workforce it also directly impacted the increase of living standards and the overall quality of life. (Lucas, 2004) The life expectancy of infants also increased during this time as well as child labour. Child labour allowed lower wages to be paid by employers which ultimately resulted in child labour laws being introduced into the workforce. Criticism towards the first industrial revolution not only came from the use of child labour but also from the negative effects on the environment, responsible for smoke and air pollution, chemical waste, over use of fossil fuels and the effect it has on the health of the workers. 

The new technologies of electrification, the railroad and telegraph networks were the main advantages of the second industrial revolution. This enabled closer connections between people and businesses that prior to this would have been limited to their immediate geographical location. These new technologies enabled both ease of travel and the distance of travel to increase as well as communication in a way that had never been achieved before. This directly led to the reduction of cost of products, which led to the long depression. (xu, David and Kim, 2018)

The digital revolution saw technologies move from analogue to digital electronics. Facilitated by the creation of transistors and integrated circuits (Taalbi, 2018). The digital has connected personal and business relationships across the globe, enabling trade and connection in an unprecedented way. However negative side effects of the digital revolution focus more on the impact of mental health and wellbeing as well as overall brain function (Hoehe and Thibaut, 2020). Cryptocurrencies have developed and aided decentralisation however it has also led to easier methods for illegal trade (Hodson,2018)

I4 is the product of several technologies, whereas previous industrial revolutions were usually enabled by one primary technology. Yet within each version of an industrial revolution, manufacturing systems have been updated and refined for new iterations and methods to take advantage of the new technologies available and market demands. 
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(Kassim et al., 2017)

The Pillars
The nine core pillars of Industry 4.0 are Additive Manufacture, Augmented Reality, Autonomous Robotics, Big Data Analytics, Cloud Computing, Cyber Security, the internet of things, Simulation and Systems Integration (Vaidya et al. 2018).
Additive Manufacturing
The DCW’s manufacturing processes apply indirect additive manufacturing techniques. Over the last fifteen years of operation, various machines for creating moulds have been used to increase production and reduce production time within the process of manufacture. Starting with the Roland JWX-19 through to the Solidscapes, Evnvsontech and currently the Project 2500w. 
Previous techniques that required work to be done by hand became time consuming and required additional models to be created for new iterations. Utlising AM allows for small batch production runs as well as several iterations which would not have been economically viable within the business with these traditional methods. 
Within the Jewellery industry there is a narrow selection of design choice on a day to day scale, the value of these designs have been in essence lost due their ubiquitousness, a method like additive manufacture will bring value back to this design as new tools will bring designs not feasible in the past on a scale that it able to permeate the industry (Ngo et al., 2018).
The skill of lost wax casting can be seen as an asset to AM. As this allows an incremental step of embed knowledge before costly precious metal printing. A higher recycle rate can be achieved through this new process as the materials can be re-atomised instead of being refined in environmentally damaging processes. 



Augmented Reality
The Ceric created in conjunction with CEMT allows customers to access a stock tray of pre-set designs virtually. However, people’s vision of how an AR app would project virtual jewellery through a phone onto the person did not align with the fiducial markers and presentation that was possible using the developed technology. The feedback dictated that there is a demand for hand tracking, however this technology is not yet available. 

Although the technology was not as revolutionary as some had envisioned, Utilising Ceric along with a big data analytical tool would facilitate real time costs of materials to be present when designing pieces for the end user. Enabling them to make amendments to their designs based on real time costs and design features. 
The existing technology of photorealistic animations and renders the DCW enables sales to be made, however the next steps for virtual and augmented reality from the technology of Ceric would encourage more distance purchasers and more detailed involvement from the clients. 
Business have already seen an increase in sales due to the advent of augmented reality (Tan, Chandukala and Reddy, 2021) with a reduction in limitaitons and side effects of earlier versions of the technology (Paelke, 2014)

During the pandemic and for any means of distance learning The Hololens created by Microsoft could be utilised for training and educational purposes. The JAWS academy could benefit from this technology as the user would have training and support placed onto real-world objects. 
The use of AR would enable customers to view their pieces in situ. For example, a customer using AR for the purchase of a ring would be able to use the technology to have a better indication of how the final piece would look, which would potentially reduce the number of designs required for prototype and if a haptic response device were to be included in this experience, there could even be potential to give a sense of weight to the piece as well. 
A virtual catalogue as well as this AR technology would significantly reduce the requirement for real world stock strays. Allowing materials to be used when needed and reducing the amount of static materials used for prototyping and stock usage that may sit stagnant and unused. This virtual catalogue would also enable a larger pool of customers, due to the new technology customers would no longer need to be geographically available to interact with the companies services. 
Autonomous Robots 
Autonomous Robots used in manufacturing are not yet used within the DCW. The use of autonomous robot usage could be possible through haptic response gloves. If worn by a skilled goldsmith whilst performing tasks that several robotic arms could carry out in synchronisation (Aydin, Sirintuna and Basdogan, 2020) would enable material handling with heavy metal powders to be utilised. 

Combined with artificial intelligence and machine-to-machine learning routine tasks could have learned knowledge and standardised settings to enable specific iterations of the same work. However, employing tools and methods of this technology in this way can pose the question of the traditional hour-for-hour processes and the value of a worker (Chakravarty, 2020)
Industry 4.0s ubiquity with cyber physical systems has boosted the use of autonomous manufacture techniques such as additive manufacture, it options a decentralisation of a manufacturing process, where operators can work primarily work remotely (Herterich, Uebernickel and Brenner, 2015), so operations can be suited to areas of the supply chain that dictate so (Collan, and Michelsen, 2020).
Big Data Analytics
The traditional method used at the DCW poses several problems, risks and large margin of error. Using the current box system with a bespoke database creates opportunities which could easily be solved using tableau-like software to ensure the process is run in a more transparent, streamlined way. Using one system to keep a record of job progress, schedule adherence, material ordering and tracking as well as transparency for every member of the team, this technology could avoid any miscommunication, delay or errors created in the current method for production and order fulfilment. 

As mentioned previously using data sets to accurately record and understand real-time precious metal costings would allow the company to predict trends, add value to the organisation's success and contribute to accurate ordering and manufacturing. As more data sets are available, analytics needs to become more focused and refined to facilitate what is needed (Manko, 2021)


Cloud Computing
The DCW currently uses third-party companies for casting which requires the use of sending designs via the postal service or emailing using cloud-based software. Using cloud-based computing as the standard of the company would reduce product mileage and reduce the time delay between third-party communications and the services they provide.

The DCW also wants to retain these skills outsourced to the third-party castors in-house to ensure that it is possible to complete this part of the process should anything happen to the third-party service provider. Furthermore, certain models and designs need to be created on-site and ensuring this service can take place on-site enables integrity checks such and intricate stone placements. 
The bureau service provides an additional service to other jewellers in industry during empty time on the machines. This provides a product as a service system where the prototyping machines can be used and ulitised for additional services and revenue whilst providing a service to organisations who can not provide this service themselves, usually through cost restrictions or lack of skill from the organisation to provide this service (Charro and Schaefer, 2018) 
Protection of digital assets is both valuable and a priority within this digital age. Allowing digital assets stored on a clod based platform would require a secure way to protect these files such as SAAS. Outside use would be prohibited as access to the organisations cloud would be restricted (Lundqvist. 2019)
Proprietary software such as Keyshot, a rendering package, encourages file sharing through it’s in-prgram library. People across the globe can assess, share and benefit from each others files which builds community and encourages collaboration.  
Cyber Security
Organisational networking through connected machines highlights the concern of cyber security within organisations. Ensuring that the connectivity of machines without delay in the runtime of operations whilst also providing a secure and relevant service has become essential in the working environment. The newer technology and machines are provided with appropriate and inbuilt security software where as older legacy systems do not have the relevant or fit-for-purpose security which has the potential risk of widespread downtime, easy access to organisations' networks and potential threats. (Lee et al. 2017)
DCW partnered with Bangor University to create Seculuxe. A technology using a combination of blockchain and propriety laser engraving to mark jewellery. Providing a peer-reviewed and decentralised ledger structure that allows for complete transparency for a transaction. Seculuxe was created due to the lack of standardisation of the processing and handling of jewellery, with specific reference to stolen items and the lack of traceability to a piece after purchase.  
A rently popular development of blockchain technology is that of non-fungible tokens. As the popularity of the societal understanding of its purpose and application is explored, the intention of turning more to digital assets rather than the traditionally physical has been discussed within the innovation of current business models. An example of this can be seen with artists such as Simone Farouche, who is already taking advantage of this technology to gain an understanding and pre-sell her pieces before manufacturing. This expresses the desire to consider popularity and demand before production however recent talks have also deviated towards it’s negative effects upon the environment too. (Fourchue, 2022) 

The Internet of Things
The internet of things enables predictive maintenance by monitoring and providing real-time continuous data to its operators due to its inherent connectivity. This overcomes the issues of downtime for manufacturing due to traditional and reactive measures where this information was previously lacking or missing. 
Smart factories are achieved through the connection and integration of Big Data and the internet of things. Allowing for conversation between informational and operational technology allows for full automation and interconnectedness across the full manufacturing ecosystem. Resulting in increased productivity by use of this integrated system (Mo, 2009)
Simulation
Digital shadow usage within the workspace allows connectedness between associated designs. An example of this for CAD design would use digital shadows to create a digital wedding ring design to complement and fit to measure a real-world engagement ring. (Brecher et at. 2021)
The higher rate of successful builds can be facilitated through simulation. Allowing factors such as residual stress, heat mapping and appropriate support structures reduces wasted hours for the system as well as wastage of metal and the associated costs. (Song et al. 2020) 

When creating pieces via CAD software, manufacturing processes are utilised. Digital models can then be used to create photorealistic renders, still images or animations which better relate to client understanding and usage. 
A reduction in physical builds of models or unwanted or unused finished pieces can be achieved through these processes. As these processes enable the understanding and adjustments required such as section changes, stone sizes, materials used to be highlighted before the next steps of manufacture is taken. 




[image: Fortune favors the prepared: How SMEs approach business model innovations  in Industry 4.0 - ScienceDirect]
(Müller, Buliga and Voigt, 2018).
SME manufactures implementation of industry 4.0 technologies and processes are illustrated in the above image. The incremental adoption is seemingly driven first by the industry 4.0s integrations into the business as a way to incorporate new techniques and opportunities presented by the technology.
There will need to be reassessment of the workforce and the skills sets required, out-dated manufacturing roles may not be as essential as they once were, at present there is a path that suggests that a demand for an industry 4.0 literate workforce will be met with a inadequate stock (Müller, Buliga and Voigt, 2018).
Manufacturing Systems
Additive manufacturing befits a wide range of manufacturing systems such as flexible, custom, intermittent and mass customisations.
Flexible systems of manufacture are enabled using robotics and automation to achieve targets set for their production runs. Quick changeover of products can be achieved by this automation. (Mass Group, 2019)
Mass customisation is an attractive method for the bespoke jewellery industry, whereas similar products traditionally would have had to go through the same processes of design, prototyping and manufacture. Mass customisation can take advantage of iterations of design that can be chosen by a designer to create an entire collection. (Rauch and Dallasega, 2017)

Indirect use of Additive Manufacture
Diamond Centre Wales use indirect additive manufacturing for several reasons, the main role is for creating models for lost wax investment casting.
Companies sharing resource and knowledge is an example of open innovation (Trott, 2017), currently casters and their clients will work together to ensure the waxes created for the lost wax process are suitable for consistent results, this may mean paring certain waxes or AM methods with specific alloys. DCW would using the Envisiontec resin for platinum and palladium models whereas Solidscape wax would be suitable for gold and silver due to their perceived finishes once cast. This can be a point of continuous improvement as alloys change between suppliers to casters, noticeable differences can be seen between models built from similar alloys after changes to the composition. Though these changes may be better for the casting process the resultant models can reduce in quality until the process is amended.
Of the myriad of indirect AM processes available, this section aims to discuss those relevant to the bespoke jewelery industry.
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(Kim et al., 2016)
MultiJet printing is a method where wax is deposited layer by layer, a mixture of support and build materials are printed together. Supports are auto generated via the proprietary or third-party software to create assistance for the piece that will be left behind after post processing. The resultant pieces are taken of the plate with the wax model ‘wrapped’ in the support, this support is removed usually with mineral oil or isopropanol depending on the material of the waxes used in the process.   
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Direct light processing (Kim et al., 2016)
Direct light processing is a technique that uses a light source to photocure resins that react and harden when exposed to light. takes the slices for a model inverting them into a silhouette. Then a projector light turns on once for each layer, this cures the part of the model in the liquid resin. The main fault or cause for failures in this build type is the unsatisfactory use of supports for overhangs or complicated geometries. It is one of the oldest forms of 3D printing (Quan et al., 2020). 
Whilst running the Envisiontec there was a pair of Solidscape machines whose MultiJet printing - a proprietary version now as vector printing was applied, This involved molten wax dripping onto a plate and then cooling in place, two waxes were used, one for support and one for build. Once the part was build the support which had a lower melting point would be removed in a heated bath of mineral oil. This then needed to be removed as hazardous waste (Vaezi, Drescher, Seitz 2019).
An advantage of this process was that was no need for the supports that were found on the Envisiontec, this process then gave a higher degree of flexibility with design as was not restricted by the supports and had a larger build area.
Additive manufacture machines are ideal for placement in Smart or Dark factories, the creation of plates can be completed remotely and sent to the machines. Calibration can be completed via sensors placed upon the machines. Plates can be viewed remotely and if needed stopped and an operator sent to resolve the issue only on occasions when it could not be helped.
Comparison between the Solidscape Pro and MAX 2 machines and newer machines such as the Projet 2500w would be interesting, being commercially sold and debuted about a decade apart, it is notable how the plate sizes have grown in response to companies’ reliance on them as well as the speed that now takes place to build the models. The ProJet’s plate size is now three times the size of the Solidscape, is seen to be more reliable and the time is tenfold doing what would take the Solidscape machines several days to achieve in several hours.
The parts, once built, will then be sent to the casters, usually sprues for attaching to the casting trees are added by the original parts builders however if this has not been done the task will fall to the casters, here issues can occur if the technician does not understand what the part is for, the sprue may be added to a place that is suitable for directing the flow of molten metal but inconvenient for cleaning or working the part once it has been received by the goldsmiths.
After the casting has taken place, the part would then be sent back to the goldsmiths inhouse to assemble, finish and set any stones that may be required to complete the job.

Investment Casting
The investment casting process begins with a wax model, traditionally hand carved but more often that not created via additive manufacture. These pieces are then added to an investment tree, that is placed in a canister and then burnt away, leaving a mould for precious metal to fill, once cooled the metal pieces are removed from the tree and then sent back to goldsmiths to finish  (Cooper, 2015).
As an industry standard there is always continuous improvement taking place, quite often with the alloys used to create the pieces. Klotz et al (2019) showed how using cobalt instead of traditionally used ruthenium in platinum alloys could vastly improve the finish and hardness. Lean methodology is being introduced to the casting process to try and reduce its energy inefficient process salonitis, et al. (2016) demonstrated how this could enhance furnace efficiency above the usual 30% energy loss. 




Selective Laser Melting
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(Vaezi-Beam Vs Beamless, 2019)
After the era of pandemics and supply chain issues, there was a desire to bring as much in house as was feasible, the main issue that Diamond Centre Wales had during lockdowns and this time, strictly in business terms, was the inability to have parts cast. Customers were still approaching for business and the team was still available to work remotely to build the part. Due to the CAD/CAM team working online and Goldsmiths able to work from home, due to most have personal benches in the homes.
A Direct metal additive manufacturing machine was seen as a solution to this over a desktop caster due to the quality of final piece, the large startup cost of the printer was the main mark against it as well as the storage of powders.
Design options were also seen as an added bonus to this method, complex geometric shapes could be achieved that would not be available using traditional methods. The porosity in pieces would be reduced (Vaezi, Drescher, Seitz (2019). This is a highly attractive proposition for working with platinum as a precious metal as a large part of the process in cleaning up Platinum pieces involves using a laser to fill the porosity and then re cleaning it and repeating this process until the part has a high-quality shine. The perceived roughness of a printed piece may then be superficial as if the piece is dense and no porosity is evident, the part could be much easier to clean up despite it looking worse off when first handed to the goldsmith.
Thomas-Seale et al, 2018 have opined that lack of education on the subject as well as an indifferent industry drive for refining the operating and design of these process as key in holding them back.

Alpha Laser
[image: ]
The AL3D-Metal and the unpacking station (Evans, 2023)
As part of an open innovation joint venture, DCW is currently working with Alpha laser to develop powder parameters for their machines. (See appendices 1 for data sheet)
A three-birth cartridge system is used which contains all powder used for the build. The centre cartridge contains the build platform whilst the last cartridge contains any powder not used due to excess.
The cartridge systems allow for transport between machines to protect operators from excess exposure to powders.
The parameters for printing are open and allow for fine adjusting to the alloy presented for printing. The parameters are split between hatch (infill) Contour (the shell) and supports. Laser power, line type and others can be refined on a per model basis. 
The system can be accessed remotely to view parts being built and if required specific structures can be stopped whilst the rest of the parts continue. This will prove invaluable for saving precious metal builds and not incurring the choice between one part being built incorrectly possibly ruining a whole build or choosing to end a whole build for one part.
3Design – CAD software
Parametric CAD software has increased the range of design and demanded the use of additive manufacture to realise them. With the 3D models created, virtual stock can be produced reducing large and useless physical stock that would essentially sit in a show room until it was scrapped ion if not sold in the meantime. The flexibility of design is its key feature a ring drawn up for project can easily refined using the parametric functions to be used as an almost unrecognisable piece.
The below image shows the same band with the section sketch change on each iteration. Instead of drawing nine different rings, nine different sketches are applied too the same rail, changing the characteristics of the piece each time.
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3Design Cad images of Section and material comparison (Evans, 2022)
Its history tree function allows tweaks to be made to existing models, materials can be changed at any point, even metal weights can be simulated to create real world estimates of cost.
You can import and export as 3DM, STL, OBJ, STEP, IGES, EPS / AI files & 3MF (Gravotech, 2023)
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Four viewpoints show the model as described by the sketch curves on left (Evans, 2023)

An example of 3Designs straightforward workflow. Two sketches are created, a circle based on ring size and a court shape to be used for the section. This method allowed for consistency between CAD models. It also demonstrates the different iterations that were easily put together.
Design Process
3Designs parametric software is utilised by the CAD/CAM department at the Diamond Centre of Wales due to its allowance for iterations of designs requested by its customers. The onset of cloud computers and access to them means a high spec computer is not required for completing CAD tasks a designer might undertake but programmes to create new designs based on parameters for users who may not be literate in the traditional methods can action, bringing the option of self-created designs, albeit created from a set of parameters, to be utilised by a large user group.
[image: ]
Voronator on rectangle section ring (Evans, 2021)

Algorithmic software such as the Voronator are premade closed programmes that allow a wide range of automated designs to be reduce to simple parameter controls. This, in particular provides tools to turn a solid stl into a hollow piece with patterns derived from formulas for constructing Voronoi patterns, controlling cells, and their width (Voronator.com, 2023).
Designers can access newer designs without expanding their current software range, as these become more common place and their catalogues grown then a demand will be made for more intuitive software. Something like the above design in traditional CAD packages would require a tremendous amount of time for each variation. Algorithms can reduce this and automate these tasks increasing parameters such as including Euclidian or Manhattan distance points.
Diamond Centre Wales business practice is based around the cocreation of designs with customers, the essence of bespoke jewellery is that are personal to the client. An option could be seen that from offering these users self-control and curated parameters supplying feedback such as metal prices and the associated weight changes, the user would have complete control, albeit within a set of curated restraints (Bertacchini et al., 2021). 
The public wish for personalisation and product mass customisation has risen in recent years, parametric software’s ability to create iterations of one design allow a design flexibility not feasible form traditional hand crafting processes.
New breakthroughs are seen in the industry combing old and new technologies, Cortex have been able to generate bespoke casts for patients. This method involves taking an X-ray scan of the area of the break, then a 3D scan is created of the same area, essentially getting details from inside and outside the affected area. This then allows their software to generate a bespoke fitted cast fitting the outside whilst giving the appropriate support to the injured area. This allows less materials usage and a better solution to the medical issue (Deezen, 2013).
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(Deezen, 2013)
Designers are also able to exploit. Generative software. This method works where a few parameters are chosen, and the designers then receives every possibly solution to the challenge. It is the role then of the designer to choose the appropriate design based on other factors such as branding on subjective attractiveness.
‘Obvious’ are an art collective based in Paris, they used a method of Generative design that required two separate algorithms working together, one called the Generator, the other the Discriminator. The process worked as such, a brief was created for the generator to create a portrait of a fictional family, using details from paint techniques, portraits considered suitable examples and so on. The discriminators job was to view portraits already existing and those created by the generator and then select which ones it thought the AI Generator had produced. If it was unable to distinguish those the generator had built, they would be added to the collection and the fictional family tree (Christie's, 2018).  Solutions such like this could be applied to jewellery design, when creating new ranges, automating the role of designer. 
The Stl file (Stereolithography) is currently the standard file type used for additive manufacture. It operates by creating a tessellated shell of an object. Additive manufacturing software is then able to turn these models into slices, appropriate to the machines that will then build the pieces layer by layer. It was seen by Butt, 2020, that the .3mf file is likely to remove the stl files usage, the additional information it provides, such as machines requirements, materials, supports required, orientation of build, will be invaluable for builds on newer machines, especially when using high-cost materials such as precious metal.
Full controls nozzle path code shows that as newer techniques are brought in, the stl may not be suitable for purpose, this method does not need to slice models, it just needs to create a path for the printer’s nozzle to follow. This has been shown to give natural and more organic shapes and finishes to its delicate, ornamental and filigree heavy prints (Gleadall 2021).  
The automation that Additive manufacture allows is expected to improve the quality of life for goldsmiths and other operators whose roles have harmful process and repetitive tasks that can cause a variety of ailments such as posture, RSI, respiratory illnesses.
All these methods embrace novel ways of creating designs removing the designer and replacing with a curator, Additive manufacture is then theoretically able to create these pieces straight to precious metal, or perhaps wax models for users to explore before submitting to the high costs and finished pieces.
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Render showing variety of possible innovations allowed by direct metal printing (Evans, 2021)
This image illustrate a multitude of design features, such as the Voronoi and hollow tentacles and the pearls built inside cages.
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Render of one-piece bracelet, left open, right sprue on plate (Evans, 2023)
The above image shows a method for creating a one-piece build where the loops are built at angle to self-support, with space between each one so they do not fuse. They would be self-supported during the build growing upwards at angle that would not collapse, dependent on the design rules of the machine. This would save time for finishing at it would just be a case of removing the bottom sprue for each piece, the bracelet would then be automatically connected, providing each loop with a strength brought to it by lack of soldering line traditional methods would have demanded.
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Bimaterial build (Evans, 2023)
Apart from the light weighting of structures built there can other uses for pieces being hollowed such as the above image where a print can be used to ‘cage’ another element such as an the yellow gold band inside the outer band that has had Voronoi cells added to it. In practice the white outer band would need to build to the top of where the gold band would be placed so as not for the recoater to hit the newly added piece.

3D Scanner
An advantage of using software where 3d file types such as .STLs and OBJs  can be incorporated means scans of existing real world pieces can be digitised and imported.
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Photorealistic render showing scanned model (in black) against fitted piece (Evans, 2023)
3D scanners can analyse a physical object for its use within CAD software. This is achieved via a structured light triangulating the distance of an object and then creating a data set that can be transferred to a digital representation. (Haleem et al., 2022)
Traditional methods would have included building the new ring around the old, meaning the consumer would be without their piece for the process and would face the risk of possibly being damaged during the construction process, as goldsmiths would use the original piece to ensure the fit was tight enough to sit comfortable on the finger. This could mean several attempts at correct placement and repetitions of the cleaning process. 
With the introduction of rapid prototype machines this process was reduced as CAD operators could measure the original piece and create prototypes against the original to see how well the pieces would integrate; this iteration process would allow several designs being created and allow for the most suitable to then be cast. 
3D scanning systems allow for the physical piece to be digitised and have a 3D model created and the used within the CAD software, this reduces the amount of prototype builds as the new piece can be drawn around the original.
This reduces Goldsmith time, material waste and the number of failed prototypes.
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EOSm80 Silver print of hollow coffee cup (Evans, 2023)
Additive manufacture as a manufacturing method allows for this process to then recreate objects at scale. For example, an object such as a coffee cup could be scanned and then printed as a charm. With SLM technology this can be taken a step further where the piece can be printed hollow. 
The options for design allowed by the AM technology bring on distinct challenges and solutions. 
Progressive designs are aided with these new techniques allowing for changes such as gyroid patterns, the investment casting of these pieces would not have been possible, in addition drawing using traditional CAD techniques or carving waxes would have been costly in time as well materials. 
End users are being greeted with even more options for customised and personalised software and processes for completion of products. (Piller and Müller, 2004) Additive Manufacture is key in that development needing only businesses and or users to exploit the agility presented (Achillas et al. 2017). For example, Nervous system already offered via its website and end to end bureau service where designs can be created from a selection of parameters enabled by algorithms to to give new designs that fit into the design rules for printing.
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(Nervous System, 2021)
Polishing
The process for cleaning up parts and polishing castings involves the use of emery sticks and then polishing machines that creates particulates in the air. These are composed of abrasive and tiered grits.  These processes can take time especially on more distinct pieces which lack uniformity. With the onset of designs enable by the industry 4.0 technologies, this process becomes the weakest part of the manufacturing method due to the extended times for cleaning of the complex geometries if it is possible at all, for example cleaning inside the hollow of a piece without line of sight. 
In its simplest terms, this process is just the smoothing of the extreme peaks and depths form the topography of an object, this allows a recognised brightness due to the smoothness of the piece. 
As can be seen below, the blue arrows represent lights path, to an object and then off to the eyes of the views, in the diagram of a rough surface it is clear to see that all the light paths travelling in almost random directions from the object. Whereas in the second image it is seen that the images are all travelling homogeneity, increasing the brightness and perceived lustre of the piece.
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(Fletcher 2019)
Current Finishing Techniques
Methods that already established in the industry include involves barrelling, Centrifugal and Drag finishing, Stream finishing, Laser polishing and electropolishing. These methods have been successful for traditional hand crafter pieces as well as current additive manufactured pieces. Where these methods fail are for the processes currently being designed for delicate and fragile parts found in progressive additive manufacture facilitated builds (Fletcher 2019). Due to the bespoke nature and personal designs a standardised technique has not been yet developed, meaning a variety of machines and techniques may be needed to suit demand. 
Nagarajan et al. (2019) discussed the option of a selective laser melting technique that works on the micro scale, this would have the benefit of reducing roughness and could be automated however it still suffers, like most techniques when presented with the complex geometries and hollow interiors made possible by additive manufacture.
The options for design allowed by the AM technology bring on distinct challenges and solutions. 
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(FullControl, 2021)
In the image presented above, the previously referenced full control nozzle path build can be seen. Breakthroughs such as this or Zhang et al. 2020 support structures enable by bioengineering will not be achievable regarding traditional polishing process and methods. 
Plasma Electrolytic Polishing and Electropolishing
An under researched method for cleaning is that of plasma electrolytic plasma polishing, first discovered in the 1970s, there has been accomplishments outside of the precious metal viewpoint (Danilov et al.2019).
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(Danilov et al.2019)
The image above demonstrates the Plasma electrolytic polishing process, a workpiece is presented as an anode of a circuit with the walls of the container the cathode, the electrolytic solution becomes charged and resultantly a plasma membrane is formed over the workpiece. This uniformly reduces the dynamic range of the peaks, thusly providing a smoother and brighter finish (Fletcher and Cooper, 2019).
There are still some issues with the technology, most markedly any holes in the object being polished can’t be deeper than the diameter of the piece otherwise the membrane will form over it. Success has been had with electrolyte jetting, where the solution is pumped into these holes, this bodes well for its future adoption one the solutions are formalised (Cornelsen et al.2017).
There has also been a suggestion that ultrasonic pulses and vibrations could reduce the time taken to achieve the necessary finish, and much like ultrasonic cleaners currently used, several if not more pieces could be cleaned at the same time, exponentially reducing overall finishing times of a range of workpieces (Belkin and Kusmanov, 2016)
Platinum
Due to their colour and weight Platinum group metals are especially prevalent at present in the bespoke jewellery industry. A Reason for this is it signature patina, this is developed due to the make up of the metal, instead of being removed when scratched such as gold would be, platinum is deformed, the metal is forced around itself losing its polished finish and developing its signature look.
Due to this it is not possible to Electropolish platinum without a dangerous method that involves the use of known carcinogenic and possibility of eye damage and respiratory issues form the vapours produced. Kushner, 2008 explained the process where a 950°C melt of potassium chloride was worked.
There are already a variety of electropolishing machines that are suitable for other precious metals these machines have been designed as replacements for current finishing techniques and work to automate the process of cleaning the complex shape pieces.


Reclamation of Precious Metal 
The secondary source of precious metals is currently reclamation, this demand for sustainable technology can be seen in bar chart below demonstrating increased journal entries on the subject, looking for sustainable solutions over the last thirty years.
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(Granados-Fernández et al.2021)
As a by-product of this, the methods and practices around sustainability and circular economy are being developed. The aim would be for complete recovery of the precious metals, so no materials are lost. The current techniques are usually involved with cyanide or other corrosive chemicals (Burat et al.2020). There has already been a trend towards reclamation albeit needing for refining afterwards. Be it filtration systems under sinks to catch materials coming from goldsmiths hands. Or the collection of all papers used to wipe down benches which are then themselves sent off for refining. If it was possible to reclaim all metal on site and then re-atomise, this would be a great leap towards a true circular economy in the jewellery industry.
Re-atomisation of powders for direct metal printing could be a green alternative, although the amount of machines currently used would be on par with investment cast process in terms of environmental implications.
Experimental techniques are being explored to measure the lustre such as fringe-pattern illumination, these will be beneficial in understanding and automating polishing techniques (Fu et al, 2020). 
The AL3D-Metal alpha system employs a wooden filter that retains any sintered powder lost during the build.
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Alpha system wooden filter (Evans, 2023)
Reuse of powder has seen to be feasible, however checks need to be in place - Virgin powder is more spherical however every reuse degrades the alloys microstructure, as long as 75% of the powder is homogenous then built parts with consistent density can still be found (Cordova, Campos and Tinga, 2019).
Circular Economy
Circular economy has always been on the peripheral of the jewellery industry, the way that precious metal pieces are usually passed down through generations or remade into something due to their sentimental value. There will be a bigger drive for this as the circular economy replaces linear economy that is predominant across all industry (Lieder and Rashid, 2016). The future Generation of Wales act values and sees benefit in Industry 4.0s ability process and reuse materials efficiently. (www.futuregenerations2020.wales, 2020.)  
Design for Recycling and re-use
Sustainable manufacturing models have already been moved towards by not only the manufactures but also the consumers (Witjes and Lozano, 2016). Mont, 2002 has supported this via the increate in the product service models designed negate or at least diminish the ill ecological effects that have been found in the past. These closed loop based systems that put the onus on the manufacture to reduce its loss of raw earth materials can be applied to the Jewellery industry in not too dissimilar way it currently operates. A look at the tooling and materials and a way to refine lost powders in an environmentally beneficial way will be key to this success (Vanegas et al., 2018).





Method
Adjustable ring
A ring that would fit past large or arthritic knuckles has been a goal of the DCW for some time. Several design options have been adopted so far; however, none have been seen as a completely appropriate solution. 
A hinged ring is currently used, however, to get the clasps to close securely from a hand finished piece has proven to be quite a challenge, a successful design, but due to the moving parts has involved timely and repeated servicing as well as the initial design and assembly, specific to each iteration and design. 
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Clasp adjustable ring (Evans, 2023)
A similar and more elegant solution is a ring with two nodules, the ring is then able to be passed over the knuckles due to its large size, with the nodule keeping the ring in place and creating a smaller ring size due their placement.
A tight fit of the ring is not possible with this, and the main drawback is the rings slight moving or wobbling or the finger.
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Nodule ring (Evans, 2023)
A design was created that had three panels inside the ring, these could retract when being placed over the finger and protract after passing the knuckle, the three points keeping them secure. This is something that would not be able to cast due to investment filling the chambers which are partially open. Also, the springs would not be able to be ‘worked’ to keep the memory of the spring in place.
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Rendered sketch showing three panel systems (Evans, 2023)
Direct metal printing would allow this to be built in one process with some traditional finishing afterwards for lustre.
The expectation for the print, is the stronger metal characteristics we have seen in other pieces we have seen in other silver pieces would allow the panels to work effectively as springs and not deform when retracting.
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Four viewpoints of model (Evans, 2023)
The model was designed to be printed flat or at a slight angle with the ‘springs’ inside the piece to form in time with the print.
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View of spring mechanism (Evans, 2023)
A model was first printed on the Projet to ensure the piece would build. The MultiJet system would support the entire build even if the springs self-support did not function.
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Projet wax model (Evans, 2023)
A prototype was first built for the Creality ender machine to ensure these springs would build. This prototype was built out of Acrylonitrile butadiene styrene (ABS) filament. 
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Model in Ultimaker software (Evans, 2023)
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Built three panel ring (Evans, 2023)
The prototype was built successfully, some slight deformation was seen where the part was supported on the plate. The panels would retract and protect but only slightly. When the model would be printed on the AL3D-Metal machine the panels would protract more to allow for greater movement.
The next phase of the build would now be to print in metal – This was printed on the Eos80 due to issue with the AL3D-metal machine.

[image: ]
Three panel ring on plate (Evans, 2023)
The ring was printed with supports from autofab and removed by Goldsmiths at DCW.
Hollow Piece
Hollow pieces were created to compare the strength and durability of parts that would be created such as the adjustable ring that would be missing sections. 
Simpler designs were created to ensure the panel design was not causing the issues. This was decided upon as if the panel design did not work as intended there would still be data to retrieve from the experiments.
The Models were created in the 3Design software to be exported as. Stls for printing. 
A hole was added connecting the inner hollowed section to the inside of the ring to allow for powder to be removed after the build. 
Whilst using the software materials could be assigned and then simulated weights could be provided. The below image shows Silver on the far right, reducing from 2.21g when a full section to 1.66g when a section 50% of the original was removed to finally 0.97g when a section 75% of the original was removed. 
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Rows showing Section, Platinum, 18 White, 18 Yellow, 18 Red, Silver. Columns (Evans, 2023)
Using the weight function inside of 3Design a variety of materials could be compared in respects to their reduction depending on the internal section that was removed. This scope of this project would only take upon silver for comparison.
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Models prepped and supported on Alpha plate (Evans, 2023)
Five identical models to be printed to ensure direct comparison for repetitive testing and to account for outliers. Build Parameters to be kept the same. All models using same sprue parameters. Each model is the same but has identifier embossed (1A, 1B, 1C, 1D, 1E) to ensure ease of identifying where on the plate model was placed. 
Five of each section would be printed, in total fifteen pieces would be printed five of each section – full, fifty percent and twenty five percent.
Once printed the rings would be removed from the plate and the sprues would be removed, their weights would be measured.
To test the durability of the pieces each ring would be placed on a ring sizer. Starting at size P which is the size the models were originally printed. The rings would be stretched up in half size increments.
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Ring sizer for rings to be placed (Evans, 2023)
Measurements for deformation and range of stretch would be taken and compared against each other.
Gyroid Ring
A ring would be created in 3Design using a Gyroid pattern that would lightweight and reduce material and allow – through its porous structure – the powder to be removed during the unpacking section of post processing.
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Two views of microstructure (Evans, 2023)
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3Design view showing simulated weights (Evans, 2023)
The sides were left solid on the model so as to allow a definitive and uniform edge on the model and to reduce finishing time from needing to approach the multitude of parts sticking out. 
It can be seen from the simulated weight; the model would weigh less than half of the original piece.
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Original Model (Evans, 2023)
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Model with Gyroid center (Evans, 2023)
The Model was then exported as an STL file for printing on the alpha system.
Comparison of Print Vs Cast piece
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Render of model to used for comparison (Evans, 2023)
A comparison was made between one piece that was cast and one piece that was printed on the EOS80. The original cast piece proved to be too weak and would keep warping through day to day use by the customer. As a solution to this issue the piece was printed in silver (same material as cast) as this provides a similar piece in terms of alloy but a much strong piece. Presumably due to the density and layer by layer method of build. 

[image: ]
Optical microscope used for sample inspection, pictured during calibration trials (Evans, 2023)
An optical microscope with 20X magnification was used to assess the difference between casting/printing and during cleaning.


Discussion and Results
Adjustable Ring
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Top of ring (Left) bottom of ring (Right) (Evans, 2023)
The build had worked with the springs self-supporting, and enough gap was placed between the panels for all powder to be adequately removed.
Some movement was seen to be had in the piece however this was severely compromised by the bottom deformation and fusion of the piece from where the supports had been placed, a deeper looking into the position of the supports and their offset will need to be understood to ensure builds are successful and parts and material are not wasted.
More research into the microstructure for imprinting the spring like material characteristics would be beneficial, but another working model would need to be printed as a starting point.
Hollow pieces
The hollow pieces were unable to be completed during the project time scale due to delays and issues with materials and the machines. This will be covered in the limitations section below. An earlier attempt during calibrations sessions produced a hollow coffee cup charm that backed up the proof of concept that a hollow piece could be built if there was an outlet for the powder not sintered during the build process to leave the model.
Gyroid Ring
Due to the AL3d-metals technical difficulties, the model was sent to be printed on an alternative machine. Though the piece was deformed it was a good example of how novel design ideas can be impeded by the miscommunication and no shared language or previous experience.
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Cast piece showing deformation from support (Evans, 2023)
When the piece was printed on the EOS 80 – the operator had set up the supports on the Gyroid, this led to the deformation of an area of the band, whereas this piece had been printed standing up, if it had lain flat on the bed, the gyroid supports would have supported itself.
[image: ]
Top layer showing successful build (Evans, 2023)
The top layer of the band was successfully printed even though it was printed at an incorrect angle. Due to the deformation an accurate weight could not be taken. The powder had been able to leave the model due to the 
Whilst drawing the model on the CAD software 3Design, the method of creation, a circular duplication around an axis, where the OBJ was copied a multitude of times, significantly slowed the software down. This is due to the structure physically being reproduced tens of times increasing the file size from a few MBs to around 150. Script based software could be used to reduce the file size of the CAD software where a representation of the model is reproduced rather than the actual reproduction. 
The proof of concept for the gyroid was a success as it could be seen that the piece had been built correctly and the gyroid pattern kept. Further research would need to be undertaken with a successful print. 
Comparison of Print Vs Cast piece 
It is noticeable how much rougher the printed part is over the cast. 
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Left image shows Raw print, right image shows raw casting (Evans 2023)
Additionally, sprues in overhangs require further cleaning and processing by the Goldsmiths.
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The above image demonstrates the comparison between areas the witness marks of support have left and a similar area with none. Supports being placed with an offset so that less damage to the original piece is made during removal need to be researched as this will vasty reduce post processing time and excess material lost.
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Image of Print and Cast Piece (Evans 2023)
Side by side after pieces had been cleaned there was no noticeable difference the eye.
During the cleaning process a selection of weighing was performed. This was to view the difference between print and casts density as well as the additional parts such as supports or roughness that would need to be removed to achieve a standard lustre for the part.
Weights
	 
	Cast
	Print

	Raw
	5.6g
	5.7g

	Spue/Support removed
	5.4g
	5.6g

	Post Polish
	4.7g
	4.85g



The weights were uniform throughout and did not present any large surprises. The printed part was slightly heavier than the cast and that was expected due to less porosity and the method producing a denser piece.
This may account for the additional strength in the printed piece over the cast.
Additionally, a Struers RotoPol machine was to be used for uniformly removing layers from samples for assessing porosity throughout the print, however this was not operational during the timescale of this project.
Comparison of printed piece raw and polished
A Keyence 7000 Optical Microscope with stepper motor for 1μm increments was used to make a composite image (approximately 200) and analyse the difference between and define the low and high points of an object.
The image collection is then automated, and a high-resolution composite image is built.
Ra can show the surface roughness from a line, Rz Surface peaks (anomalies).

Line measurements are endemic in surface profiling due to a thing called a stylus probe, which physically checks parts and is everywhere.
However, looking at an image perhaps Sa/Sz would be better as it analyses a whole quadrant.

Parameters may need refining due to the excess of partly sintered spherical powder.
Could use Hot Isostatic pressing to fuse partly sintered powder and/or close porosity. 
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Visual data representation of data from Keyence 7000 – the blue line is centred through an area with no partially sintered powder – the red goes through area with large parts of partially sintered powder.  You can see a large and expected difference between the Ra values, blue 2.18um, Red 9.7um. The areas where sintered powder has failed has left craters in the shape of the spherical powder.

To the eye, this was not noticeable and is arguably not relevant to the bespoke jewellery industry, however for medical and aerospace there would be higher tolerances that would need to have been met.
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As can be seen in the image below the area of polishing has almost flattened the jump ring. It is also possible to see the un sintered powder towards the top of the image and in the bottom left there appears to be a deformation in the object – possibly caused by the polishing.

[image: ]

The below image shows the smooth side of the casting where marks have been left where it appears partially melted particles have been removed from the build during polishing and left marks in the finish. At this level it is not something that is noticeable by eye however it could result in inconsistencies in materials characteristics and or builds. Further review of what caused this and how it could be omitted as well as its overall effect on the finished piece would be beneficial.
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Possible microstructure on rough cast at 10um (Evans, 2023)
This was the only image achieved on a higher zoom, 10um there is the start of viewing of what looks to be the micro-structure, this would be suitable for experimental builds trying to determine characteristics that could be forced onto the new alloys.
It would be interesting future work to look at the microstructure of AM parts.
.


Conclusion
Additive manufacture has already changed the manufacturing process in the bespoke jewellery industry, Diamond Centre Wales is a case study for this. The automation of tasks that used to fall to skilled works allow better use of skillsets and finesse of designs. These changes, though incremental, if continued, will supply a greater quality of life in not only health benefits but also for the development of skillsets put to better use.
Industry 4.0s drive for cocreation through techniques such as generative or parameter control for customers to work in tandem as designers will be seen as a next step of the codesign processes already widespread in the bespoke jewellery industry. The traditional roles of salespeople and designers will need to be addressed as they move into a possible curation role, able to develop parameters and toolsets for the customer to realise their designs, as a gap between the desire of creation and the language needed to empower that process.
Collaboration between industry and research organisations will be key in developing the techniques to perfect operations of new technology. Tools such as the Keyence microscope as well as the training to interpret the data correctly will need to be developed.
Limitations such as cost for starting up, such as the high costs for machines or even the precious metal powders required to run them will need to met with novel solutions. One example could be to have bureaus run like current casters; however this does not change the product mileage and self-dependence that additive manufacture offers. Practicalities such as this will need to be adopted before widespread realisation of additive manufactures role in the circular economy is achieved.
Industry and governmental harmonization will be imperative to create legislation that can work to progress the current and forthcoming technologies to harness Industry 4.0 potential.
The consumer being part of the process should get further into the goals of bespoke jewellery manufacture, allowing a more personal connection between the user and the final piece. Conventional designers will now have roles not dissimilar to the of a steward, leading customers down paths via parameters to create what they may not be able to verbalise in traditional design vernacular. Instead of the current standard where the designer plays the role giving their best interpretation of what the user wants. Blockchain technologies may play a part in the providence of these numerous new designs and techniques, however this technology too it in its infancy and with recent setbacks of NFTs need to be reassessed.
Though a mainstay, as an inefficient process, investment casting could be replaced by the arrival of direct metal printing processes such as selective laser melting. If high costs of powder acquisitions and the re-atomisation process are addressed then this current core process of the industry would no longer be required. Though a dramatic shift in manufacture Additive Manufacture may succeed.
Diamond Centre Wales and the bespoke Jewellery industry have already had their manufacturing process and operations shifted due to the implementation of additive manufacture, the advancement of industry 4.0 can’t be denied and whilst other pillars continue Additive Manufactures settlement as a mainstay of production methods it is difficult to see its role diminish at a point soon. Once perfected it will fit into the paradigm of circular economy and allow for mass customisation of bespoke products regardless of geographical placement.

Limitations
Being able to create and supervise the prints onsite would have allowed a larger selection of tests to be created and reduced any miscommunication about the role with of the supports in the builds.
The cost of materials severely reduced the tests to be able to be completed outside of the budget of silver. With 2Kgs needed precious metals could raise the budget tremendously.
Financial - due to the high cost of powder and internal issues within DCW powder could not be ordered when originally scheduled.  Powder was required to be ordered from a specific supplier for desired alloy agreed within the MOU, which meant international import export which again delayed delivery.
Mechanical issues also prevented the machines use for certain tests. Calibration of the plate was partially done on the premises however needed to complete at German headquarters due to DCW microscopes limitations. One of the cartridge readers on unpacking station was faulty and needed its PCB replacing, which took on a delay. After this was resolved as well as replacement CPU. Both were international deliveries that took organisation between the two partners.
A limitation of this project was limited access to the Keyence System, the microscope for original comparisons was very poor in hindsight with just a magnification of x20. Further research would benefit from the Keyence for detailed data.
.



Recommendations and Further Work
I would make the following recommendations based on this project for the several areas where further research could be conducted to support additive manufactures further adoption and development.
Research into the use of plasma electrolytic polishing process and the scope for its use regarding the jewellery industry as well as medical and aerospace. An automated finishing process for metals could have large implications for production methods, improved health for Goldsmiths and a response to the challenges complicated geometrical shapes will present.
Quantify the hardness of print over investment cast, it is currently something that is used within the industry, but no detail work has gone into this, there may be a case found for further lightweighting and reduction of materials.
A re-evaluation of the Powder parameters found in alloys used in the jewellery industry, comparing similar alloys, for example silver from supplier to another to find the gap in parameter setups to reduce expensive trials per alloy. Simulation software may be able to bridge this gap so precious metals may not even be required whilst defining the parameters.
A review of alloys suitable for Bimaterial Builds and the process in refining parameters for dual alloy builds regarding alloys, thickness of parts and powder reclamation.
Explore the effect of microstructures on alloys regarding their properties – hardness, lustre, workability. The use of optical microscopes with inbuilt stepper motors were show during this project to provide adequate data. This could be reviewed to see what characteristics could be applied to alloys.
Access to the Keyence for bench marking between additive Manufacturing different systems indirect additive manufacture, Direct metal printing etc would make an interesting future research proposal.
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