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Introduction
Smart manufacturing, virtual prototyping and design automation have impacted industrial and artisanal design & production, through parametric design, generative design, additive manufacturing (AM), computer numerical control, and autonomous robots supporting mass customisation and increased manufacturing agility & response (Bertacchini et al., 2021).
Diamond Centre Wales (DCW) is a bespoke manufacturer for the design & manufacture of precious metal & gemstone Jewellery. DCW uses traditional tools & hand forming processes & applies Industry 4.0 technology, including digital design, rapid prototyping (NAJ, 2020) and on-site workshop with access to laser welders & goldsmithing techniques employed for material melting & forming, precious metal delph clay casting, post production, polishing & finishing, stone setting, & hand engraving.
[image: ]Jewellery software 3design, Rhino & Grasshopper for 3D model computer aided design (CAD), & rendering software Keyshot10, for model visualisation. Rapid Prototypers, Envisiontec for resin model protypes & mould-making, and Pro-Jet for wax prototype & production models for lost wax casting. Formative processes through lost wax casting of hand carved waxes, master waxes from resin moulds, or AM prints Off-site at precious metal castors. Rexcan Ds3 Scanner for reverse engineering of heirlooms & creation of fitted wedding bands to existing engagement rings.
DCW bespoke production, after the digital model is validated for production, it is subsequently exported as a stereolithography (.STL) file & built by AM process, building layer by layer of wax on the 3dsystems ProJet MJP 2500W (3D Systems, 2017), for lost wax casting off-site. The wax models are placed in an investment can overnight, then the wax is burned out, and infilled with a centrifuged molten precious metal alloy (Klotz et al., 2019.) The castings are then prepared by grinding, post processing with various levels of grit paper, polishing mediums & hand set with desired precious stones, such as diamonds, sapphires & emeralds, for the completed piece.
Principle steps of Investment casting (Klotz et al., 2019.)
This essay will focus on small batch bespoke jewellery manufacture comparing industry wide adopted polymer AM & investment casting, and developments of Metal-AM & industry 4.0 technologies, to support small batch manufacture for Smart Jewellery manufacturing systems, and bespoke built to order, production runs, and how existing & future Industry 4.0 technology trends can elevate Jewellery manufacturer production methods to add value throughout the value-chain.


Demand Chain Management
Smart Jewellery Manufacturing (SJM) requires a demand driven chain of consumers, CAD designers, prototypers, additive manufactures, metal suppliers, metal castors, stone suppliers, goldsmiths, stone setters, & regulatory bodies. Smart factories utilise Industry 4.0 technology platforms for real time information material flow, inventory levels, & dynamic reactions to production fluctuations
The design capabilities of Industry 4.0, modularity, service orientation, real-time capabilities, decentralisation, & interoperability, are underpinned by advancements in technology, supporting organisational digitalisation (Butt, 2020.) Industry 4.0 interconnectivity use of sensors & exploiting technology trends in communications through the internet of things (IoT) & big data analytical (BDA), intelligent decision-making exploiting artificial intelligence (AI) & machine learning, & automated manufacture, such as autonomous robots & AM, optimises processes for logistics, production & supply chain management, increasing resources through efficient use, & increased communications throughout the chain (Bedi, et, al. 2021.)
[image: ] 
Digital AM pathway (Butt, 2020).
Demand Chain Management (DCM) supports smart jewellery consumer co-creation, pulling new products, reducing production costs, through Just in Time (JIT) Manufacture, reducing inventory, & new product development time & lifecycle. Industry4.0 enablers for SJM include IoT, Cyber Physical systems (CPS), BDA & Cloud Computing (CC) for increased communication & efficiency of production & Logistics. (Ganji, Coutroubis and Shah, 2018).


Additive Manufacture
Polymer-AM & lost wax casting is industry embedded for bespoke precious metal co-creation, without tooling requirements (Wang et al., 2019) but is an environmentally energy inefficient multi-stage process, & creates waste products of polymer burn out & spent investment (Salonitis et al., 2016). There are also limitations of casting complex geometries, compared to the freedom of Metal-AM fabrication.
Additive manufacturing enables the production of highly complex geometries such as lattice, voronoi & gyroid structures, organic shapes, hollow, & porous parts. This design freedom can improve performance in terms of weight reduction in areas of low stress. AM supports reduced lead times, product customisation & flexibility, & helps to reduce carbon footprint by creating only what is needed by JIT manufacture needed, with efficient use of materials, (Vaneker, et al. 2020).
Smart jewellery manufacture is enabled by AM, notably in powder bed fusion of precious metal alloys, laser sintering layer by layer across an atomised powder bed, allows the development of unique to AM alloys & material properties & the efficient use of materials, (Popov et al., 2021). Sustainable demand & manufacturing efficiency of interconnected systems by AM, supports the manufacture of mass customisation parts (Ganji, Coutroubis and Shah, 2018). Fluctuating consumer demand is supported by AM technology & agile & flexible new value networks, where multi directional data flows connect all stakeholders, products, & transactions (Alkhader et al., 2020).
[image: ]
Value added Networks VS traditional supply chains (Alkhader et al., 2020).
Selective laser melting (SLM), a subset of Powder bed fusion (PBF), for precious metal Jewellery manufacture include system manufactures TruPrint 10000 (Trumpf, 2022), & AL3D-METAL 200 (Alphalaser 2022), are capable of processing precious metal alloys, such as Ag925, red, white, & yellow gold (Au 750), & Platinum (950). It should be noted that precious metal SLM, can obtain high theoretical densities close to 100%, but fibre laser processing reflective materials such as precious metals are energy inefficient. The use of shorter wavelengths, such as blue spectrum lasers could be utilised to increase the absorption efficiency of the laser (Alsaddah et al., 2021).
Binder jet fusion (BJF) could be utilised, but there are issues with post-part shrinkage, & energy inefficient de-binding & sintering. (Vaezi, Drescher and Seitz, 2020). Post part shrinkage could be reduced through simulation of the build. Desktop metal, recently qualified an AM BJF system capable of processing silver (Ag925), and fast tracking the red & yellow 18ct (Au750) gold alloys (Metal Additive Manufacturing, 2022).
AI, Deep Learning, BDA & sensors could be leveraged for alloy powder R&D, parameter & process development, & real-time melt-pool analysis. 
[image: ]
Examples of in situ monitoring & feedback in PBF systems (Johnson et al., 2020).
[bookmark: _Hlk106294613]Compared to Polymer-AM & investment casting, Metal-AM increases efficiency of production, new product development time to market reduces, pushing design limits & reducing steps in the supply chain. Metal-AM such as SLM & BJF elevate creative design, expanding design options & adding value back into the design process, whilst exploring new material alloys & manufacture methodologies. Precious Metal-AM is a disruptive technology, but should not be considered a replacement technology.



Blockchain
An open solution connects all stakeholders, physical industrial assets, adding value & creating benefits (Butt, 2020.) Real-time communications & dynamic design requirements support the process, favouring production-ready output. (Madni, & Purohit 2019.) A drawback of cloud computing & systems connected by IoT, is data protection can be an issue, especially when working with intellectual property. 
Precious metal caters Weston Beamor (3d printing polymers & investment casting) automated Customer portal, Cloud storage model, or bespoke creations, Magics, automation of build preparation, validation & simulation of build (Weston Beamor, 2022.) 
Blockchain could evolve this system, with immutable transactions for provenance & certification of materials, traceability & Information security (Bedi, et, al. 2021.) AM technologies, provide an opportunity for Blockchain ledgers, to assist for traceability, certified quality compliance, and securing intellectual property, for all stakeholders. In a paper by Alkhader et al. (2020) AM parts were printed utilising this system of Blockchain, Ethereum smart contract, & IPFS authenticated process traceability & transactions were approved at quicker speeds, and a cost-effective price of <$0.15 USD for each transaction. 
This could form the basis for revenue if investing capital intensive AM systems, and offer a new transparent & immutable business model for supply prototypes or precious metal prints to industry.
[image: ]
Proposed Smart contract system for Bureau manufacture (Alkhader et al., 2020).
Femto-second Laser engraving of QR codes on diamond stone girdles (Joya et al., 2021), could store the QR codes information on the blockchain, including precious stone origin, composition, ownership, & service history.
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Femtosecond laser engraving of QR codes on a diamond girdle (Joya et al., 2021.)
AI powered Manufacture execution System (MES) is a scalable solution capable of Integrating multiple AM systems & processing 3MF files, that contain more build data, such as machine data, sprues, materials, & data encryption, than traditional .STL files (All3DP Pro, 2021). MES automates planning & preparation of orders for printing, orientating, supporting, nesting, and slicing of parts & end-to-end workflow visibility (Oqton, 2021) and so AM systems, post-processing equipment, & operational & sensor data have the ability to be centralised. 
Total Productive maintenance can also be leveraged to achieve zero defect tolerance & optimisation of process using lean methodologies & Industry 4.0 technologies, such as BDA for machine maintenance scheduling, & CC for machine monitoring of preventative solutions & decrease system downtime (Valamede and Akkari, 2020). 
Augmented Reality (AR) could be utilised for product development, viewing prototype iterations, and enabling consumer co-creation by selecting parameters & viewing changes in real time. AR could also be used on the factory floor, for augmenting equipment maintenance & workforce training. (Valamede and Akkari, 2020).


Algorithmic design 
In a paper by Demarco et al. (2020) a parametric design method was proposed for smart jewellery manufacturing utilising Mathematica and Grasshopper software, exploiting mathematical patterns, and the parametric space of these structures allowed for co-creation of 3D virtual models for consumers. There is a need to solve the integration & communications of various platforms that form the basis of Jewellery smart manufacturing. In a recent paper by Bertacchini et al. (2021) a system was proposed for parametric modelling in Rhino & Grasshopper, implicit algorithm for design exploration, and additive manufacturing via a Formlabs 3D printer. A Rhino algorithm was also created to automate operations of the parameters & optimisation for printing, automating production.
Generative design
Generative design, an AI powered process, utilises topology optimization (Vaneker et, al 2020), where a design space is defined, optimisation targets & loading conditions are set, and any manufacturing considerations. Generative design can remove material from low stress areas, that satisfy the loading conditions, through iterative simulations (Alderton, 2020), letting humans and machines efficiently collaborate for end goals such as light-weighting parts, consolidation of multiple component parts, improving part performance, & to meet sustainability objectives. Generative design uses both algorithms and parameters to efficiently explore design solutions.
Implicit modelling is a solution to create the complex geometries of Generative Design, the modelling operation can be expressed as a simple, lightweight mathematical equation (Li et al., 2018). The simplicity of implicit modelling guarantees that operations like Booleans, & filleted surfaces, are easily calculated for generative design workflows. nTopology is an implicit modelling software (nTopology, 2022) that could be utilised for designing complex geometries, such as voronoi, gyroids, & lattices, for precious metal jewellery manufacture. For example, gyroids could be utilised to lightweight by reducing the amount of precious material needed, or allowing for bigger builds at no weight penalty. nTpology supports algorithms for customer experience of immersive co-creation of mass customisation elements such as choosing the finger size, the width & depth & the cross-section of the ring, the gyroid pattern style, thickness & blend. An added benefit is that the Gyroid pattern won’t wear like a brushed finish, and could be infilled with a resin. Evans (2020) showcases a Platinum alloy (Pt950) of a ring 16mm wide, 3mm deep & a Finger size W, showing the weight reduction and mass customisation elements of employing generative design.
[image: ]
Gyroid light weighting of Platinum wedding bands. (Evans, 2022)
Metal-AM & generative design can work towards United nations Sustainable Development Goals’ For responsible consumption & production (Mabkhot et al., 2021) & supports a Circular economy with reduced energy & material use, with materials that can be readily reused, recycled & upcycled. AM allows unspent powders be recycled, with satellites removed, how many times they can efficiently cycled is a parameter of powder lifecycle & manufacturing efficiency. (Popov et al., 2021). Supports structures can be re-atomised.
[bookmark: _Hlk106348537]AM encompasses many production methods, each with its own benefits & limitations (Vaneker et, al 2020), where improvements in education & standardisation of AM and Design for Additive Manufacturing (DfAM) knowledge for industry and university would provide a balance between theory and practical, embedding skills for AM design thinking and production methods (Kirchheim, Dennig and Zumofen, 2017). Key competencies include AM process selection, product re-design & optimisation. DCW Knowledge Transfer Partnership with Birmingham School of Jewellery, aimed to introduce a new precious metal-AM technique, namely SLM, into the industry, reducing material & labour costs, and a shorter time to market, by developing the design methodology & embedding the knowledge into the company for technology & processes (BCU Advantage, 2021).


Autonomous Robots allow human & machine collaborations, such as employing Cobots for quality control, batch processing, automation of tasks, with the added bonus of collecting & transmitting data. Automation & autonomous robots of Industry 4.0 could lead to job losses in manufacturing industries whilst new occupations could emerge, requiring higher education and broad skill sets for such technologies (Görmüş, 2019), leading to hybrid competencies (Butt, 2020). 
CRM ‘s such as Platinum Group Metals (PGM’) powder require safety protocols, as fine particles can be hazardous to workers, due to fine particulates, and exposure linked to cancer, & early onset Alzheimer’s. (Popov et al., 2021). Autonomous robots could be utilised for powder management, powder handling & post processing procedures for Metal-AM.

[image: ]
Worker 4.0 (Butt 2020.)



Circularity
Circular Economy & product design is focused on improving material efficiency, extending product life cycle, & improving recycling efficiency (Vanegas et al., 2018). AI is an accelerator of product design & correlates with sustainable product design, & AM & AR of protypes reduce waste in the design process. Optimising waste management has the potential to decrease environmental impacts, improve efficiency of CRMs, & increase resource efficiency. 
Platinum, a Platinum Group Metal (PGM), widely used in the energy & transport sectors, & a popular jewellery alloy for its material properties, low corrosion, density, & perceived rarity. Traditional recovery techniques use vast amounts of energy, water, generating toxic by-products (Granados-Fernández et al., 2021). Waste electrical and electronic equipment (WEEE) volume is increasing. In 2015 Recycled gold from secondary sources was 28% & electrical and electronic equipment accounted for 6% of global demand, but silver demand peaked 21% global demand, & exceeded supply where only 12% was acquired from secondary sources (Charles et al., 2017). Silver recovered from plated copper contacts of WEEE requires dissolution in concentrated H2SO4 & HNO3 acids (Sitko, 2019.) Royal Mint will begin its project in 2023, for processing UK WEEE, for gold extraction from circuit boards of laptops and smartphones. Estimated to process 90 tonnes of UK circuit boards a week, potential of retrieving 100kg’s of gold per year to use in its production of coins & jewellery (Recycle Your Electricals, 2022). Cobots, equipped with sensors and XRF scanners, could be employed to intelligently identify & sort materials for recycling. 
AI & BDA enables accurate monitoring for materials and item availability, through the value chain & enables remote maintenance as well as identifying product reuse, remanufacturing and repair opportunities. (Malahat, & Ari, 2019). This could be linked to live metal prices for product design & accurate quotations, and identifying options for end-of-life strategies in jewellery manufacture.
[image: ]
Circular Product design (Malahat, & Ari, 2019). 

Conclusions
The Jewellery manufacturing industry adopted the use of AM for rapid manufacture, along with investment casting, which allowed the freedom to co-create with consumers, adding a new level of design & manufacture flexibility. However, there are still plenty of opportunities to employ existing & emerging Industry 4.0 technologies, that would benefit economical, environment & societal agendas, for design & manufacture, with a lens focused on mass customisation & small batch productions.
For the demand chain manufacture of smart jewellery manufacture, Industry 4.0 technologies have the power to Improve profitability, reduce manufacturing lead times, creating new real-time intercommunicated value chains for the efficient development of new product development, centred on mass customisation & co-creation, and a reduction of waste & inefficiencies associated with traditional manufacture techniques.
Additive manufacture can improve productivity, & the efficient use of high value alloys, & the power to reduce inventory of raw materials and finished products, exploiting co-creation, new geometries & access to new materials & methods of manufacture, for small batch mass customisation & manufacture.
Computational design Can be leveraged for jewellery design for light-weighting, mass customisation & design exploration.
For smart factories there is a need for communications between multiple system manufactures, software’s & operators, and the right AI MES might be a possible solution. CPS & IoT can be employed for a greater level of real-time inter-communications throughout the value chain, & AI & BDA could be used to leverage data for operational efficiencies & predicating consumer trends. 
Blockchain can create an eco-system of trust, integrated compliance with regulations, increased security for knowledge sharing and collaborative working throughout the value chain, especially with intellectual property.
Automation of Processes can lead to operational efficiencies, such as Automating the Rapid production of parts, handling of powders, & post processing of builds & mass finishing techniques via AM, autonomous robots & Cyber Physical systems, can be self-contained, efficient closed ecosystems, with minimal operator exposure, improving working conditions.
Circular Economy & Industry 4.0 technology can improve material & recycling efficiency &, extend product life cycles, focusing on material recycling & reuse.
An equal Investment in technology must be met with an equal Investment in education & upskilling for Industry 4.0
Whilst there is a need to automate processes, there will always be a need for the human element of design & artisanal manufacture, but industry 4.0 leverages intelligent tools to push the boundaries of design & support efficient manufacture.
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