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[bookmark: _Toc167087766]Abstract

Additive manufacturing (AM), commonly known as 3D printing, has emerged as a transformative technology with profound implications for the manufacturing industry.
This dissertation explores the integration of continuous improvement principles into the development and optimization of AM modules, aiming to enhance process efficiency, product quality, and innovation.
The study delves into the background and significance of AM, highlighting its potential to revolutionize production processes across diverse sectors. It examines the importance of continuous improvement in fostering a culture of innovation and excellence, essential for staying competitive in today's dynamic business environment. Through a comprehensive literature review, various continuous improvement methodologies are analysed in the context of AM, laying the groundwork for empirical investigation. 
Methodological approaches for data collection and analysis are outlined, including case studies and experimentation to evaluate the effectiveness of continuous improvement strategies
The dissertation discusses the development and implementation of enhanced AM modules, addressing key areas for improvement identified through empirical research. Results and findings are presented, demonstrating the impact of continuous improvement initiatives on AM processes and outcomes.
The study concludes with implications for theory and practice, highlighting the significance of integrating continuous improvement principles into AM operations for sustainable growth and innovation in the manufacturing sector.
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I. [bookmark: _Toc167087769]Introduction

[bookmark: _Toc167087770]A. Company Background – Renishaw plc. 

Renishaw is a global engineering technology group. 
Renishaw was established in 1973 by David McMurtry (now Sir David McMurtry), Executive Chairman, and John Deer, Non-Executive Deputy Chairman. Renishaw's first product, the touch-trigger probe, was invented by Sir David to solve a specific inspection requirement for the Olympus engines used in Concorde. This innovative product led to a revolution in three-dimensional co-ordinate measurement, enabling the accurate measurement of machined components and finished assemblies.
Renishaw creates high precision technology for metrology and healthcare. Renishaw designs and develops systems and solutions for complete precision, control, and reliability.
[image: 5-Axis CMM Programming - 3D Metrology Software, Training and CMMs]
[bookmark: _Toc167056089][bookmark: _Toc167087880]Figure 1 – Renishaw Touch Trigger Probe (verisurf, 2024)


Renishaw are also a world leader in additive manufacturing (also known as metal 3D printing). Renishaw design and produce compact machines that ‘print' parts from metal powder. From transport to agriculture, electronics and healthcare, its breakthrough technology transforms product performance.

Renishaw have 67 key locations in 36 countries with 5,000+ employees worldwide. Over 3,000 people work in the UK. This is where Renishaw does most of its research and development and manufacturing. (Renishaw, 2024)
Renishaw makes a significant commitment to research and development with typically around 13% to 18% of annual sales invested in R&D and engineering. This has enabled Renishaw to design, develop and deliver solutions that provide unparalleled precision, control, and reliability. (Renishaw, 2024)

[image: Worldwide locations]
[bookmark: _Toc167056090][bookmark: _Toc167087881]Figure 2 – Renishaw Global Influence (renishaw, 2024)


[bookmark: _Toc167087771]C. Background and significance of additive manufacturing 7, in Renishaw. 
The AM7 system is a project intended to improve most areas of Renishaw’s current machine, AM500, offering in addition to making metal AM suitable for series production manufacturing.
The key requirement for this is that the cost per built part to the machine user must be reduced over the current state of the art.  The amount of reduction here will drive the degree of penetration the machine will achieve in different industries, with high volume automotive manufacturers demanding around a tenfold reduction in cost at the most extreme end.  At the other extreme, some specialist high-value aerospace components are cost competitive even when made with existing machine technology.  This is representative of the customer base we currently service, but without moving into lower value areas our sales will fall short of the enormous potential in the metal 3D printing market.
AM7 will deliver increased flexibility with multiple modes of operation configurable at build time on the factory floor.  Automated de-powdering functionality will remove a lot of labour cost and improve health and safety significantly.  Automatic build exchange will remove the need for labour input between consecutive builds.  Lastly a change in construction and manufacturing methods will greatly reduce the build cost of the machine, which is a primary driver of cost-per-part in most applications.  This will also allow Renishaw to maintain competitiveness with low purchase cost competition, especially systems coming from China and Korea.

The Additive Manufacturing Group (AMG) has a clear vision of how it sees metal powder bed AM becoming an industrial production technology, a philosophy which will deliver the most effective part production process for the machine customer:

· Safety.  AM systems present 4 major hazards: explosion and fire; laser radiation hazards; inert gas asphyxiation; powder exposure.  Renishaw’s intention is to separate the machine’s internal environment as completely as possible from the operators, to isolate these hazards away from people.

· Reliability.  Commitment to large machine fleets is dependent on low failure rates.  Current generation 3D printing technology lags significantly behind the reliability of modern machining centres, for example.

· Flexibility.  There are many different usage strategies that can be employed, with respect to how the powder is handled and the production workflow.  We wish to be able to offer systems that can work in any possible scenario.

· Traceability.  We believe in keeping powder that is delivered to a machine on that same machine.  Sharing of powder amongst multiple systems and machines increases contamination risk as well as compromising traceability.  It places much greater burden on the factory should a problem in a manufactured part be discovered in the field.

· Automation.  For most part types, labour cost to run machines is the second biggest contributor to end part cost.  Removing the need for extensive user interaction with the machine also aligns with our safety aspirations.  Excessive automation would be a weakness in the current industry state – removing fail safes and introducing points of failure thus reducing reliability.  Our strategy on automation therefore is that it stops at the machine door.  Within the machine we automate the build process but between machines human operators are the best solution.  There should be scope for reducing this in the future, but that time is not now.

· Cost.  Even the best users do not find it easy to make money with metal AM.  The current primary driver for this with most parts is the capital cost of the equipment.  We intend to reduce our machine manufacturing costs significantly whilst delivering much higher productivity that enables series production in AM.  By futureproofing as much of the system as possible, to reduce the risks associated with long amortisation times on expensive capital equipment.
Renishaw AMG also build heavily from the knowledge gained on their previous next-generation AM projects: NXG250, NXG300 and the NXG-XL 500mm test rig built under the LAMDA project.




[bookmark: _Toc167087772]D. Product Vision

[bookmark: _Toc167087773]Next generation

There are a lot of elements that need to come together for AM to realise it’s market growth trajectory - including significant product innovation to improve AM viability in more applications and at greater scale.
Renishaw’s revenue share is currently ~5-7% of the metal AM market - for this to meaningful change requires an aggressive product strategy. Moderate improvements to the current generation product, and business operation, isn’t going to shift this significantly. We need a generational step change in our approach.
An AM7 brochure can be found in the appendixes which outlines the main saleability points of what this next generation machine is. 


[image: ]
[bookmark: _Toc167087882]Figure 3 – AM7 System Overview



[bookmark: _Toc167087774]Competitive advantage & cost-per-part

Reduced cost-per-part is critical for AM market growth, the ~25% CAGR predicted over the next 5 years is reliant on AM out-competing traditional manufacturing techniques (to do this cost-per-part is king). If we want to grow our market share, as the market grows, we need to be differentially strong on this measure.
However, we don’t have a step-change technology for order-of-magnitude cheaper parts. We’re at a competitive disadvantage relative to some others on system cost (e.g. competitors like Farsoon in China have access to cheaper labour and subsidised development costs). So while we do have to compete strongly on cost-per-part we shouldn’t expect this alone to give us an edge.
We do have a competitive advantage on:
system vertical integration (laser, optics, hardware, software)
metrology pedigree (and vertical integration in measurement process).
Differentiation on these aspects should be core part of the strategy to meaningfully uplift our market share. We don’t want to make a bit better RenAM 500ML. See ‘What’s next generation?’ for what this could look like.
How do we compete on cost-per-part to capture new-to-AM business, while offering ‘true next gen’ features that are potentially expensive?
Ensure new tech enables reduced part cost - part of this how you present the tech - Renishaw has been making this argument about cost of quality vs scrap for years. i.e. don’t develop technology just because it’s cool!

[bookmark: _Toc167087775]SKUs

AM market customer types are highly diverse now - depending on maturity, local labour costs, regulation etc. One size does not fit all - to grow market share we need the right product to target to each group. 
The product is a platform, not a single config - a set of SKUs let us application sell across the market, but stops every system being a special.
Longer term, configurability baked into the design would enable support for ‘specials’ once the manufacturing process is mature and on an opportunity basis - this could support features such as extended z-height for oil & gas, or a small spot size machine for the jewellery & dental market.
Potential initial SKUs: 
[bookmark: _Toc167081855][bookmark: _Toc167087929]Table 1 - SKU's
	Entry level
	Data driven
	Mass production
	Regulated

	I don’t know what I’m going to do with AM yet, but I’ve got some money. Why should I buy Renishaw rather than second hand M290?
I bought a 500E.
	I’m being paid to find stuff out about AM. For validation, as is the case for aerospace pre-production facilities or for funding, as in academia.
 
	I need a workhorse; every penny counts when it comes to part costs. System price is very relevant when buying 10s of machines.
 
 
	I want to replace my EOS M290s, I need a stable platform… prove it
Production aerospace, automotive, medical.
Most closely aligned with sticking with 500Q temporarily

	Cheapest config - target sub £250k price. Sub £100k cost w/ cutdown optics
	Tendered, won on features before price.
	Highly price competitive
	Premium product

	No powder recirc
	Powder recirc (I’ll only change powder once I can name every powder particle).
	Likely no powder recirc (either labour cheap or would look at factory solution, want simple core system).
	Powder recirc (I’m not switching material; I know my demand plus contamination is risky)

	Cheapest option
	Dual recoat
	Dual recoat/SWW (whichever is faster)
	Dual recoat (easier to validate).

	2 lasers, <500W permissible
	4 lasers, 500W+, Ballerina (for testing)
	4 lasers, 500W+ ballerina
	4 lasers, 500W vanilla (Ballerina validation too expensive)

	Decent AMPM (differentiation at this pricepoint).
	Full AMPM suite plus active (closed-loop), API unlocked
	Active AMPM (yield is critical, not validation).
	Full AMPM for sign off
(hesitant about active for now)

	I’ll be hands on a lot as I learn
	I’ll have a grad student staring at it
	Want headless lights-out operation between scheduled manual intervention
	Headless lights-out operation, provided system diagnostics will catch problems

	Will need service contract, don’t know what we’re doing 
	Want service contract so cost all upfront (e.g. in tender)
	Self service available
	Self service available + service contract

	I want cheap build prep, easy to use
	Give me all the R&D build prep tools
	Integration with ERP vital for number of jobs going through, tied to scheduling.
	Build prep needs to be in my current software tool (e.g. Siemens NX)




[bookmark: _Toc167087776]Relationship to LAMDA (& 500ML)

These projects have fundamentally different core purposes. 
If you had to boil LAMDA down to a single requirement it would be ‘build big stuff’ - we need a large platform to work with critical market sectors; aerospace, energy, tooling, automotive etc. Not just to build their large parts, but because our product portfolio is too narrow - it’s harder to sell the RenAM 500 because we can’t offer a solution for the full part range. LAMDA is not primarily about ‘next generation’, in fact let’s ban ‘NXG 500’ as a moniker right now! If we had a bigger RenAM 500Q today, we’d take that - obviously there’s lots we’d like to change and we’ve got an opportunity to make something better, but it wouldn’t fundamentally miss the mark. LAMDA is also targeting a completely different sales approach; low volume, high value, entirely key accounts, predominantly in EMEA and Americas. 
The AM7 (see naming below) is genuinely about ‘next generation’ - it needs to be core to a true step change in our AM product range, and divisional performance. With the desired market share change we need to shift an order of magnitude more units than any previously released product. 
With such fundamentally different products, we don’t need commonality in terms of a product strategy target - commonality should be adopted where it makes sense for internal business reasons (design resource, BOMs, etc). If we sell 50 big systems with a less advanced control architecture, serviceability, or digital workflow that’s ok - assuming we nail the core ‘build big stuff’ need. However, we can’t afford to launch a ‘next generation’ product with the same limitations, particularly at volume. In this sense commonality shouldn’t stifle innovation on the AM7.
The next generation platform cannot eliminate the narrow portfolio issue and will substitute 500ML sales. There will be some opportunity for overlap, particularly if we have traction in regulated production applications, however, economics will force movement to the new platform. Operationally then, it makes sense to focus current resource on delivering the LAMDA system to timescale (aided by scope reduction in next generational aspects) - and grow headcount on next generation platform as a delta on existing resource dependent on board appetite for step change strategy timeline. With technological differentiation, we don’t need the same teams working on both.

[bookmark: _Toc167087777]What’s next generation? 

What makes a next generation AM product in 5 years’ time? What technologies leverage Renishaw’s competitive advantage for product differentiation? What step-change in business approach will enable an order of magnitude more unit sales?
This list isn’t meant to be exhaustive but a reference for scale of ‘next generation’ ambition:
· Ballerina - potential step change in melt rate for certain materials and applications and clear technology differentiation
· We own the full process stack including build prep, on machine control, hardware and environment to make this work. We can even control the laser supplied with it if needed.
· Closed loop control - to achieve nominal geometry, meltpool conditions etc
· Full hardware design control to achieve this.
· Thermal/meltpool closed-loop. Mode options between ‘collection-only’, ‘signature-comparison’, ‘signature-matching’ and ‘seed-matching’ (where seed is meltpool characteristics as opposed to full build signature). Seed validation becomes a possibility.
· Powder bed topography & dosing, correction or compensation
· AMPM verification - the right data to eliminate NDT requirements
· Algorithmic quality analysis and defect detection - we’ve even got an in-house CT scanner
· Powder checks on system, no need for scooping chamber powder
· Lights out production
· Fully headless operation remote from factory floor, part of de-skilling - utilisation of production monitoring (inc camera).
· Factory automation system integration - scalability is important (not many people buying 50 machines in one go!)
· Build-to-build automation 
· Serviceability
· Starts from each component design - intrinsic diagnostic tests & error reporting. Including within optical system.
· On system full service history - platform manages maintenance, calibration and service. Full user documentation.
· Customer & distributor serviceability through RBE and modular design. On-system calibration tools as needed.
· Over-the-air software updates, bug fixes and support
· Hybrid manufacture
· Blank positional measurement on or off platform (e.g. on CMM) with automatic offset update, including z-axis levelling.
· Digital workflow 
· Direct flow from build to post-build inspection, offset calculation and correction for subsequent builds. 
· Mass customisation support (e.g. dental, serial number inclusion) 
· On-demand printing - like book printing (long tail support), ideal for aerospace MROs, right-to-repair, distributed manufacture post-covid.
· Advanced network support - user management and security
· Digital twin level traceability
· Non-specialist operation 
· De-skilled operation aspects, eliminating some of the art form e.g. dosing percentage
· Third party distribution & servicing
· Global sales channels to meet unit sales ambition
















[bookmark: _Toc167087778]What’s in a name?

To avoid:
RenAM as a moniker doesn’t really work – ‘Renishaw’ isn’t a sufficiently established name in the AM space for people to intuitively know that’s what ‘Ren’ means (we still write ‘Renishaw’ on the machine), plus ‘Ren’ doesn’t have positive association (unlike the Tru in TruPrint for example). RenAM
‘Next Gen’ in name is inevitably dating when a new product is available. Next Gen NxGen NXG XII 600
System likely to have lots of configuration options e.g. no of lasers, powder options etc. Plus potential to support upgrade between configs (e.g. 500S Flex becomes 500Q) – not helpful to have configuration in branding/labelling – better to track through serial number, on machine software etc (given software is also part of config). The name is the platform/family name – can share branding across all configs. Flex QSDT etc
Numbers in industry can mean bed size or laser power – better to avoid completely to prevent uninformed comparison e.g. is the RenAM 500Q bigger or smaller than AM400, does is have more or less laser power etc? 500 250 2000 etc
Expectation that product will be wider reach than previous products – localisation is important – don’t want a name that’s difficult or meaningless (or worse, negative) in APAC. Cthulu Cyclone 
Nice to have:
Useful for name to have rationale but not vital
Want to retain ‘Renishaw’ name for consistency and brand recognition.
Recent Renishaw products have had non-specific nouns, distinct but not descriptive – Equator, Agility, Sprint. Not convinced aspirational names sell systems and more challenging for localisation. Would work better for LAMDA system.
[bookmark: _Toc167087779] Proposal:
Renishaw AM7 
Provides continuity with RenAM line, without negative tautology. 
Keeps Renishaw brand
7 = 7th generation system, highlights our AM history and provides a marketing narrative (125, 250, 400, 500M, 500E, 500ML). People unlikely to think it has 7 lasers.
7 is neutral in APAC (as opposed to 9 which is negative), the pronunciation doesn’t contain obviously challenging sounds for non-English-native speakers. 
Indicates it’s an additive manufacturing machine 


[bookmark: _Toc167087780]AM7 Machine Architecture
Below is a schematic of the physical architecture involved within AM7 machine. 
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[bookmark: _Toc167056091][bookmark: _Toc167087883]Figure 4 - AM7 Architecture

[bookmark: _Toc167087781]E. Renishaw AM Stakeholders
ISO 15288 defines a stakeholder as an individual or organization having a right, share, claim, or interest in a system or in its possession of characteristics that meet their needs and expectations.
[image: A circular diagram of people
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[bookmark: _Toc167056092][bookmark: _Toc167087884]Figure 5 – AM System Stakeholders
The stakeholders in the AM System are defined in the table below.
[bookmark: _Toc167081856][bookmark: _Toc167087930]Table 2 - Am Stakeholders
	Stakeholder
	Definition

	Machine Owner
	Aerospace business. Aiming to leverage the machine to make money.

	Customer Purchasing
	Responsible for buying machine and machine consumables.

	Part Designer
	Responsible for the design of AM parts. Aiming to use the machine to deliver certain part properties.

	Process Engineer / Production Engineer / CAM programmer
	Responsible for developing and qualifying machine, parts and processes for required application. Responsible for programming AM builds.

	Quality Manager
	Responsible for ensuring that AM parts meet the required quality standards.

	Production Manager
	Responsible for production facility output. HSE, plant services (air, water, gas, heating, power etc)

	Operator/Technician
	Responsible for the normal operation of the machine in order to produce parts.

	Customer Maintenance
	Responsible for completing tests, routine maintenance, and minor repairs.

	Renishaw
	Aiming to make money by producing AM machines according to business strategy.

	Renishaw Applications
	Responsible for supporting customer to adapt their application for AM.

	Renishaw Manufacturing
	Responsible for Manufacturing AM machines, including providing parts for the machine, spares & repairs, and consumables.

	Sales / Subsidiaries
	Responsible for selling and supporting AM machines.

	Renishaw Service
	Responsible for completing tests, routine maintenance and major repairs.

	Compliance
	Responsible for providing standards for design and/or use of AM technology for certain markets.

	Suppliers
	Responsible for providing parts for the machine, spares & repairs, and consumables.
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(RenishawConfluence, 2024)









[bookmark: _Toc167087782]II. 	Literature Review
[image: Defining Additive Manufacturing | Symmetry Electronics]
  A. Introduction to Additive Manufacturing

Additive manufacturing (AM), also widely known as 3D printing, has revolutionized the manufacturing landscape by allowing the production of complex geometries that are difficult or impossible to achieve with traditional manufacturing methods. AM builds objects layer by layer from digital models, which can significantly reduce material waste and lead time (Gibson et al., 2015). This innovative process has found applications across various industries, including aerospace, automotive, and healthcare, due to its ability to produce customized and high-performance parts.[bookmark: _Toc167056094][bookmark: _Toc167087886]Figure 7 - (Defining AM, 2024)
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[bookmark: _Toc167056095][bookmark: _Toc167087887]Figure 8 - Library Research
[bookmark: _Toc167056096][bookmark: _Toc167087888]Figure 9 - AM Tech Book

[bookmark: _Toc167087783]

B. Application of Continuous Improvement to Additive Manufacturing

Integrating continuous improvement principles into additive manufacturing involves a strategic approach to optimizing various aspects of the AM process, from design and material selection to production and post-processing. Researchers have explored how Lean principles can be adapted to AM environments, emphasizing waste reduction, process standardization, and continuous feedback loops (Bhasin & Burcher, 2006). For instance, adopting Six Sigma methodologies can help identify defects in the AM process and establish controls to minimize variability and enhance product quality (Antony, 2006).

[bookmark: _Toc167087784] C. Historical development and advancements in additive manufacturing

The origins of additive manufacturing can be traced back to the 1980s with the development of stereolithography (Hull, 1986). Since then, a myriad of techniques such as selective laser sintering (SLS), fused deposition modelling (FDM), and electron beam melting (EBM) have been introduced (Kumar & Kruth, 2010). These advancements have continuously expanded the capabilities and applications of AM, making it a versatile tool in modern manufacturing.
[image: Fototapeta Industrial revolution stages and manufacturing development ...][bookmark: _Toc167056097][bookmark: _Toc167087889]Figure 10 - Industry4.0 introduces AM focus - (Industry 4.0 JPG, 2024)

[bookmark: _Toc167087785]  D. Continuous improvement in manufacturing

Continuous improvement, rooted in the principles of Lean and Six Sigma, focuses on systematically enhancing processes to achieve higher efficiency, quality, and customer satisfaction (Liker, 2004; George, 2002). In manufacturing, continuous improvement methodologies such as the Plan-Do-Check-Act (PDCA) cycle and Kaizen are widely employed to identify inefficiencies, implement solutions, and monitor progress (Imai, 1986).

E. Introduction to DMAIC

DMAIC is a data-driven improvement cycle used for optimizing and stabilizing business processes and designs. Originating from Six Sigma, DMAIC stands for Define, Measure, Analyse, Improve, and Control. This structured methodology is widely recognized for its effectiveness in driving process improvements and enhancing quality (Pyzdek & Keller, 2014). Each phase of DMAIC plays a crucial role in systematically addressing problems and achieving sustainable improvements.

[image: What Is DMAIC? | Process News]
[bookmark: _Toc167056098][bookmark: _Toc167087890]Figure 11 – DMAIC - (DMAIC PNG, 2024)
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F. Define Phase

The Define phase involves clearly identifying the problem, setting the project goals, and defining customer (internal and external) requirements. This phase sets the foundation for the project by establishing the scope, objectives, and key deliverables. Tools commonly used in this phase include project charters, SIPOC (Suppliers, Inputs, Process, Outputs, Customers) diagrams, and stakeholder analysis (George et al., 2005). According to Montgomery (2009), a well-defined problem statement and clear objectives are critical for the success of the DMAIC process.

G. Measure Phase

In the Measure phase, the current process performance is quantified by collecting relevant data. This phase aims to establish baseline measurements, which serve as a reference point for future improvements. Key activities include identifying key process metrics, developing data collection plans, and ensuring data accuracy. Techniques such as process mapping, data sampling, and measurement system analysis are often employed (Breyfogle, 2003). The importance of accurate and reliable data in this phase is emphasized by R. D. Snee (2010), who notes that data integrity is fundamental to the success of subsequent DMAIC phases.

H. Analyse Phase

The Analyse phase focuses on identifying the root causes of process inefficiencies and defects. Through rigorous data analysis, this phase seeks to uncover the underlying factors contributing to the problem. Common tools and techniques include cause-and-effect diagrams, Pareto charts, hypothesis testing, and regression analysis (Antony, 2006). According to Pande, Neuman, and Cavanagh (2000), effective analysis is crucial for understanding the process dynamics and pinpointing areas for improvement.

I. Improve Phase

In the Improve phase, solutions are developed and implemented to address the root causes identified in the Analyse phase. This phase involves brainstorming potential solutions, selecting the best ones, and testing their effectiveness through pilot studies or simulations. Techniques such as design of experiments (DOE), failure modes and effects analysis (FMEA), and kaizen events are commonly used (Breyfogle, 2003). The goal is to implement changes that lead to measurable improvements in process performance. As per George et al. (2005), the Improve phase is where significant gains are made, making it a critical part of the DMAIC cycle.

J. Control Phase

The Control phase aims to sustain the improvements achieved in the previous phase. This involves establishing monitoring systems, standardizing processes, and implementing control plans to prevent regression. Tools such as control charts, process documentation, and training programs are utilized to maintain the gains (Montgomery, 2009). According to Snee (2010), ongoing monitoring and control are essential to ensure that the improvements are permanent and that the process remains stable.


[image: Six Sigma - Control Phase Six Sigma - Control PhaseProcess Exam]
[bookmark: _Toc167087891]Figure 12 - DMAIC all comes down to Control - (Control Phase IMG, 2024)
[bookmark: _Toc167087787]  K. Current challenges & Opportunities in the literature

While the integration of continuous improvement practices into AM presents significant opportunities, several challenges must be addressed. One of the primary challenges is the inherent variability in AM processes, which can lead to inconsistent quality and performance of printed parts (Kumar et al., 2012). Additionally, the high initial costs of AM equipment and the need for specialized knowledge pose barriers to widespread adoption (Campbell et al., 2011).

[bookmark: _Toc167087788]L. Current gaps in literature

Despite the growing body of research on continuous improvement in AM, several gaps remain. There is a need for more empirical studies that demonstrate the practical application of continuous improvement methodologies in various AM contexts (Khajavi et al., 2014). Additionally, research exploring the integration of advanced technologies such as artificial intelligence and machine learning into continuous improvement frameworks for AM is still in its infancy (Zhang et al., 2020).
[image: A diagram of a smart factory
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[bookmark: _Toc167087892]Figure 13 - AI Smart Factory - (AI Smart Factory, 2024)
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Literature Review Conclusion

The integration of continuous improvement principles into additive manufacturing holds great potential for enhancing process efficiency, product quality, and innovation. While challenges such as process variability and high costs exist, ongoing research and practical applications continue to demonstrate the value of combining these methodologies. Addressing current research gaps through empirical studies and the exploration of advanced technologies will further advance the field, enabling more robust and efficient additive manufacturing processes.

The DMAIC methodology provides a robust framework for systematic problem-solving and process improvement. Each phase of DMAIC—Define, Measure, Analyse, Improve, and Control—plays a vital role in ensuring the success of improvement initiatives. By leveraging data-driven techniques and structured approaches, organizations can achieve significant enhancements in quality, efficiency, and customer satisfaction. As research and practice continue to evolve, the DMAIC methodology remains a cornerstone of continuous improvement efforts.












[bookmark: _Toc167087790]III. 	Methodology
[bookmark: _Toc167087791]
  A. Research design and approach
The research and design approach methodology for this thesis involves a combination of literature review, empirical research, and design-driven analysis. Here's a breakdown of the methodology:


1. 	Literature Review:
  - Conduct a comprehensive review of existing literature on additive manufacturing, continuous improvement methodologies, and their intersection.
  - Identify key concepts, theories, and frameworks relevant to the integration of continuous improvement principles into additive manufacturing modules.
  - Synthesize findings from previous studies to establish a theoretical foundation for the research.

2. 	Empirical Research:
  - Utilize a mixed-methods approach, including qualitative and quantitative research techniques, to gather data.
  - Employ surveys, interviews, and case studies to collect insights from industry practitioners, experts, and stakeholders.
  - Focus on identifying current challenges, best practices, and opportunities for improvement within additive manufacturing modules.
  - Analyse empirical data to derive actionable insights and inform the design and development of enhanced modules.

3. 	Design and Development: 
  - Utilize design thinking methodologies to ideate, prototype, and iterate on potential enhancements to additive manufacturing modules.
  - Collaborate with industry partners and stakeholders to co-create innovative solutions that address identified challenges and leverage continuous improvement principles.
  - Incorporate feedback from empirical research findings to ensure that the designed modules align with the needs and requirements of end-users.
[bookmark: _Toc167087792]
4. 	Evaluation and Validation:
  - Test and evaluate the effectiveness of the designed modules through pilot studies, simulations, and real-world implementations.
  - Measure key performance indicators such as process efficiency, product quality, and user satisfaction to assess the impact of continuous improvement strategies.
  - Iterate on the design based on feedback and lessons learned from the evaluation phase to further optimize the modules.

5. 	Documentation and Reporting:
  - Document the entire research and design process, including methodologies, data collection procedures, analysis techniques, and outcomes.
  - Prepare a comprehensive report detailing the research findings, design iterations, evaluation results, and recommendations for future implementation.
  - Present the findings and insights to relevant stakeholders, industry partners, and academic communities through presentations, publications, and dissemination activities.

This research and design approach methodology aims to integrate theoretical insights with practical applications to address the research objectives effectively and contribute to the advancement of knowledge in the field of additive manufacturing and continuous improvement.










[bookmark: _Toc167087793]B. Data collection methods (e.g., surveys, interviews, case studies)

For data collection in this thesis, a mixed-methods approach combining qualitative and quantitative methods will be employed to gather comprehensive insights into the integration of continuous improvement principles into additive manufacturing modules. Here are the proposed data collection methods:

Case Studies:
Select relevant organizations or manufacturing facilities that have implemented continuous improvement initiatives in additive manufacturing. Conduct detailed case studies to examine the implementation process, challenges faced, and outcomes achieved. Gather qualitative data through interviews, observations, and document analysis to provide rich, contextualized insights.

[bookmark: _Toc167087794]Observations:
Conduct on-site observations of additive manufacturing processes and operations to gain firsthand knowledge of workflow, challenges, and opportunities for improvement. Document observations through field notes, photographs, and video recordings to supplement other data collection methods

Document Analysis:
 Review existing documentation, reports, and publications related to additive manufacturing and continuous improvement initiatives. Analyse technical specifications, performance metrics, and process documentation to identify areas for improvement and benchmarking.
[bookmark: _Toc167087795]Experimental Studies:
Design and conduct experimental studies to test the effectiveness of proposed enhancements to additive manufacturing modules. Collect quantitative data on process parameters, product quality, and performance metrics to evaluate the impact of continuous improvement strategies.

By employing a combination of these data collection methods, this research aims to gather diverse perspectives, insights, and empirical evidence to address the research objectives effectively and contribute to advancing knowledge in the field of additive manufacturing and continuous improvemen
[bookmark: _Toc167087796]D. Data analysis methods
For data analysis in this thesis, a combination of qualitative and quantitative methods will be employed to analyse the diverse range of data collected through surveys, interviews, case studies, observations, and document analysis. Here are the proposed data analysis methods:

[bookmark: _Toc167087797]Qualitative Data Analysis:
Thematic Analysis: Identify recurring themes, patterns, and trends in qualitative data obtained from interviews, observations, and document analysis. Interpretation: Analyse qualitative data to derive insights, interpretations, and conclusions related to the research objectives and theoretical framework.

[bookmark: _Toc167087798]Quantitative Data Analysis:
Descriptive Statistics: Calculate descriptive statistics such as means, frequencies, and percentages to summarize quantitative data obtained from surveys.
 
[bookmark: _Toc167087799]Comparative Analysis:
Conduct comparative analysis across cases or groups to identify similarities, differences, and variations in data collected from different sources or contexts. Compare findings from qualitative and quantitative data to explore convergences and divergences in results and interpretations.


By employing these data analysis methods, this research aims to rigorously analyse and interpret the collected data to address the research objectives effectively and contribute to advancing knowledge in the field of additive manufacturing and continuous improvement.




[bookmark: _Toc167087800]V. Applying Advanced Adhesive Bonding for AM Sheet Metal Modules to DMAIC


[bookmark: _Toc167087801]Define


[bookmark: _Toc167087802]Context and Background:
Additive Manufacturing (AM) of sheet metal modules is a growing field due to its ability to produce complex, lightweight structures with high precision. However, fastening these AM sheet metal modules during assembly presents several challenges that affect the efficiency, structural integrity, and overall quality of the final product. The traditional fastening methods, which include welding, riveting, bolting, and adhesive bonding, may not always be suitable for AM sheet metal due to differences in material properties, geometries, and the need for precision.


[bookmark: _Toc167087803]
Problem Statement:
The current fastening methods used for assembling AM sheet metal modules are inadequate, leading to various issues such as structural weaknesses, assembly inefficiencies, and increased production costs. These problems stem from the unique properties of AM-produced sheet metal components, including variable surface finishes, inconsistent thicknesses, and complex geometries that are not always compatible with traditional fastening techniques. As a result, there is a need for improved fastening methods that can address these challenges and ensure the reliability and efficiency of AM sheet metal assemblies.




[bookmark: _Toc167087804]Specific Challenges:

[bookmark: _Toc167087805]Structural Integrity: 
Traditional fastening methods may not provide sufficient strength or may introduce stress concentrations that weaken the joint. Also, Material Compatibility affects the structural integrity as Differences in properties between AM materials and traditional fastening materials can lead to issues like thermal expansion mismatches and galvanic corrosion.

Precision and Fit:
AM sheet metal components often exhibit variations in dimensions and tolerances, making it difficult to achieve a precise fit with standard fasteners. The intricate shapes produced by AM may not have sufficient flat surfaces or alignment features necessary for effective fastening.

Assembly Efficiency:
Methods like welding or bolting can be time-consuming and labour-intensive, reducing overall assembly efficiency. Some fastening methods require specialized equipment and skilled labour, increasing the complexity and cost of the assembly process.

Quality and Aesthetics:
Ensuring consistent quality across multiple assemblies is challenging with existing fastening methods due to variability in operator skills and environmental conditions.









[bookmark: _Toc167087806]Research Objectives:

Evaluate Current Fastening Methods:
  Conduct a comprehensive review of existing fastening techniques used in the assembly of AM sheet metal modules. Identify specific limitations and failure modes associated with each method.

Develop Improved Fastening Techniques:
 Explore innovative fastening solutions tailored to the unique properties of AM sheet metal components. Investigate the use of advanced materials and technologies, such as high-strength adhesives, advanced welding techniques, and custom-designed fasteners.

Test and Validate New Methods:
  Perform mechanical testing and simulations to evaluate the performance of proposed fastening methods. Conduct pilot assembly projects to validate the practical applicability and efficiency of the new methods in real-world scenarios.

Establish Best Practices:
Develop guidelines and best practices for the implementation of improved fastening methods in the assembly of AM sheet metal modules. Provide training and resources to ensure consistent and high-quality assembly processes across different manufacturing environments.

By addressing these challenges through targeted research and development, the goal is to enhance the reliability, efficiency, and overall quality of AM sheet metal module assemblies, thereby supporting the broader adoption of additive manufacturing technologies in various industries.






[bookmark: _Toc167087807]Measure
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Key Metrics:
- Joint Strength: Measured by tensile and shear tests.
- Assembly Time: Time taken to complete the bonding process.
- Bond Quality: Incidence of defects such as voids, weak bonds, and misalignments.
- Production Costs: Costs associated with adhesive materials, application equipment, and labour.


[bookmark: _Toc167087809]
Data Collection Plan:
- Joint Strength: Perform mechanical testing on sample bonded joints using a universal testing machine.
- Assembly Time: Record the time taken from surface preparation to final cure for each adhesive type.
- Bond Quality: Conduct destructive testing. 
- Production Costs:  Analyse cost data from procurement, labour, and overheads.











[bookmark: _Toc167087810]Design Requirements



[bookmark: _Toc167081859][bookmark: _Toc167087931]Table 7
	Constraints 
	Value 
	Units
	Comments 

	Constraints 
	Value 
	Units
	Comments 

	Material(s) 
	Zintec, SS, Galvanised MS
	-
	-

	Operating temperature Max
	200???
80-100
	Degrees °C 
	 

	Transport Temps 
	-25-75
	Degrees °C 
	 

	Bond strength 
	N/A
	Nm 
	Mechanical fixings will provide strenth 

	Lifecycle (10 years)
	4*24*365*10 = 350K 
	Cycles
	ML re-gas 4/hr 

	Working pressure 
	0.3
	mBar 
	 

	Max pressure 
	0.41
	mBar 
	 

	Aesthetic appearance 
 
	N/A
	 
	Wraps will cover in perfections

	Deflection
	 
	 
	 

	ESD safe 
	 
	 
	 

	Panel gap / Glue gap 
	 
	 
	 

	Surface prep 
	Degrease surcae 
	 
	 

	Working time / Glue setting time 
	 
	 
	 

	Adhesive feed rate 
	 
	 
	 










[bookmark: _Toc167087811]Reliability & Robustness Requirements

Ultimately this product needs to be boringly reliable, and capable of enduring the use cases below in a cost-effective manner. i.e. cost of service to repair/maintain to ensure life of product and number of potential build cycles does not adversely affect cost of part.
Use case metrics for consideration. The following use case metrics should be considered:

[bookmark: _Toc167081857][bookmark: _Toc167087932]Table 3 – Reliability & Robustness Requirements
	Use case metrics
	Details
	Related specifications: 
	Parts/systems affected
	Specification

	Product life
	Expected life of 5-10 years before announced obsolescence.
Further 5 years of support after obsolescence.
(source ref only: 6780-1268 - The AM System shall have a life of 15 years.)
Assuming 50weeks (24/7) less five weeks downtime
See appendix: calculations for further info
	Availability of 90%
	All
	Life testing of nonstandard serviceable parts/assys etc needs to be 10years x 7560 = 75600hrs

	Max load
	Assuming full part height of 400mm
Assuming volume of part within that height at 50% (0.0125m3)
Assuming heavy duty carrier plate
Assuming material of Inconel 718 @ 8230kg/m3
See appendix: calculations for further info
	max useable build height = 400mm less carrier plate and build plate assembly
Reserve factor = 1.5
	Affects tombola, doser, re-coater arm, hoppers, elevator, substrate removal system, safety, structure.
	The System shall be able to manage a 170 kg built item.
The build volume and associated systems shall be able to handle 251.7 kg mass static load (powder, BP assy & consolidated part).

	Max cycles
	Assuming a part height of 5% of max useable build height. (20mm)
Assuming a part volume of 5% of available volume. (62500mm3)
Assuming build rate of 3kg/hr for Ti
Density of Ti6AL4 = 4500kg/m3
See appendix: calculations for further info
	max useable build height = 400mm
max useable build area = 62500mm2
see product life for available productivity hrs
	Re-coater, elevator, tombola, transfer module, thermal cycling of laser delivery system, and cooling systems, user contact, sensors and switches.
	Min build cycle is 0.4hrs
Max no. cycles is 187260 over a 10 year period

	Max duration
	Assuming full part height of 400mm
Assuming volume of part within that height at 50% (0.0125m3)
Assuming build rate of 0.05kg/hr
Density of Al = 2730kg/m3
See appendix: calculations for further info
	max useable build area = 62500mm2
see product life for available productivity hrs
	Recoater, elevator, cooling systems, gas pumps
	Maximum build duration = 608.38hrs








[bookmark: _Toc167087812]How Adhesive Bonding Works?
These materials create bonds by evaporating a solvent or curing a specific bonding agent in the presence of pressure, time, and heat. Traditional glues used for this purpose were not very reliable in terms of the integrity and strength of the joints. The innovation of plastic-based agents or super glues has changed the perspective as they are manufactured to cure with the heat on their own and allow strong adhesion.
Epoxy glues are known for their excellent composition which helps form strong joints. These special glues are quickly becoming safer choices in aerospace, automotive, structural, and a lot of other applications where metal joints are not frequently exposed to weathering or heat.

[bookmark: _Toc167087813]Advantages Over Welding
In view of safety concerns, down time, and structural degradation or integrity, adhesive bonding or gluing offers some benefits and presents a few drawbacks too.
In this technique, stress concentration points in the joint can be reduced. Discoloration, distortion, corrosion, or other deformations are less likely even though thin or dissimilar metals with various shapes, dimensions, or masses are joined.
Since you won’t be performing any process that requires an extreme level of heat or other factors, the galvanized coatings on your base metals (if any) won’t be damaged. The appearance of the finished joints comes better with adhesive bonding that it does with welding.
Welding can be an ideal technique for high-volume production requirements, but adhesive bonding, if applied to the right metals, lets you make even a higher volume. You don’t have to take much of any clean-up action after the process.
This bonding technique distributes stress across the bonded area to increase the fatigue strength. Also, the joint design may change to properly accommodate the surface contact. Maybe, you’ve realized another benefit that this process doesn’t require you to have much training as you would have for welding.
 



[bookmark: _Toc167087814]Notable Disadvantages
The cure time required for a strong joint range from several minutes to a few hours. Depending on the applications, you may experience delays in the work process. Surface preparation might be required, and this is where you could use some training. Disassembly of the bonds or joints can be very challenging.
Adhesives don’t do their job very well in tension applications. It means your options can be limited to only those joints where adhesives are kept in compression.
Also, avoid trying this while being in an atmosphere with high temperatures exceeding 150°F.
 
[bookmark: _Toc167087815]Choice Of Adhesives
[bookmark: _Toc167081858][bookmark: _Toc167087933]Table 4
	Adhesive Families
	Characteristics of Joints
	Limitations

	Two-Part without Acrylics
	Strength and durability with fast bonding
	Low depth of cure

	Two-Part with Acrylics
	Durability and better depth of cure
	Long cure time

	Two-Part Epoxies
	Durability, strong, excellent temperature resistance, and depth of cure
	Long cure time

	Polyurethanes
	Toughness and flexibility
	Slower cure than most other families

	Cyanoacrylates
	Excellent shear strength
	Low depth of cure and peel strength

	Light-Cure Acrylics
	Fast and strong bonding
	Extremely limited applications

	Silicones
	Excellent temperature resistance and retention of strength properties
	Slow cure and poor cohesive strength


 (How Adhesives Work , 2024)

[bookmark: _Toc167087816]What adhesion joint – Flange Vs Fillet? 
[bookmark: _Toc167087817]Fillet
A fillet joint is an application of adhesive into a corner of two sheet panels.  
[bookmark: _Toc167087818]Flange
A flange joint is an application of adhesive between two flat sections of sheet metal. 
[bookmark: _Toc167087819]Pro’s/Con’s 
	Flange
	Fillet

	Pro’s
	Con’s
	Pro’s
	Con’s

	 
	Sheet Metal Bend is required to form the flange. 
	No metal bend is required to produce.
	 

	More surface area for the adhesive to be applied on.
	 
	 
	Less surface area for the adhesive to to be applied to.

	Smaller fill gap produced - plates pressed together
	 
	 
	Fill Gap is quite large

	 
	Not able to witness or inspect the adhesive for any defects as well
	Able to see pretty well the areas of potential failure.
	 

	Adhesive is less susceptible to the environment as it is protect by the two sheets
	 
	 
	Adhesive is more prone to environmental wear as it is externally placed. 

	Less adhesive is required as spreads when pressed.
	 
	 
	More adhesive is required to fill corners. 


[bookmark: _Toc167087893]Figure 14 - Flange Vs Fillet Joint
 
[bookmark: _Toc167087820][image: A blueprint of a rectangular object

Description automatically generated]Adhesive volume[bookmark: _Toc167087894]Figure 15


(Flanged seal length approx) 6100mm X (Flanged seal bead diameter) Ø4mm 
= (Flanged seal volume) 76,654mm^3 = 76.65ml = 0.07litres 
volume = π · r2 · h
(Fillet seal length approx) 6100mm X (Fillet seal bead diameter) Ø8mm 
= (Fillet seal volume) 306,619mm^3 = 306.61ml = 0.31litres X4.5 more glue 

 [image: A diagram of a path and a diagram of a sealant
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[bookmark: _Toc167087895]Figure 16 - Fillet Vs Flange


This shows that Flange sealing method is a cheaper, less wasteful method. 
[bookmark: _Toc167087821]Flange Vs Fillet Conclusion 
In conclusion I believe that a flange joint is better than a fillet joint as we are looking for an adhesive/sealant (rather than just a sealant alone) as an adhesive works best on a larger surface area to act on.
The flange gives us the area of the flange to grip against when the two plates are pressed together. Whereas the fillet only gives us a small area of either end of the two plates to grab. 
The flange should also mean that less adhesive is needed to be used as once placed it is flattened across the area.
The flange should give the assemblies the required strength, whilst also protecting the adhesive material within the two plates against environmental factors such as gas & powder flow. 
The downside to the flange joint however is obviously we must design the modules to cater for the flanges. This means additional material is added to design, and extra processes like sheet metal bending. 
Also, the fillet offers an easier inspection method of each joint as it is more visible. But I believe the internal placement of fillet joints in some of the chambers would be far too unergonomic to the user on a mass production scale. 
We can work around inspection requirements for the flange by trying to achieve a ‘push out’ requirement of adhesive. However, with flange or fillet you never certainly know the chamber is fully sealed until leak testing. 
 








[bookmark: _Toc167087822]Adhesive Test Box Design
Designed and created test boxes that will be used to test different adhesives.
[bookmark: _Toc167087823]Flanged Design
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[bookmark: _Toc167087896]Figure 17

[bookmark: _Toc167087824]Fillet Design
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[bookmark: _Toc167087827]3M 8825
[bookmark: _Toc167087828]Assembly
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[bookmark: _Toc167087830]Observations: 
This sealant seemed soft to touch. You could scratch away the adhesive fairly easy with your nail, so probably not suitable over time in AM. 
[bookmark: _Toc167087831]Leak Tests - 
This tank passed the leak test first time.
Tested 17/05/2023
Test AVG = (0.190+0.190+0.235)/3 = 0.205mb 
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[bookmark: _Toc167087901]Figure 22
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[bookmark: _Toc167087832]Loctite 9497
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[bookmark: _Toc167087835]Observations - 
Material felt tougher and looked more ceramic once hardened which means it may be able to withstand wear better than a softer material but could be more susceptible to cracking/shattering over fatigue/shock/movement. 
 
[bookmark: _Toc167087836]Leak Test - 
Box failed.
Re-sealed the leak path to re-test in 24hr.
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[bookmark: _Toc167087840]Observations -
Material felt tougher and looked more ceramic once hardened which means it may be able to withstand wear better than a softer material but could be more susceptible to cracking/shattering over fatigue/shock/movement.
 
[bookmark: _Toc167087841]Leak Test - 
Passed first time. 
Tested on 17/05/2023.
Test AVG = (0.320+0.350+0.330)/3 = 0.333mb
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[bookmark: _Toc167087843]Destructive Testing

[bookmark: _Toc167087844]Procedure: 
To drop the leak test boxes at waist height onto the top corner (as it will be the worst-case scenario).
Then visually inspect the damage and leak test the vessel to see any changes. 
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[bookmark: _Toc167087845]Test Samples
[bookmark: _Toc167087846]1) 3M 8825
Survived the drop. 
It seems that the softer feel of the material lead to a greater shock absorption seen. 
There were no cracks witnessed after drop. 
The test box passed the leak test before and after the drop. 
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[bookmark: _Toc167087847]2) Loctite 9496
This test box had passed the leak test before the drop. 
But had failed the leak test after due to the box splitting on impact. 
The adhesive may be too brittle.
 
Looked like more of an adhesive failure (split between the material and adhesive), rather than a cohesive failure (split between the adhesive itself).
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[bookmark: _Toc167087912]Figure 33

[bookmark: _Toc167087848]3) Loctite 9497
This box had already failed the leak test prior (but we think due to assembly rather than function). 
A shattering of the adhesive was seen in the corner. 
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[bookmark: _Toc167087849]Adhesive material cost 
[bookmark: _Toc167081860][bookmark: _Toc167087934]Table 8 - Cost of Adhesive
	Adhesive 
	Type 
	Cure 
	Cost £
	Qty 
	Unit s
	Bead diameter / width
	Seal type
	Length Meters
	Cost per Meter £/M
	De-powder seal cost

	Permabond ES569
	1 part Epoxy
	Oven
	 £   53.30 
	320
	ml (tube) 
	4
	Flanged 
	25.5
	£2.09
	£12.76

	
	
	
	
	320
	ml (tube) 
	8
	Fillet 
	6.4
	£8.37
	£51.05

	Permabond ET5453
	2 part Epoxy
	Anaerobic
	 £   75.00 
	400
	ml (tube) 
	4
	Flanged 
	31.8
	£2.36
	£14.37

	Permabond ET514
	2 part Epoxy
	Anaerobic
	 £   75.00 
	400
	ml (tube) 
	4
	Flanged 
	31.8
	£2.36
	£14.37

	Permabond MH199
	Anaerobic
	Anaerobic
	 £   75.00 
	400
	ml (tube) 
	4
	Flanged 
	31.8
	£2.36
	£14.37

	3M 760 Seam sealer
	Polyurethane
	Anaerobic
	 £   11.00 
	290
	ml (tube) 
	8
	Fillet 
	5.8
	£1.91
	£11.62

	3M 08694 Weld seam sealer
	Polyurethane
	Anaerobic
	 £   11.00 
	290
	ml (tube) 
	8
	Fillet 
	5.8
	£1.91
	£11.62

	1.6mm 3M™ VHB™ GPH160 GF High Temperature Tape
	Tape
	None
	 £   12.67 
	33
	Meters
	6
	Flanged 
	33.0
	£0.38
	£2.34

	Foam Tape - single sided
	Tape
	None
	 £   12.67 
	33
	Meters
	6
	Flanged 
	33.0
	£0.38
	£2.34

	Aluminium Foil Tape
	Tape
	None
	 £   14.00 
	45
	Meters
	6
	Flanged 
	45.0
	£0.31
	£1.90

	EPDM Sponge closed cell tape
	Tape
	None
	 £   10.88 
	10
	Meters
	5
	Flanged 
	10.0
	£1.09
	£6.64

	3M Scotch-weld 2214 regular
	1 part Epoxy
	Oven 
	 £ 186.93 
	1000
	ml (tube) 
	4
	Flanged 
	79.6
	£2.35
	£14.32

	3M Scotch-weld 2214 regular
	1 part Epoxy
	Oven 
	 £ 186.93 
	1000
	ml (tube) 
	8
	Fillet 
	19.9
	£9.39
	£57.29

	Skikaflex SikaPower®-1277
	2 part Epoxy
	Anaerobic
	£47.37
	400
	ml (tube) 
	4
	Flanged 
	31.8
	£1.49
	£9.07

	POR-15 POR-PATCH
	Isocyanate Prepolymer paste/gel
	Anaerobic
	£19.16
	118
	ml (tube) 
	4
	Flanged
	9.4
	£2.04
	£12.44

	Belzona 1121 (Super XL-Metal)
	1 part Epoxy
	Anaerobic
	 
	 
	ml (tube) 
	4
	Flanged 
	0
	#DIV/0!
	#DIV



From the cost, the cheapest form of adhesive method is tape – Aluminium Foil Tape. Whereas the most expensive is Permabond ES569
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Data Analysis:
- Compare joint strength results.
- Analyse assembly time data to identify bottlenecks in the bonding process.
- Examine bond quality data to determine common defects and their root causes.
- Evaluate production cost data to identify cost-saving opportunities.
Below is a list of adhesives used on Leak Test Boxes:
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	Applied
	Oven
	Cure T
	Leak Tested
	Pass 1st? 
	Drop Test
	Pass After D Test

	3M 760
	✅
	❌
	24hr 
	✅
	❌
	❌
	 

	3M 8710
	✅
	❌
	10min
	✅
	❌
	❌
	 

	Permabond ES569
	✅
	✅
	1hr @150
	✅
	❌
	❌
	 

	New Style Boxes Used From Here - No Service Hatch, Fully Sealed Box.

	Loctite 9496
	15/05/2023
10:03
	❌
	60mins
	✅
	❌
	✅
	❌
Cracked

	Loctite 9497
	15/05/2023
14:20
	❌
	160-250mins
	✅
	❌
	✅
	N/A
Shattering

	3M 8825
	16/05/2023
8:58
	❌
	25mins
	✅
	✅
	✅
	✅

	Loctite 9497
(2nd Attempt)
	22/05/2023
11:20
	❌
	160-250mins
	 
	 
	 
	 



Narrowed down to Permabond or 3M
[bookmark: _Toc167081862][bookmark: _Toc167087936]Table 5
	Adhesive 
	Pro 
	Con

	Permabond
	Fillet = Quicker assembly process, More accurate panel assembly 
 
Flange = ??? possibly the same as other adhesive but the 
Proven process in agility (not gas tight) 
Lifecycle testing on breathing rig 
4-6hr Cure & cool time
Handling time: estimate 3hrs because not in fridge
Nozzle cost less 
 
 
 
 
 
 
 
	Fillet joint cannot be done by human in depower & transfer tank. Manual handling, extraction. 
Fillet joint is uncontrollable in size, packing and finishing. 
Flange method fail leak test box 
Oven purchase 
Less viscous, difficult to control 
No rework process 
Two types of substrates in depower tank, the differential thermal expansion rate would not work. This required two glue process. 
Material intended for flange as opposed to fillet (gap size: XXmm) 
Higher cost material 
Saleability - Robot required for fillet joint and that may be limited due to access and size. 
Handling uncured 
 
 

	3M 8825 
	Process control: Glass bead gap for flange process
Cheaper material & less material 
Reworkable 
Multi material 
Curing time is less TAKT time 
Less exposure to COSHH
Controllable manual handling with basic tooling 
Saleability - easy to scale up without automation 
Low capital expenditure 
Adhesive used in designed manner
 
 
	Handling time 30minutes 
Cure time 24hrs 
Still tacky after 3days in excess volume areas 
Not proven in a lifecycle test 
Nozzle cost higher 
Variation in geometry due to assembling wet. 
Saleability: hard to scaleup with automation 
Preferred to build sub assemblies prioir to main construction 
handling uncured? 
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FMEA’s have been completed for each module outlining the failure modes. The depowdering FMEA can be seen in the appendix. 
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Proposed Improvements: 
Enhanced Surface Preparation:
Implement standardized cleaning and abrasion procedures. Use adhesion promoters or primers to improve bond strength.

 Optimized Adhesive Selection:
Choose adhesives with properties best suited to AM materials and the application environment (e.g., epoxy for high strength, silicone for flexibility).

 Automated Application Techniques:
Use automated dispensing systems to ensure consistent adhesive application and reduce manual errors.

 Quality Control Measures:
Integrate real-time monitoring and inspection systems to detect and address defects during the bonding process.
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Standard Operating Procedures (SOPs):
- Develop and document SOPs for adhesive bonding, including surface preparation, adhesive application, and curing processes.

Purpose
To establish a standardized procedure for applying 3M adhesive with an adhesive gun on flanged folds of Additive Manufacturing (AM) modules to ensure consistent quality and bond strength.

Scope
This procedure applies to all operators and technicians involved in the adhesive bonding process on AM modules at [Your Company Name].

[bookmark: _Toc167087854]Responsibilities
- Operators: Follow the SOP and ensure proper application of adhesive.
- Supervisors: Ensure compliance with the SOP and provide necessary training.
- Quality Control: Inspect and verify the quality of adhesive bonds.

Materials and Equipment
- 3M adhesive (specified type: e.g., 3M Scotch-Weld Epoxy Adhesive DP420)
- Adhesive gun (compatible with 3M adhesive cartridges)
- Nozzle (appropriate type for precise application)
- Personal protective equipment (PPE) including gloves, safety glasses, and lab coat
- Cleaning materials (isopropyl alcohol, lint-free cloths)
- Flanged fold AM modules
- Surface primer (if specified by the adhesive manufacturer)
- Mixing plate (if manual mixing is required)

Safety Precautions
- Wear appropriate PPE at all times.
- Ensure adequate ventilation in the workspace.
- Follow the manufacturer’s safety data sheet (SDS) for the adhesive.
- Avoid direct skin and eye contact with the adhesive.
- Dispose of any waste materials in accordance with local regulations.
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Procedure
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Preparation
Workspace Setup:
  - Ensure the workspace is clean and free of contaminants.
  - Arrange all materials and equipment within easy reach.

Surface Preparation:
  - Clean the flanged folds of the AM modules using isopropyl alcohol and a lint-free cloth to remove any dust, grease, or contaminants.
  - Allow the surfaces to dry completely.
  - If specified, apply the surface primer according to the manufacturer’s instructions and allow it to dry.
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Adhesive Preparation
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Cartridge Setup:
  - Load the 3M adhesive cartridge into the adhesive gun.
  - Attach the appropriate nozzle to the cartridge.

[bookmark: _Toc167087859]Adhesive Application
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Adhesive Gun Usage:
  - Hold the adhesive gun at a 45-degree angle to the flanged fold surface.
  - Squeeze the trigger steadily to dispense the adhesive in a continuous bead along the flanged fold.
  - Ensure the adhesive bead is uniform and covers the entire length of the flanged fold.

[bookmark: _Toc167087861]Assembly:
  - Immediately align and press the flanged fold surfaces together.
  - Apply even pressure along the bond line to ensure proper adhesive spread and bond formation.
  - Secure the assembly in place using clamps or fixtures if necessary.
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[bookmark: _Toc167087863]Initial Cure
  - Allow the adhesive to set for the initial curing time as specified by the manufacturer (e.g., 60 minutes at room temperature).

Full Cure:
  - Maintain the assembly undisturbed for the full curing time to achieve maximum bond strength (e.g., 24 hours at room temperature or as per the manufacturer’s guidelines).

[bookmark: _Toc167087864]
Post-Application Inspection

[bookmark: _Toc167087865]Visual Inspection:
  - Check the bond line for uniformity and completeness.
  - Ensure there are no gaps, voids, or excessive adhesive squeeze-out.

[bookmark: _Toc167087866] Quality Control
- Conduct routine inspections to ensure adherence to the SOP.
- Document any deviations or issues encountered during the process and report them to the supervisor.
- Maintain records of adhesive batch numbers, application dates, and inspection results.

Documentation
- Complete an adhesive application log for each batch of AM modules processed, including:
 - Operator name
 - Date and time of application
 - Adhesive batch number
 - Module identification numbers
 - Inspection results

Training
- All operators and technicians must undergo training on this SOP before performing adhesive bonding tasks.
- Refresher training sessions should be conducted annually or whenever there are updates to the procedure.
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  A. Summary of key findings

In conclusion I found that adhesive 3m 8825 performed the best for what we needed due to its high strength and quick curing time. However, looking at the adhesion process in general I have doubts that it is the most suitable reliable, and repeatable method for production. A high level of skilled operator must be required, and rework of the adhesive panels is almost impossible. A better option I see going forward is laser welding. 
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Types of build:
Worst case values have been based upon the following scenarios. (see attached spreadsheet for master calculations)
[bookmark: _Toc167081863][bookmark: _Toc167087937]Table 9 - Types of Build
	Type of build case
	Description
	percentage of Build volume
	Material
	turnaround time (hrs)
	build rates

	Very long build time
	densely packed parts or single unit in slowest processing material parameters
	50% of full height
	Al
	0.25
	0.05kg/hr

	Very short build time
	short wire frame structures in fastest processing material parameters
	5% of 5% of height
	Ti
	0.25
	3kg/hr

	Very Heavy part.
	as per very long but in heaviest material parameters
	50% of full height
	Inc
	0.25
	3kg/hr



Calculations
AM7 build mass & powder calcsBuild duration calculationsProductivity calculations
Open AM7 Use case calculations.xls

AM7 User case calculations.xlsx
10 Oct 2022, 02:52 pm
Typical requirements
· 6780-2143 - The System shall have no common mode failures.
· 6780-2142 - The System shall have no single point failures.
· 6780-2213 - The System shall be designed for an MTBF in excess of 180 days.
· 6780-2238 - The System shall be designed to have a minimum reserve factor of 1.5.
· 6780-2247 - The System shall be designed to withstand the structural loads of operation in a factory environment.
· 6780-2206 - The System shall withstand an operational vibration level of 10 Hz to 58.1 Hz @ 0,075 mm pk, 58.1 Hz @ 10 ms-2 (1g).
· 6780-2246 - The System shall be designed for a service life of 20 years.
· 6780-2758 - The System shall have machine availability greater than 90%
· 6780-2760 - The System shall maintain performance specification between service intervals.
· 6780-2607 - The System shall avoid or be robust against damage due to impact on detached parts.
· 6780-2757 - The System shall incorporate components which have long life (low frequency change)
· 6780-2759 - The System shall be reliable to run greater than 672 hours without failure or pause
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	Load & Unload module- 2 Axis (LUM)
	
	Responsibility: 
Design / Process
	 
	
	Prepared by:
	Prepared by
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Application: 
	 
	
	
	
	
	Date (Orig.)
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	Date (Rev.)
	 
	

	What assemblies within this module need detailed review?
1. A-6871-
2.
3.
4.
5.
What tasks need to be completed within this module which need detailed review?
1.
2.
3.
4.
5.
What are the functions of this module which have possible failure modes?
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2.
3.
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	Op /  #
	Item or 
Process / Function
Requirements
	Potential                            Failure                                  Mode
	Potential Effect(s) of Failure
	Sev (1-10)
	Class 
	Potential Cause(s) / Mechanism(s)  of  Failure
	Occur (1-10)
	Current Design/Process Controls Prevention
	Current Design/Process Controls Detection
	Detection (1-10)
	R.P.N.
	Recommended Action(s)
	Responsibility & Target Completion Date
	Action Results

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	Actions Taken
	Sev
	Occur
	Detect
	R.P.N.
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	 
	Build plate collection
	Build plate already in tombola
	Double stack plates, build plate could damage z axis as dropped
	8
	 
	Finished build plate not removed
	5
	Substrate sensor in both new and tombola locations.  Process should stop process
	substrate location sensor
	1
	40
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Tombola not docked correctly on port plate
	Clips can't be fully opened, build plate raises and contacts wellie boots.  Lifts tombola
	6
	 
	A or C axis position error
	3
	IMU and motor encoders
	Substrate clip closed sensor
	5
	90
	SOFTWARE: Monitor sensor / IMU
TEST: Confirm no position loss on mc3 control system
	 
	 
	 
	 
	 
	 
	

	 
	 
	 
	 
	6
	 
	Winch cable stretched 
	3
	Life testing completed (sample of 1)
	Substrate clip closed sensor
	5
	90
	SOFTWARE: Monitor sensor / IMU?
LIFE TESTING: increase sample size
	 
	 
	 
	 
	 
	 
	

	 
	 
	 
	 
	6
	 
	Docking dagger missed- heavy build plate changes position / angle
	5
	There should be rollers!!!
	imu? Angle error?
	8
	240
	SOFTWARE: Can we review IMU data during docking to look for tilt?
	 
	 
	 
	 
	 
	 
	

	 
	 
	Clips not open ready for the build
	Clips can't be fully opened, build plate raises and contacts wellie boots.  Lifts tombola
	6
	 
	Lower pusher lockout on torque arm wear / and or tolerance build up to ramp
	5
	 
	Substrate clip closed sensor
	5
	150
	SOFTWARE: Monitor sensor
LIFE TESTING: include lower pusher on life test
	 
	 
	 
	 
	 
	 
	

	 
	 
	 
	 
	6
	 
	High friction on release arms or release arm/s broken
	3
	TC on TC wear surfaces.  Excess travel allowed for.  Life testing completed (sample of 1)
	Substrate clip closed sensor
	5
	90
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Tombola displaced as build plate raises
	Buidl; plate can't be latched into tombola correctly. Process fails
	6
	 
	No downward force on the tombola, weight of powder lifts tombola
	1
	Testing hasn't shown this to be an issue
	Substrate clip closed sensor may activate
	6
	36
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Clips not closed ready for lifting build plate
	Builld plate could drop and damage Z axis or tombola internals during lift or depowdering
	8
	 
	Excessive powder in the slots or spring force too low.
	3
	Clips released before engage height.  This allows powder to flow/displace easier.
	Substrate clip closed sensor
	1
	24
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Part swept/falls off during plate collection / powder flow
	*  Tray hits and stalls, process halted
* Z axis side wall damage (low risk)
* Blade damage
	8
	 
	Poor support / poor design / build defect.
	5
	All variables out of our control.  Process monitoring?  
	Build chamber camera- process control?
	10
	400
	SOFTWARE: Tombola should raise and tilt backwards to reduce risk. 
TEST:  Investigate vibration sensors to monitor a large part falling?
	 
	 
	 
	 
	 
	 
	

	 
	 
	Subtrate not latched in tombola during lift and left on Z axis
	Tombola would rotate and impact the build plate.  Damage to build & tombola
	8
	 
	Z axis didn't reach collection height (high friction, drive failure, encoder failure etc)  
	4
	Life testing completed (sample of 1)
	Encoder on Z axis, Substrate position sensor
	1
	32
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	 
	 
	8
	 
	1 or more wellie boots failed
	4
	Failure seen on mc2, porosity in part.  Mc3, addition material added to further reduce stress concentrations
	Substrate position sensor may detect but only if drop occurs
	3
	96
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Tray jams during bulk powder removal
	Process stops
	6
	 
	Mass of powder to remove greater than torque of the motor
	2
	For tall builds the excess powder is held in the z axis and removed 50mm art a time.
	Position error / stall detection on motor
	1
	12
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Tray wiper blade damaged from pushing parts. 
	reduced powder removal from base plate
	6
	 
	Parts damaging surface while removing powder
	4
	Orienation of blade should allow parts to ride ouver blade rather than jam
	periodic service inspectionervice inspection
	3
	72
	SERVICE TASK: Add to service visual inspection of base plate and blade.
	 
	 
	 
	 
	 
	 
	

	 
	 
	 
	 
	6
	 
	Small part / support jammed between Z axis and blade
	5
	Should only be very small pieces
	periodic service inspectionervice inspection
	3
	90
	SERVICE TASK: Add to service visual inspection of base plate and blade.
	 
	 
	 
	 
	 
	 
	

	 
	 
	Base plate damaged from pushing parts
	reduced powder removal from base plate
	8
	 
	Parts damaging surface while removing powder
	2
	S/S plate, port plate is replaceable if required
	periodic service inspectionervice inspection
	3
	48
	SERVICE TASK: Add to service visual inspection of base plate and blade.
	 
	 
	 
	 
	 
	 
	

	 
	 
	Port seal damage by small sharp build support
	Gas leak through port cover, excessive comsumption, unable to maintain pressure
	8
	 
	Loose support material
	3
	Tombola should lift, and imediately rotate A axis to direct bulk powder to outlet, most objects should be pushed fwd by blade which is lower than the port cover
	Pressure sensors would stop process if pressure can't be maintained
	4
	96
	SOFTWARE: Confrim procedure is as intended. Excessive gas while door open?
	 
	 
	 
	 
	 
	 
	

	 
	Depowdering
	Part falls off the build plate during depowering
	Damage to Tray assy, Rear guard.  Restricted tray travel.  Process can't continue
	8
	 
	Excessive vibration or build / poor support / poor design / build defect.
	5
	All variables out of our control.  
	Operator for single builds / automation build will be proven
	5
	200
	TESTING: Robustness testing req'd. For very large parts, is it possible to use vibration sensors to monitor a large step change?
	 
	 
	 
	 
	 
	 
	

	 
	 
	 
	Damage to the filter mesh in the powder outlet.  Large objects in outlet chute. Screw feeders jam
	8
	 
	Excessive vibration or build / poor support / poor design / build defect.
	5
	All variables out of our control.  
	Operator for single builds / automation build will be proven
	5
	200
	TESTING: Robustness testing req'd. For very large parts, is it possible to use vibration sensors to monitor a large step change?
	 
	 
	 
	 
	 
	 
	

	 
	 
	 
	Large part getting entangled in the tombola motion.  High ratio gear drive keeps spinning. Bent / distoted parts
	8
	 
	Excessive vibration or build / poor support / poor design / build defect.
	5
	All variables out of our control.  
	Operator for single builds / automation build will be proven
	5
	200
	TESTING: Robustness testing req'd. For very large parts, is it possible to use vibration sensors to monitor a large step change?
	 
	 
	 
	 
	 
	 
	

	 
	 
	 
	Damage to door?
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	

	 
	General vibration 
	Depowdering (Vibration & impacts) causes laser misalignment
	Not able to maintain calibration.  Out of specification parts
	8
	 
	Vibration & impacts from depowdering
	3
	Dampers on tombola but not on tray.  Early testing hasn't shown a shift on calibration
	Vibration sensors to monitor- Development only
	5
	120
	TESTING: Use vibration sensors to actively keep the vibration levels under a threshold
	 
	 
	 
	 
	 
	 
	

	 
	 
	Depowdering (Vibration & impacts) during building causes poor laser position 
	Out of spectification parts.  Depowdering while building not possible.
	5
	 
	Vibration & impacts from depowdering
	3
	Dampers on tombola but not on tray.  Early testing hasn't shown a shift on calibration
	Vibration sensors to monitor- Development only
	5
	75
	TESTING: Use vibration sensors to actively keep the vibration levels under a threshold
	 
	 
	 
	 
	 
	 
	

	 
	 
	Depowdering (Vibration & impacts) causes powder compaction (Z axis / powder / hopper doser / wiper
	Failed build
	8
	 
	Vibration & impacts from depowdering
	3
	Dampers on tombola but not on tray.  Early testing hasn't shown an issue
	Vibration sensors to monitor- Development only
	5
	120
	TESTING: Use vibration sensors to actively keep the vibration levels under a threshold
	 
	 
	 
	 
	 
	 
	

	 
	 
	Generic screws coming loose etc
	Potential issue for propietry parts were Renishaw doesn't control thread lock.  Loose / failed parts
	8
	 
	Vibration & impacts from depowdering
	5
	Thread lock applied to motor encoder screws as issue already identifed.  
	Testing- loose screws in outlet mesh
	5
	200
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Customer perception!
	Customer perception!  May restrict sales
	8
	 
	vibration during depowdering
	2
	Machine is wrapped, separated from source
	Vibration sensors for development
	10
	160
	OPPURTUNITY:  Dynmanic vibration control
	 
	 
	 
	 
	 
	 
	

	 
	 
	Excessive noise
	H&S safe working limits / Customer perception!  May restrict sales
	10
	 
	Substrate is loose in the tombola, sheet metal drum construction, vibrators
	2
	Dampers and sound deadening vasting reduce noise
	dB reading of machine.  Result will be variable with build
	3
	60
	 
	 
	 
	 
	 
	 
	 
	

	 
	Substarte collection/ build drop off
	Tombola not able to dock on the tray. 
	Winch cables go slack and come off the pulleys due to part under the tombola during docking.  Service required
	8
	 
	Part fallen off the build plate 
	3
	Features on the pulleys and drum to ensure cable stay in the grooves
	imu?
	5
	120
	SOFTWARE: Can we review IMU data during docking to look for tilt?
	 
	 
	 
	 
	 
	 
	

	 
	 
	 
	Clips can't open process fails
	6
	 
	Missed the location pins, Cable stretched.
	5
	Guidance rollers to aid tombola
	imu? Clip sensor
	5
	150
	SOFTWARE: Can we review IMU data during docking to look for tilt?
	 
	 
	 
	 
	 
	 
	

	 
	 
	 
	 
	6
	 
	Missed the location pins, heavy build translates tombola away from location pins
	5
	Guidance rollers to aid tombola
	imu? Clip sensor
	5
	150
	SOFTWARE: Can we review IMU data during docking to look for tilt?
	 
	 
	 
	 
	 
	 
	

	 
	New build plate drop off
	New build plate not sat correctly on Z axis
	Build plate not sat level / or shifts during build.  Poor first layers or shift in build
	6
	 
	Powder in kinematics
	2
	Kinematic blowers- very effective with powder
	 
	10
	120
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	 
	 
	6
	 
	Build support stuck in kinematics
	5
	Kinematic blowers- some effect we debris
	 
	10
	300
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	 
	 
	6
	 
	Not fully seated, requires knock!
	3
	Testing
	 
	10
	180
	TESTING: repeatibilty testing on larger sample size
	 
	 
	 
	 
	 
	 
	

	 
	 
	Build plate stays in tombola
	Z axis translates and starts to lay powder on lower knimatic
	6
	 
	Wellie boots don't release plate correctly
	3
	Substrate sensor in both new and tombola locations.  Process should stop
	Substrate location sensor
	1
	18
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	New build plate not loaded into machine when prompted.  User confirms action.
	Double stacking of build plates.
	6
	 
	User tries to add too many plates 
	5
	Substrate sensor in both new and tombola locations.  Process should stop
	Substrate location sensor
	1
	30
	 
	 
	 
	 
	 
	 
	 
	

	 
	Atex Rating of motors / moving parts
	Sparks from motors / mechanical assemblies
	Explosion risk
	10
	 
	Faulty motor / elecronics may create an ingition source
	1
	All motors IP65 rated, they only operate when machine is inert (except door motor)
	o2 sensor
	1
	10
	 
	 
	 
	 
	 
	 
	 
	

	 
	Atex rating of door motor
	Sparks from motors / mechanical assemblies
	Explosion risk
	10
	 
	Faulty motor / elecronics may create an ingition source
	1
	Motor is IP65 rated and positioned high in the enclosure away from powder
	None
	10
	100
	 
	 
	 
	 
	 
	 
	 
	

	 
	Winch Assembly
	Cable breaks / Swage crimp fails
	Motor encoder reports correct position, process unaware and continues.  Tombola spins causes damage to multiple components
	8
	 
	Incorrect specification of cable or poor application of crimp.  Cable wear over life.
	2
	Cable spec'd for worst case inconel  build weight with additional x4 SF.  Destructive testing on crimps
	None
	10
	160
	SOFTWARE: Always raise to home sensor before operating A & C axis? 
LIFE TESTING:  Increase crimp test sample size 
	 
	 
	 
	 
	 
	 
	

	 
	 
	 
	If rear cable, potential for door window to puncture.
	8
	 
	Incorrect specification of cable or poor application of crimp.  Cable wear over life.
	2
	Cable spec'd for worst case inconel  build weight with additional x4 SF.  Destructive testing on crimps
	None
	10
	160
	SOFTWARE: Always raise to home sensor before operating A & C axis? 
LIFE TESTING:  Increase crimp test sample size 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Cable stretches / Swage crimp slips
	Miss the docking location for collecting a new build.  Process unaware and continues.
	8
	 
	Crimp failure over life, vibration
	4
	Cable spec'd for worst case inconel  build weight with additional x4 SF.  Destructive testing on crimps.  Life test sample of 1 passed
	Subrate clip sensor wouldn't open
	5
	160
	LIFE TESTING: Repeat life testing on increased samples
	 
	 
	 
	 
	 
	 
	

	 
	 
	Motor or gearbox failure
	Process can not continue
	6
	 
	Component failure, powder ingression, vibration
	3
	Life testing and Ip rated components
	Encoder / IMU feedback
	1
	18
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Heavy assembly changes the balance of tombola.
	Clash with internal components during de-powdering
	8
	 
	Insuffiencent clearance around tombola
	3
	25mm clearance in all directions
	Very audible
	7
	168
	TEST: confirm clearance with heavy build plate
	 
	 
	 
	 
	 
	 
	

	 
	 
	Damper fails
	Clash with internal components during de-powdering, missing docking locations, process unaware and continues.
	8
	 
	Component failure
	3
	Safety factoir of xx?
	Very audible
	7
	168
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Pulleys don't turn freely
	Cables slip on pulleys- degrade cable
	8
	 
	Powder ingression
	2
	Pulleys at the top of the tombola enclosure
	None
	10
	160
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Homing switch fails
	Winch operates through high torque geabox, high loads on cable and damper assy
	8
	 
	Components failure
	3
	Rubber end stop
	None
	10
	240
	Electronics: Should we home at lower motor power?
TEST: Confirm what happens in this senerio
	 
	 
	 
	 
	 
	 
	

	 
	 
	Cable fraying over life 
	Lower safety factor on load, cable could break
	8
	 
	Printed pulley surface finish
	2
	Pulley diameter at recommended minimum rather than critical minimum.  X4 safety factor on cables.  x1 life test completed.
	Service task to periodically inspect cable
	5
	80
	SERVICE TASK: regular inspection
LIFE TEST:  increase sample size
	 
	 
	 
	 
	 
	 
	

	
	2 Axis Tombola
	Motor, encoder, or gearbox failure
	Process can not continue
	8
	 
	Component failure- 
Vibration, powder, life
	4
	IP rated motors
	Encoder feedback
	1
	32
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Slew ring seizure / increased friction
	Process can not continue
	8
	 
	Powder ingression
	5
	O ring to seal oil hole, Rubber sealed bearing
	Encoder feedback
	3
	120
	TESTING: review how robust the seals are
	 
	 
	 
	 
	 
	 
	

	 
	 
	Rivet failure/loosening in yoke joints
	Structural integrity compromised
	8
	 
	Vibration
	3
	Testing currently not showing an issue
	None
	10
	240
	LIFE TEST:  increase sample size
	 
	 
	 
	 
	 
	 
	

	 
	 
	Wet bearing failure
	Axis seizes, bearings slip in housings.
	8
	 
	Powder ingression
	4
	High quailty sealed bearings, Testing not showing an issue.
	Encoder feedback
	10
	320
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Wet bearings weeping containments
	Powder contaniminated, clogs mesh / screw feeders
	8
	 
	Pressure cycling
	4
	High quailty sealed bearings, Testing not showing an issue.
	None
	10
	320
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Chain drive snaps / fails
	Process can not continue
	8
	 
	Component failure- 
Vibration, powder, life
	3
	Chain is clean area . Testing not showing an issue.
	None
	10
	240
	IMU to confirm motion? (doesn't work while vibrators running)
	 
	 
	 
	 
	 
	 
	

	 
	 
	Chain idler loose
	Excessive backlash in A Axis
	8
	 
	Vibration, slippage
	4
	Testing not showing an issue.
	None
	10
	320
	IMU?
	 
	 
	 
	 
	 
	 
	

	 
	 
	Contamination from chain drive 
	Powder containmination
	8
	 
	Wear debris
	5
	Debris mostly contained in chain covers
	None
	10
	400
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	A axis homing switch failure
	Energy chain Over travel, cables damaged
	8
	 
	Component failure (vibration related?)
	 
	?
	?
	 
	0
	DESIGN: investigate RLS absolutre encoder options for A Axis
	 
	 
	 
	 
	 
	 
	

	 
	 
	Energy chain over travel
	Energy chain Over travel, cables damaged
	8
	 
	imu failure
	 
	?
	?
	 
	0
	DESIGN: investigate RLS absolutre encoder options for A Axis
	 
	 
	 
	 
	 
	 
	

	 
	 
	Power and comm cable life
	Intermittant or total failure of A & C axis, vibrator, & IMU
	8
	 
	Damage to cable conductor
	 
	?
	?
	 
	0
	DESIGN: investigate RLS absolutre encoder options for A Axis
	 
	 
	 
	 
	 
	 
	

	 
	 
	FFC life / fretting on sharp parts
	Intermittant or total failure of vibrator, & IMU
	8
	 
	Damage to cable conductor
	 
	?
	?
	 
	0
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	PCB damage due to vibration
	Large through hole components, solder joint fatigue.
	8
	 
	Tombola vibration
	5
	Large components are semi potted to strain relieve
	?
	 
	0
	Robustness testing required
	 
	 
	 
	 
	 
	 
	

	 
	 
	A and/or C Axis loss of position
	* Un known over travel
* Issues docking onto port plate / tray
	8
	 
	Motors losing position
	2
	All motors encoded / IMU for homing
	Encoder / IMU
	2
	32
	Robustness testing required
	 
	 
	 
	 
	 
	 
	

	 
	 
	Powder bucket deflection with heavy builds- potentially open and drop the build plate
	Damage to build plate artefact, Tray assy and tombola. 
	8
	 
	Powder bucket deflects and releases build plate
	2
	FEA & Testing to confirm
	 
	10
	160
	TESTING: Repeat deflection test
	 
	 
	 
	 
	 
	 
	

	 
	 
	Wellie boot fatigue failure
	Build plate could fall out of tombola
	8
	 
	Copmponents failure- Fatigue or build fault
	5
	Failure seen on mc2, porosity in part.  Mc3, addition material added to further reduce stress concentrations
	 
	10
	400
	TESTING: Repeat life test
	 
	 
	 
	 
	 
	 
	

	 
	 
	Substrate position sensor fails / mech components jam or fail
	Process stops
	6
	 
	Component failure
	5
	 
	Process will pause as sensor in wrong state
	5
	150
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Welded powder bucket fatigue failure from load and vibration
	Build plate drops- Damage to build plate artefact, Tray assy and tombola. 
	8
	 
	Weld fatigue failure
	4
	Testing
	 
	10
	320
	SERVICE TASK: regular inspection?
LIFE TEST:  increase sample size
	 
	 
	 
	 
	 
	 
	

	 
	Door Assy
	Door drops during E-Stop
	Customer perception
	5
	 
	No brake on door motor (Iprated braked motor not available)
	5
	Wires shorted during E-stop to hold motor. E-stop only used in Emergency so frequency should be very low.  Weight and speed very low.
	 
	10
	250
	ELECTRONICs: Confirm motor short
TESTING: quantify harm from door drop
	 
	 
	 
	 
	 
	 
	

	 
	 
	 
	Finger trap
	9
	 
	No brake on door motor (Iprated braked motor not available)
	2
	Wires shorted during E-stop to hold motor. E-stop only used in Emergency so frequency should be very low.  Weight and speed very low.
	 
	10
	180
	ELECTRONICs: Confirm motor short
TESTING: quantify harm from door drop
	 
	 
	 
	 
	 
	 
	

	 
	 
	Door is a finger trap
	Personal harm
	9
	 
	Action of the door is a guiltine
	2
	Motor torque below max Standards, motor reversal software to further reduce risk.  
	Motor reversal software based on torque and encoder
	3
	54
	Electronics: confirm motor reversal, can door be lower in low torque mode?
TESTING: Confirm max force
	 
	 
	 
	 
	 
	 
	

	 
	 
	Motor not powerful enough to open door when tank is pressurised
	Change of process flow
	1
	 
	Motor power keep low for anti pinch finger trap
	1
	Tank as to vent first before door motion
	Pressure sensor on tank
	1
	1
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Belt acts like a powder conveyor
	Airated powder when the door is opened- risk to health
	10
	 
	Powder build up around the pulleys.  This could be from depowdering or blown kinematic cleaning
	3
	area around the belts is angled towards the powder outlet aiming to keep the pulley clean.  Debuild shelf and removal hook creates separation from the user.  Belts operate in a channel
	 
	10
	300
	TESTING: monitor on mcs3-5
	 
	 
	 
	 
	 
	 
	

	 
	 
	Door closes in a non inert atmosphere 
	Explosion risk if sparks generated
	10
	 
	Motor fault or metal on metal rubbing
	1
	IP65 rated motor and PTFE guides for door
	 
	10
	100
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Door seal fails- wear
	Gas leak through door seal, increased gas comsumption, unable to maintain pressure
	8
	 
	Component wear through life
	2
	Life testing to reach x2 life
	Pressure monitoring in enclosure
	2
	32
	SOFTWARE: Confirm regas / pressure monitoring failure mode
	 
	 
	 
	 
	 
	 
	

	 
	 
	Door can't reach sealed position
	End of line failure
	6
	 
	Seal compression too great for motor power
	5
	Works on a sample of 2…
	Safety s/w door sealed
	1
	30
	TEST:  review tolerance limits with parts of different sizes
	 
	 
	 
	 
	 
	 
	

	 
	Multifunctional tray assy
	Port cover reset fails
	Port cover pulled backwards, damages seal &and/or base plate
	8
	 
	Component wear / incorrect setup of torque arm / Torque arm shift
	3
	Hard reset at back of travel, roller & s/s base to limit damage to base plate
	None
	10
	240
	LIFE TESTING: Repeat life test- increase sample size
SOFTWARE: Confirm tray always gos back to TY1 position (home) to ensure reset occurs.
	 
	 
	 
	 
	 
	 
	

	 
	 
	Port cover seals fails / damaged
	Argon leak from transfer tank to debuild, and out to atmospere
	8
	 
	Component failure / support material etc
	2
	Blade should carry large debris forward into outlet.  Life testing to confirm seal
	?
	 
	0
	LIFE TESTING: Repeat life test- increase sample size
SOFTWARE: can we monitor regas freq when door is open?  Raise a flag accordingly?
	 
	 
	 
	 
	 
	 
	

	 
	 
	Hungry hippo seizes- blade down
	Powder build up behind tray
	8
	 
	Powder ingress / componenet failure
	2
	Material selection / Life testing
	Visual
	10
	160
	LIFE TEST: Increase sample size
	 
	 
	 
	 
	 
	 
	

	 
	 
	Hungry hippo seizes- blade up / partially up
	Powder build up behind tray
	8
	 
	Powder ingress / componenet failure
	2
	Material selection / Life testing
	Visual
	10
	160
	LIFE TEST: Increase sample size
	 
	 
	 
	 
	 
	 
	

	 
	 
	TY3 lower substrate release fails to open clips
	Substrate clips not able to open (port plate location)- Process can't continue
	8
	 
	Wear between the lock finger and port cover
Mechanism jammed- powder ingress
	5
	Life testing
	Sub clips wouldn't open
	5
	200
	LIFE TEST: Increase sample size
	 
	 
	 
	 
	 
	 
	

	 
	 
	Kinematic cleaning blowers generate powder cloud
	Powder cloud hazardous to health and risk of explosion
	10
	 
	part of the process
	1
	* Enclosure inert during operation
* Cleaning happens mid cycle, Door not required to open after the process
	o2 sensor
	1
	10
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Kinematic cleaning blowers generate powder cloud
	Blowing debris around bearing etc
	8
	 
	Debris ingress- component failure
	3
	Bearings, motors & gearboxes IP rated.  Life testing
	how would we know a bearing falled?
	10
	240
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Homing sensor fails
	Motor will stall rather than stop at home switch.  Loose of position.  Process fails.
	8
	 
	Component failure
	5
	Mechanical stop after homing switch.  Tray can not so process stop.
	Unable to home
	1
	40
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	THK rail bearings fail
	Grinding noises, port cover may not seal, motor struggle to reach position.  Torque arm will eventually seize
	8
	 
	Powder ingress / debris from laser cut & printed tray drive.
	3
	Assembly on the clean side of the process.  A shield covers wear debris from motor drive. Life test sample of 1 passed after improved design
	Audible noise, position error, port cover leak?
	5
	120
	LIFE TEST: Repeat life testing
	 
	 
	 
	 
	 
	 
	

	 
	 
	Wear debris from the rack and pinion
	Powder contamination
	10
	 
	S/S debris from printed gear running on laser cut rack
	2
	Debris is separated from the build powder
	Debris separated
	5
	100
	TEST: Recirculation powder should be analysed for general containments
	 
	 
	 
	 
	 
	 
	

	 
	 
	Wear debris from the wiper blade
	Powder contamination
	10
	 
	Wear debris from the PTFE running on the S/S base 
	2
	Very little load on the blade, surface contact very long. 
	None
	10
	200
	TEST: Recirculation powder should be analysed for general containments
	 
	 
	 
	 
	 
	 
	

	 
	 
	Dolley wheel failure
	Torque arm drops and damage base plate.  New tombola tank req'd
	8
	 
	Excessive wear on the plain bearing surface
	3
	Life testing reached 1 million cycles.  Design being updated to make this a simple serviceable item.
	Life testing to set service intervals
	5
	120
	SERVICE TASK: regular inspection
LIFE TEST:  increase sample size
	 
	 
	 
	 
	 
	 
	

	 
	 
	Port cover/shark fin bearing fails
	Bearing Seizes, port cover doesn't reset, high friction causes issue with substrate clip release
	6
	 
	Powder ingress
	1
	Bearing is SKF sealed bearing position on the clean side of the process.
	excessive regasing & clips wouldn't open
	5
	30
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Substrate rollers on tray seize
	Difficult to roll a new substrate in & remove the finish build plate
	6
	 
	* Excessive powder build up in channels
* Powder ingress into the rollers
* Galling of the bearing surface
	5
	Slots in the channels for powder release.  
Plain bearing is zinc plated clotter pin on S/S roller
	Plate manually loaded or factory version lifts the plate
	3
	90
	Rollers changed from Acetal to S/S due to temperature.  Monitor on machines 1-5
	 
	 
	 
	 
	 
	 
	

	 
	Enclosure
	Service hatch seal leaking- Clinch stud loose
	Increased argon consumption
	6
	 
	Rough  handling refitting service hatches
	5
	 
	 
	5
	150
	Monitor Argon consumption on mc 1-5
	 
	 
	 
	 
	 
	 
	

	 
	 
	Service hatch seal leaking- compression set
	Increased argon consumption
	5
	 
	Compression set- Temp, pressure, time
	5
	 
	 
	5
	125
	Monitor Argon consumption on mc 1-5
	 
	 
	 
	 
	 
	 
	

	 
	 
	Service hatch seal leaking- seal damaged
	Increased argon consumption
	5
	 
	Seal damaged during servicing
	5
	 
	 
	5
	125
	Monitor Argon consumption on mc 1-5
	 
	 
	 
	 
	 
	 
	

	 
	 
	Donkin valve fails
	Opens at lower pressure.   Can't reach operating pressure.  Excessive argon comsumption.  Process fails
	8
	 
	Component failure / incorrectly set
	3
	?
	?
	 
	0
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	 
	Opens at higher pressure or shut closed.
	10
	 
	Component failure
	3
	Valve rated to x - x, max pressure within design limits?  Can't fail fully closed
	Safety issue would require double failure (Donkin valve & other).  Pressure monitoring
	3
	90
	CONFIRM: confirm min - max operating pressure
	 
	 
	 
	 
	 
	 
	

	 
	 
	Pressure sensor fails
	 Process can not continue
	8
	 
	Component failure
	3
	Fail safe? i.e. under reads?
	No pressure input would be seen by the software.
	1
	24
	CONFIRM: confirm failure mode
	 
	 
	 
	 
	 
	 
	

	 
	 
	O2 sensor fails
	Can't inert the depowdering tank, finished build stuck in the machine.  Process can not continue
	6
	 
	Component failure
	2
	Saftey rated device
	Saftey rated device
	1
	12
	 
	 
	 
	 
	 
	 
	 
	

	 
	 
	Cables plugged into incorrect ports during service
	Unexpected motion
	10
	 
	cables plugged to wrong ports
	5
	Cable labelled / trained users.All drives only active when the door is closed and  sealed.  Exception to door motor
	Door safety relay
	1
	50
	SOFTWARE: Confirm drives can not move after the door is open.
	 
	 
	 
	 
	 
	 
	

	 
	 
	Cable/wirng fatigue- intermitant or total conductor breakage
	Unexpected or total failure of drives
	8
	 
	Repeated movement
	5
	Generous bend radius.  All drives only active when the door is closed and  sealed.  Exception to door motor
	Motion / position loss.
Door safety relay
	1
	40
	SOFTWARE: Confirm drives can not move after the door is open.
LIFE TEST: Repeat life test
	 
	 
	 
	 
	 
	 
	

	 
	 
	Tank ruptures- gross failure
	Structural integrity compromised, excess gas pressure released, potential for personal harm (pressure release and/or debris)
	10
	 
	Tank subjected to excessive pressures from another failures. (circulation pump, main line argon pressure  line,)
	3
	FEA to review deflections and stress concentrations.  Beathing test. 
	Donki Valves (not monitored), Pressure gauges
	5
	150
	SOFTWARE: Confirm pump & argon supply is cutout in a over presure event, should vets open?  Monitor argon sumption?
LIFE TEST: Repeat life test
TESTING: Destructive testing to be completed to verify Safety Factor and how the tank fails.  How effectyive are the donki valves.
Design Change: review waste gates / additional presure release panels.
	 
	 
	 
	 
	 
	 
	

	 
	 
	 
	 
	10
	 
	Fatigue as result of continuous inflation / deflation
	3
	
	
	5
	150
	
	 
	 
	 
	 
	 
	 
	

	 
	 
	Tank can't hold pressure
	Excessive gas compsumption, machine can't hold pressure
	8
	 
	Fatigue as result of continuous inflation / deflation
	3
	
	
	5
	120
	
	 
	 
	 
	 
	 
	 
	

	 
	Build plate locations
	Falled drop off of new 
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	Previously Known As…
	Description
	Date Added
	Initial
	Ref/Notes

	Official Term
	Next Gen machine,
AM machine
Next Generation AM System
	Product Name for AM build machine ("machine" not to be used?)
	03/10/2019
	DB
	 

	Argon cylinder
	Argon cylinder,
Gas cylinder,
Bottle
	Pressure vessel containing highly compressed and liquified argon
	24/09/2019
	DB
	 

	ATEX vacuum cleaner
	ATEX vacuum cleaner,
Wet separator,
Vacuum, Ruwac
	ATEX rated vacuum cleaner for the safe removal of hazardous powders and debris
	24/09/2019
	DB
	 

	Automated Powder Removal (APR)
	APR
	Option for removing powder automatically with mechanical manipulation and vibration plates.
	24 Aug 2022 
	JJ
	 

	Bed size
	 
	The overall size of the build plate
	25 Feb 2022 
	CR
	not to be confused with “working Area”

	Build
	Build
	Additive construction upon a build plate; either one or multiple parts
	03/10/2019
	DB
	 

	Build Chamber
	Build Chamber
Process Chamber
	Volume through which laser radiation passes and gas flows to remove process emissions.
	24/09/2019
	DB
	 

	Build chamber door
	Process chamber door,
Top door
	Door to the build chamber
	24/09/2019
	DB
	 

	Build Exchange System (BES)
	Part Handling System, 
Trolley, 
Lifter
	Apparatus to move build plate/recoater cassettes to machine and carry finished builds away from the AM machine
	09/09/2019
	JJ
	Not used since Next Gen 1

	Build Plate
 
	Build Plate,
Substrate,
Base Plate, Build Platform
	Consumable plate onto which the build is welded.
	09/09/2019
	JJ
	“Build Platform” in ISO/ASTM 52900:2021 but not commonly used internally or in current documentation

	Build Plate Assembly
	 
	A composite of the carrier plate and build plate.  The build plate assembly is the combination of these two parts bolted together.
	09/09/2019
	JJ
	 

	Cap head screw
	Cap head screw
	Threaded fastener with a cylindrical head
	24/09/2019
	DB
	 

	Carrier Plate
	Carrier Plate

	Non-consumable support platform for the build plate, with mechanical interfacing features to the machine’s lift table
	09/09/2019
	JJ
	 

	Cassette

	Cassette

	Loading device residing within the BES, responsible for the translation of items into and out of the build chamber
	 
	DB
	Not Used

	Chamber Outlet Hopper
	Overflow powder hopper
Overflow hopper
	Hopper which receives powder from the build chamber and from external sources.  The lowest physically placed hopper on the machine.
	12/09/2019
	DB
	P&ID

	Chiller
	Chiller
	Heat exchanger unit for the removal of heat from a coolant liquid
	24/09/2019
	DB
	 

	Clamp
	Clamp
	 
	24/09/2019
	DB
	 

	Diverted Powder Hopper
	Used powder hopper
	The hopper in which powder can be stored if it does not require sieving or needs to be removed from the machine, or physically isolated from the rest of the machine
	24/09/2019
	DB
	P&ID

	Cyclone Buffer Hopper
	 
	The hopper in which powder separated from the process gas in the cyclone is collected before being either recirculated or removed from the AM System.
	24 Aug 2022 
	JJ
	 

	Debuild Module
	Debuild System
	Module of the AM System where powder is removed from around a build. 
	24 Aug 2022 
	JJ
	 

	Debuild Powder Hopper
	Used powder hopper
	The hopper in which powder from the depowdering function can be stored before being either fed to the sieve for recirculation or removed from the AM System.
	24/09/2019
	JJ
	 

	Doser
	Powder Delivery System,
Powder Doser,
Doser
	A device for metering a quantity of powder into the build chamber
	24/09/2019
	DB
	 

	Doser Feed Hopper
	Primary powder hopper 
Sieved powder hopper
	The hopper which is fed by the sieve, and is directly connected to and feeds the doser
	12/09/2019
	DB
	 

	E-Stop
	Emergency stop,
E-Stop
	A large latching safety button for manually placing the machine into a safe state 
	24/09/2019
	DB
	 

	Electrical isolator
	Electrical isolator,
Off switch
	Switch to turn power on/off to machine
	24/09/2019
	DB
	 

	Elevator module
	Elevator,
Z-Axis
	Mechanism which moves the build platform up or down and contains the powder and build
	24/09/2019
	DB
	 

	External Bulk Silo (EBS)
	External Bulk Silo (EBS)
	A means of connecting an externally-supplied silo of powder to a RenAM-series machine
	24/09/2019
	DB
	 

	External Module Inerting Panel
	External Module Venting Panel
	A pair of connections to the AM machine which can be used to supply argon and analyse and expel the purged gas from vessels external to the machine
	18/09/2019
	JJ
	P&ID

	Feed Powder Hopper
	Virgin powder hopper
	The hopper in which fresh or externally reconditioned powder is introduced into the AM System.
	24 Aug 2022 
	JJ
	 

	Front
	 
	<of a machine; unless otherwise designated by the machine builder> side of the machine that the operator faces to access the user interface, or primary viewing window, or both
	24 Aug 2022 
	JJ
	ISO/ASTM 52900:2021

	Heat treatment furnace
	Heat treatment furnace
	Device for the removal of stress and conditioning of microstructure of completed AM builds
	24/09/2019
	DB
	 

	HMI
	Control Interface,
User Interface,
Touch Screen,
HMI, 
GUI

	The interface where the user will interact with the AM machine. It displays controls and information regarding the build and machine state.
	24/09/2019
	DB
	 

	Job
	Job
	Scheduled Series of work, involving one or multiple builds
	03/10/2019
	DB
	 

	KF40 flange
	KF40 flange
	A 40mm pipe flange of  the KF standard
	24/09/2019
	DB
	 

	Kitting System
	Kitting Station
Kitting System
	Station where builds are prepared and equipment organised.  Full responsibilities TBD
	 
	DB
	Not used

	Laser Window
	Lens Protective Window,
Laser Window
	Window between the laser system and build chamber
	24/09/2019
	DB
	 

	Lower door
	Lower door,
Bottom door
	Door to the Z-Axis area
	24/09/2019
	DB
	Not used after 500Q/Flex

	Manual Powder Removal (MPR)
	MPR
	Option for removing powder manually with brush or vacuum.
	24 Aug 2022 
	JJ
	 

	Multimode Powder Handing Configuration
	 
	The configuration of the powder handling system in which the machine can be run in either total loss or recirculation modes.
	22 Nov 2022 
	JJ
	The system must be multimode to enable cycle counting.

	Operational Task
	 
	Regular tasks performed to keep the AM system running as intended and according to the production schedule. e.g., top-up powder, empty waste
	18 Jan 2023
	JJ
	 

	Operator
	Operator
	A person who drives the AM machine via interaction with the machine and HMI
	24/09/2019
	DB
	 

	Overflow chute
	Overflow pipe
	Conduit for accepting powder flowing out of the build chamber
	24/09/2019
	DB
	 

	Oversize powder container
	Oversize particle container, oversize flask
Over Size Bottle
	Vessel for the containment of particles which are too big to pass through the sieve
	12/09/2019
	DB
	 

	Oxygen sensor
	Oxygen sensor
	A sensor for measuring the concentration of oxygen in a volume of gas
	24/09/2019
	DB
	 

	Part
	Part, Built Part
	Additively constructed entity represented by a single part number
	03/10/2019
	DB
	 

	Powder decanting adaptor
	Powder decanting adaptor
	A funnel to allow the fitting of plastic powder tubs to KF- style flanges
	24/09/2019
	DB
	 

	Powder Flask
	Powder Flask,
Bottle
	Small vessel for the secure transport of low quantities of powder
	24/09/2019
	DB
	 

	Powder hopper
	Powder silo
	Generic name for any bulk powder storage vessel within the AM machine
	24/09/2019
	DB
	 

	Powder Module
	Powder System
	A self-contained module for the offline storage of powder, which when connected to an AM system functions as a supply system for the powder to the build process.
	28/09/2021
	DB
	Coined for removable unit on NXG1

	Process plane
	Process plane
	The floor of the build chamber
	24/09/2019
	DB
	 

	purge gas
	 
	 
	5 Nov 2021 
	CR
	 

	QuantAM
	QuantAM
	Standalone build preparation software for Renishaw AM machines
	24/09/2019
	DB
	 

	Recirculation Pump
	Recirculation Pump,
Gas Recirculation Pump,
Blower
	Pump that recirculates gas and powder
	24/09/2019
	DB
	 

	Renishaw build processor for Magics
	Renishaw build processor for Magics
	Postprocessor for Materialise Magics software to allow output of files suitable for running Renishaw AM machines
	24/09/2019
	DB
	 

	Reset button
	Reset button
	A button for releasing the latched E-stop condition
	24/09/2019
	DB
	 

	Scheduled Maintenance
	Scheduled maintenance
	A planned task, either one-time or recurring at defined service intervals, which is specific, assigned and has a deadline.  Can include software or hardware upgrades or retrofits.
	18/11/2019
	MM
	 

	Service Engineer
	Administrator,
Service Engineer
	A person with the necessary training to carry out routine planned maintenance, fault finding and problem fixing.
	24/09/2019
	DB
	 

	Shielding gas
	 
	 
	5 Nov 2021 
	CR
	 

	Sieve
	Powder recovery system,
Sieve
	Part of the Powder System which separates oversize particles from the powder
	24/09/2019
	DB
	 

	Transfer Module
	Transfer Unit
	Part of the AM System where the Build Volume is moved back and forth between the process chamber and depowdering system
	24 Aug 2022 
	JJ
	 

	Universal lifter
	Silo lift
	Hydraulic lifter to aid the movement of heavy items to/from the machine
	24/09/2019
	DB
	 

	Unscheduled Maintenance
	Unscheduled maintenance
Maintenance on condition
	A reactive task, arising as a result of failure or breakdown of normal AM System operation.  
	18/11/2019
	MM
	 

	Valve
	Valve
	A device for controlling the flow of gas/powder/water within a conduit
	24/09/2019
	DB
	 

	Viewing Window
	Viewing Window,
Laser Safe Viewing Window,
Laser Filter
	Window on the build chamber through which the laser melting process can be viewed
	24/09/2019
	DB
	 

	Window gas knife
	Window protection system,
Gas knife,
Air knife
	An arrangement of clean gas jets to prevent the build-up of dirt on the laser window during the course of a build
	24/09/2019
	DB
	 

	Working Area
	 
	Buildable area on the build plate
	25 Feb 2022 
	CR
	typically smaller than bed size.

	Z-Axis Module 
	Elevator module
	Mechanism which moves the build platform up or down and contains the powder and build
	24/09/2019
	DB
	 

	Safe Change Filter (SCF)
	Safe change filter
Filter module
	Renishaw's water-passivated filter system for the safe handling of reactive process emissions
	24/09/2019
	DB
	Not used after 500Q/Flex

	Safe change filter Cartridge
	Safe change filter cartridge,
Filter element
	Disposable paper element inside the Safe Change Filter
	24/09/2019
	DB
	Not used after 500Q/Flex

	Safe change filter housing
	Safe change filter housing
	Housing of the Safe Change Filter
	24/09/2019
	DB
	Not used after 500Q/Flex


 
(Chris Rollins, 2023)
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	Acronym
	Stands for
	Description

	ALM
	Application Lifecycle Management
	The product lifecycle management (governance, development, and maintenance) of computer programs. -Wikipedia

	APR
	Automated Powder Removal
	Option for removing powder automatically with mechanical manipulation and vibration plates.

	ASTM
	American Standards for Testing and Materials
	 

	BES
	Build Exchange System
	 

	CP Ti
	Commercially Pure Titanium
	 

	EBS
	External Bulk Silo
	A means of connecting an externally-supplied silo of powder to a RenAM-series machine

	ERP
	Enterprise Resource Planning
	Enterprise resource planning (ERP) refers to a type of software that organizations use to manage day-to-day business activities such as accounting, procurement, project management, risk management and compliance, and supply chain operations. -sap.com

	ICD
	Interface Control Document
	 

	ISO
	International Standards Organisation
	 

	KPI
	Key Performance Indicators
	 

	KPP
	Key Performance Parameters
	 

	KPV
	Key Program Variables
	 

	KTV
	Key Technology Variables
	 

	MES
	Manufacturing Execution System
	Computerized systems used in manufacturing to track and document the transformation of raw materials to finished products. 

	MOMP
	Measure of Manufacturing Performance
	 

	MPR
	Manual Powder Removal
	 

	MRL
	Manufacturing Readiness Level
	 

	OCD
	Operational Concept Description
	 

	OEE
	Overall Equipment Effectiveness
	 

	OPBP
	One Page Business Plan
	 

	P&ID
	Piping and Instrumentation Diagram
	 

	PLM
	Product Lifecycle Management
	The strategic process of managing the complete journey of a product from initial ideation, development, service, and disposal. -Oracle

	PSD
	Particle Size Distribution / Position Sensing Device
	 

	RBE
	Repair By Exchange
	 

	RBV
	Reduced Build Volume
	 

	ROI
	Return on Investment / Region of Interest
	 

	SME
	Subject Matter Expert
	 

	SPC
	Statistical Process Control
	 

	SPI
	Strategic Performance Indicators
	 

	TRL
	Technology Readiness Level
	 



(RenishawConfluence, 2023)
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GENERIC ASSESSMENT CRITERIA

Level6

In accordance with the Framework for Higher Education Qualifications, at the end of Level 6 students should have coherent and detailed knowledge and a
systematic understanding of their subject area, at least some of which is informed by the latest research and/or advanced scholarship within the discipline
They wil be able to accurately deploy established techniques of analysis and enquiry within a discipline, using their conceptual understanding to devise and
sustain arguments and/or to solve problems. They should be aware of the uncertainty, ambiguity and limits of knowledge. They should be able to critically
evaluate evidence, arguments, assumptions, abstract concepts and data (that may be incomplete), to make judgements, and to frame appropriate questions
to achieve a solution - or identify a range of solutions. They will apply the methods and techniques that they have learned to review, consolidate, extend and
apply their knowledge and understanding, and to initiate and carry out projects. They will have the ability to manage their own learing, and to make use of
scholarly reviews and primary sources (for example, refereed research articles and/or original materials appropriate to the discipline). They will demonstrate
the qualities and transferable skills necessary for employment requiring: the exercise of niiative and personal responsibilty; decision-making in complex and
unpredictable contexts: the lea needed to undertake appropriate further training of a professional or equivalent nature

Tevel6 SATISFACTORY GOOD VERY GOOD EXCELLENT | EXCEPTIONAL
FAIL MARGINAL FAIL | ™ (31 pass) (22/pass) @AIMerit) | (1% Distinction) | (1°/ Distinction)
Category 0.29% 30.39% 40.49% 50.59% 60.69% 70.84% 85-100%
Engagement | Litie or no " Poor Engagement | Engagement ! Engagement | Engagement | Exceptional
with literature | evidence of | engagement | with a limited ! with an lwithawide | withan | engagement
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reading, reliance on } reading. No relevantand | range of } research- ! of relevantand | extensive range
referencing, inappropriate | evidence of credible sources. | research- } informed } credible } of relevant and
academic sources. | wider reading. | Some omissions ! informed ! lterature ! lterature } credible
conventions and. | Views and ! Reliance on and minor ! lterature ! including ! informed by the ! literature
academic findings mostly | inappropriate | errors. } including’ ! sources | latest research. | informed by the
honesty) unsupported and | sources, and/or | Referencing | sources ! retrieved | Consistently ! latest research
non- ! indiscriminate | conventions | retrieved i independently. | accurate ! High-level
authoritative. | use of sources. | evident though | independently. | Selection of ! application of ! referencing skills
Referencing | Heaviy reliant | not always | Some over- ~ relevantand | referencing. | consistently and
conventions | on information | applied | reliance on texts. | credible sources. | ! professionally
used ! gained through | accurately or | Referencing may | Very good use of | i applied.
incoherently or | dlass confact | consistently. | show minor | referencing, with | :
largely absent. | Inconsistent and | inaccuracies or | noivery few | !
1 weak use of I inconsistencies. | inaccuracies or h
| referencing ; | inconsistencies. | ;
Knowledge | Majorgapsin | Gaps in fted I Knowledge s | Knowledg | Excellent | Exceptionally
and knowledge and | knowledge, with | knowledge and | reasonably | reasonably ! coherentand | coherent and
understanding | systemai ! only superficial | systemati ! detailed, ! extensive | detailed ! detailed
(Coherentand | understanding of | systematic understanding of | accurate witha__ coherent and ! knowledge and ! knowledge and
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Tevel6 SATISFACTORY GOOD VERY GOOD EXCELLENT | EXCEPTIONAL
FAIL MARGINAL FAIL | ™ (5%  pass) (2.21Pass) (24/Merity | (1%/ Distinction) | (1*/ Distinction)
Category 0:29% 30:39% 20.49% 50-59% 60.69% 70.04% 85100%
detailed The subject \ understanding. | the relevant | good systematic | detailed. systematic | systematic
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AM7 NEXT GENERATION ADDITIVE MANUFACTURING

RENISHAW

&

BUILD FASTER BUILD BETTER BUILD CHEAPER

* Uptodx1kW FLAMES lasers Patented lampshade gas flow .

over 250 x 250mm »  Precision dynamic control +
«  Second order beam steering for igent gas flow = exceptional
up to 3x faster melting metallurgical performance .
*  Dual recoating with SWW «  Fullinert powder handling, never .
«  Automatic build exchange & expose powder to atmosphere,
depowdering for better quality and longer life .
« Back-to-back volume « Golden part meltpool gauging .
production without « Production monitoring with .
intervention Renishaw Central

o Build scheduling with MES

Configurable lasers, process
‘monitoring and powder
handling to suit your budget.
Long life filtration & recoating
Process up to 150um PSD
powder

On system de-powdering

On system powder blending
Starting at £199,999

WELCOME TO A STEP-CHANGE IN ADDITIVE PRODUCTION

UALITY INHERITANCE
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AM7 CONFIGURE. UPGRADE. GROW.

T Upgrade modules on-site
Need more productivity? Add another laser.
Proven powder quality? Add recirculation to

== Choose between 1 and 4 lasers, ranging from reduce costs.
— 200-1000W power per laser with our in-house
I | ‘optical module and FLAMES laser.
il |« Optional BALLERINA beam steering with any laser

«  Optional meltpool monitoring with any laser [ ——

— changeover with depowdering on
system. The tombola system
removes 99% of powder within 5
minutes.

«  Optional operator-safe manual

depowdering

«  AllAM7 systems include automated build transfer from the build
chamber into the depowdering module.

« The sealed system maintains an argon atmosphere even between
builds, eliminating purge pre-build time and exposure of powder

« Separate powder streams for virgin, used, cyclone and

B oversized powder streams
« Optional powder recirculation to eliminate manual handiing « Configure module positioning.
« Optional powder blending on-system to maintain powder tosuite your factory layout
precisely within your specification. Control over the exact o Compact footprint

blend of used, cyclone and virgin material.

LI\

SCALE YOUR BUSINESS WITH AN AM PLATFORM TAILORED TO YOUR PRODUCTS
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AM7 FEATURE DEEP DIVE

POWDER: less handling, longer life

« Powder shouldn't be exposed to atmosphere or
operators.

o Powder s loaded, melted, and stored in argon.
The chamber is not opened during routine
‘production; maintains quality for longer.

« On-system powder removal eliminates risk of
contamination and enables batch traceability.

 With the optional powder recirculation
‘module, powder can be blended on system —
‘maintaining powder within spec indefinitely.

« Powder handling extends from no operator
exposure to configurable poka-yokes to
prevent contamination

o Use up to 150um PSD

'SOFTWARE: your system, your geometry, your parameters, your data

o Our material parameters are free to optimise for your application. Our
build prep tools let you program the laser toolpath as you want.

= Explicit build files provide full traceability of build settings — never
guess what settings were used. Configurable user controls i

track all system interactions.

«  Software should enable your workflow, not constrain you - our build
preparation, machine control and production monitoring software
packages are all API accessible, working with your preferred software

workflows.

CHAMBER: melting powder

the easy bit!

We don't compromise on gas flow — our
entire build chamber is architected to
maximise the laminar flow that is an
essential ingredient for great metallurgy.
Patented lampshade gives high laminar flow
over the bed, makes sure the laser only
couples with the powder bed.

Long:life brush recoater eliminates manual
intervention between builds

Two way recoater not only boosts
productivity but also eliminates

unnecessary powder overdosing - there’s.
no overflows — 100% efficient powder use!

3
2

and

RENISHAWE

OPTICAL: precise + efficient = productive

‘Throwing excess imprecise laser power at powder
isn't productive.

Renishaw metrology on in-house laser module for
precision, including dynamic focusing.

Second order beam steering gets into tightest
corners, enables 1kW without blasting keyholes
into parts.

Fast response FLAMES laser boosts productivity
and processes distributed points productively for
first time.

Fire while recoating to eliminate downtime.

It's about efficient laser firing!

SERVICEABILITY: downtime sucks

Modular design enables switch out on-site
Customers can stock critical modules

Training available for customer technicians ~ have
staff certified to service your machines

Local service staff in 30+ countries

Diagnostics, maintenance, and calibration
software on-machine.
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AM7 OPTIONS RENISHAW/&

&

RENISHAW
Am7 (125) AM7 (250) AM7 (500)
250 250X 400
Build volume; x 2 (mm) 125x125 %200 e 2ah k1000 500X 500X 600
@ 200w 14 14 WA
Lasers @so0w 14 Max KW total laser power 14 Max2kW totallaser power 416 Max8kW laser power
@1 N/A 14 e
system 6001000 x 1150 1250 2000 2300 2500x 4000 x 3500
Dimensions (mm) 1078 e iter 900 X 500 2000 — common filtration unit to all platforms, ensuring identical gas fiow control
Control rack . " . . 915483 (197) x 2134
DS COCEEEE (two racks required for 16 laser systems)
Laser spot size (um) 40 80 80
) 300 500 700
Processing condiions, Identical optimised gas flow, digital controls, and workflows, including meltpool and production monitoring.

controls and monitoring Scale your production on the right system for your product.
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