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[bookmark: _Toc40987056]Executive Summary 

Within Renishaw’s factory based in Miskin South Wales, there is an issue that has been highlighted on the Additive Manufacturing Machine assembly line. The problem that was discovered was that machines have been failing the commissioning process, due to a number of errors being introduced earlier in the assembly process. 

This report will focus on these issues and look to address them specifically within the chamber cell. A study was carried out to understand what the issues were and the root causes to the problems.  A problem statement was prepared, which demonstrated that there was a need to develop a test rig, to be able to leak test a chamber module, as well as to check the electrical components functionality on the chamber. A specification was created to address the statement and the issues found on the assembly line.

This report laid out the methodology of how the test rig was going to be created using Renishaw’s tooling process. This report uses a style close to a six sigma style DMAVD study. The project team created a house of quality matrix to understand what the relevance of the specification was, against the requirements of the production line.  Within this report the author highlights the following points to ensure the test rig meets these requirement:
· Error Proofing 
· Step Locking the Process 
· Future Proofing 
· No Faults Forward approach

This report continues to investigate the following sections of the test rig that is being designed:-
1. Mechanical, 
Where the concept design, design matrix and the understanding of the why the rig needs to have repeatable results have been investigated. 
2. Pneumatics 
Where the leak values have been investigated as well as the fill time on the chamber. 
3. Control systems 
This section demonstrates where the control systems have been analysed from the process flow, which were used to program the test rig through to the importance of data collection. 

Unfortunately due to the current COVID-19 Pandemic, this project has had to be temporarily suspended. This has had an impacted the progress of this report as no testing of the current build has been able to be conducted. Consequently, a section has been written demonstrating what the author had intended on completing for the test rigs analysis such as FMEAs and Gauge R&R study. This section will examine the importance of the analysis that has yet to be conducted to ensure the test rig is safe to use, as well as compliant with EU legations. Lastly the author will conclude this report and what and give recommendations on what could be conducted to improve the project as well as what the author would do differently if this project was recreated. 






	


Table of Contents
1	Declaration of Authenticity	1
2	Acknowledgements	2
3	Executive Summary	3
4	Table of Figures	7
4.1	Equations	7
4.2	Figures	7
4.3	Tables	8
5	Abbreviations	9
6	Introduction	10
6.1	Renishaw	10
6.2	RenAM 500ML	10
6.3	Current Situation	12
7	Background Information	15
7.1	Additive Manufacturing	15
7.2	Leak Test	19
8	Problem	21
8.1	Problem Measurement	21
8.2	Problem Analysis	23
8.3	Problem Statement	25
9	Equipment Specification	25
9.1	Functional Requirements	26
9.2	Rig Mechanism	26
9.3	Environmental Protection	26
9.4	Transport Requirements	27
9.5	Set-up Requirements	27
9.6	Operational Requirements	27
9.1	Legislative & Safety	27
10	Methodology	28
11	Design Development	32
11.1	House of Quality	32
11.2	Process for Development	36
11.2.1	Error Proofing	36
11.2.2	Step Locking Process	36
11.2.3	5S	36
11.2.4	No Faults Forward	38
11.2.5	Future Proofing	38
11.3	Mechanical	39
11.3.1	Concept 1	39
11.3.2	Concept 2	41
11.3.3	Concept 3	42
11.3.4	Design Matrix	44
11.3.5	Final Design	45
11.3.6	Repeatability	46
11.4	Pneumatics	47
11.5	Control	49
11.5.1	Process Flow	49
11.5.2	PLC	49
11.5.3	Mitsubishi PLC Programming	49
11.5.4	HMI/GOT screens	50
11.5.5	Maintenance of the system	52
11.5.6	Calibration requirements	52
11.5.7	Data Collection	52
12	COVID-19	53
12.1	Situation	53
12.1.1	FMEA	53
12.1.2	Beta Build	55
12.1.3	Gauge R&R Study	55
12.2	Compliance	59
12.3	Installation and Commissioning	60
12.4	Maintenance:	61
13	Conclusion	63
14	Recommendation	64
15	References	65
16	Appendix 1	69



[bookmark: _Toc40987057]Table of Figures

[bookmark: _Toc40987058]Equations
Equation 1: Leak Rate Equation (Corrosion, 2020).	18
Equation 2: Maximum Pressure acting on the chamber door.	48
Equation 3: Vacuum evacuation time equation (Engineering Toolbox, 2020).	48


[bookmark: _Toc40987059]Figures
Figure 1: Renishaw's Business areas (Renishaw, 2020).	9
Figure 2: RenAM 500Q a four-laser variant of a RenAM 500ML (Renishaw, 2020).	10
Figure 3: AM printed Galvo Mounting comparison build (Jackson, 2018).	10
Figure 4: Simplified Cell Layout of the RenAM 500ML Line.	12
Figure 5: Additive manufactured facial implant (Renishaw, 2020).	14
Figure 6: Additive manufactured facial implant (Renishaw, 2020).	15
Figure 7: AM wheel hub assembly (Renishaw, 2020).	15
Figure 8: AM creative models (Renishaw, 2020).	16
Figure 9: RenAM 500Q additive manufacturing machine (HiETA, 2020).	17
Figure 10: Perato graph of faults found per cell.	21
Figure 11:  Perato graph for the faults due to Cell 1 and Cell 2.	22
Figure 12: Ishikawa Diagram for leaks found within the chamber module with data from (George, 2018).	23
Figure 13: Ishikawa Diagram for wiring faults within the chamber module with data from (George, 2018).	23
Figure 14: Tooling Process flow.	29
Figure 15: Explanation of the house of quality chart (ASQ, 2019).	34
Figure 16: House of Quality of the Chamber Test Rig.	35
Figure 17: Chamber test rig Concept 1 sketch.	39
Figure 18: Chamber test rig Concept 1 framework.	40
Figure 19: Chamber test rig Concept 2 sketch.	41
Figure 20: Chamber test rig Concept 2 design framework.	41
Figure 21: Chamber test rig Concept 3 sketch.	42
Figure 22: Chamber test rig Concept 3 framework.	43
Figure 23: Sub-Assembly leak test rig cover plates.	43
Figure 24: Model of the Final Design.	45
Figure 25: Diagram of how a vain pump works (Vac Aero International, 2019).	47
Figure 26: Section of ladder logic code.	50
Figure 27: SFC blocks taken form the Chamber Module Leak Tester.	50
Figure 28: Screen from chamber module leak tester showing labels.	51
Figure 29: Section of the program to show screen switching.	51
Figure 30: Diagram of Crossed Gauge R&R Study (ASQ, 2020).	56
Figure 31: Diagram of a Nested Gauge R&R Study (ASQ, 2020) .	56
Figure 32: Diagram of a Standard Gauge R&R (ASQ, 2020).	57
Figure 33: Extended Gauge R&R study diagram (ASQ, 2020).	57
Figure 34: Main Section of the Chamber tester process flow used for programing.	68
Figure 35: Continuation of the main process flow used for the program from Figure 34.	69
Figure 36: Process flow for the Engineers screen of the program.	70
Figure 37: The process flow for the technicians screen on the program.	71

[bookmark: _Toc40987060]Tables
Table 1: RenAM 500ML variant name according to the number of lasers fitted (Additively, 2018) and (Renishaw, 2020).	10
Table 2: Faults by organisation	20
Table 3: Faults found per cell.	20
Table 4: Table of faults due to Cell 1 and 2.	21
Table 5: Atmospheric test leak rate for a commissioned machines (Kutiyal, 2019).	24
Table 6: Factional requirements of the project.	25
Table 7: Mechanism requirements of the project	25
Table 8: Environmental Protection of the project.	26
Table 9: Transport requirements of the project.	26
Table 10: Set-up requirements of the project.	26
Table 11: Operational Requirements of the project.	26
Table 12: Legislative and safety requirements of the project.	27
Table 13: Renishaw tooling category (Pearcey, 2020)	30
Table 14: Tooling work streams (Pearcey, 2020).	30
Table 15: 5S system (Lean Six Sigma, 2020).	37
Table 16: Design Matrix for the three-concept design.	44



[bookmark: _Toc40987061]Abbreviations
	Term 
	Definition

	ADG
	Assembly Development Group 

	AM
	Additive Manufacturing

	BSP
	British Standard Pipe (Thread)
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[bookmark: _Toc40987063]Renishaw
Renishaw was founded in 1973, with the first product being a “touch trigger probe for the inspection requirements for the Olympus engines” (Renishaw, 2020). Renishaw is a worldwide leader within metrology equipment including probes, encoders and machine tools. Renishaw continues to branch out into other sectors such as; research, healthcare and additive manufacturing which is displayed in Figure 1. Renishaw has a global presence, with “81 locations in 36 countries” (Renishaw, 2020). The company utilises its UK sites to conduct the majority of R&D as well as the manufacturing of products (Renishaw, 2020).Metrology
Research
Healthcare
Additive Manufacturing
 
[bookmark: _Toc40880411]Figure 1: Renishaw's Business areas (Renishaw, 2020).




[bookmark: _Toc40987064]RenAM 500ML

RenAM 500 Multi Laser (ML) platform is the third generation of additive manufacturing (AM) machine that Renishaw has manufactured. This machine utilises a method called synthetic laser sintering (SLS) to create a 3D part from thin layers of metal powder (Gibson, et al., 2015). The RenAM 500ML inhabits up to four 500-watt lasers that fuse the metal powder together to create a component. The laser platform can be  manually configured by the customer, where they have the ability to choose between one, two, three or  four lasers during manufacturing, the variants can be found in Table 1 (Additively, 2018) (Renishaw, 2020). 


[bookmark: _Toc40880448]Table 1: RenAM 500ML variant name according to the number of lasers fitted (Additively, 2018) and (Renishaw, 2020).
	Number Lasers
	Name of Variant

	1
	RenAM 500S

	2
	RenAM 500D

	3
	RenAM 500T

	4
	RenAM 500Q









The RenAM 500ML platform ensures that the lasers are evenly located across the entire bed of the machine rather than just a section of it. This is able to increased manufacturing rate and enables the customer to choose up to four lasers inside the machine. A study was carried out by (Renishaw, 2020), where it was concluded that the more lasers that are fitted the faster the build is completed. The report carried out a comparison build with the RenAM 500Q, RenAM 500D and a RenAM 500S, the report concluded that by utilising the 4 lasers the build was 4 times faster than with a single laser machine and twice as quick as a duel laser machine. To prove their theory Renishaw took a Galvo Mounting block and manufactured it using 1 laser, 2 lasers, then four lasers, the final products are seen in Figure 3. The machine was designed for single powder manufacturing, this means only one type of powder can be utilised for manufacturing within the machine. The reason for this is purely due to the inability to successfully clean out the manufacturing chamber, which involved  replacing some  parts on the machine, which is costly (Additively, 2018) (Renishaw, 2020).
[bookmark: _Toc40880412]Figure 2: RenAM 500Q a four-laser variant of a RenAM 500ML (Renishaw, 2020).
[bookmark: _Toc40880413]Figure 3: AM printed Galvo Mounting comparison build (Jackson, 2018).




According to (Renishaw, 2020) the following are a list of benefits of using RenAM 500ML,
· Using optimisation, a designer can reduce the weight of the component. 
· Using the AM machine is able to create bespoke or customised parts.
· AM can reduces tooling costs as the amount of cutting tools required are reduced.
· AM can create complex geometries such as thin walls, lattices and internal features.
· Rapid design iterations for parts and products.
· Increased design freedom as AM is not constrained by traditional design and manufacturing rules.
· AM Machines can create multiple part on one build bed.
[bookmark: _Toc40987065]Current Situation

RenAM 500ML is built within the Miskin Manufacturing site of Renishaw, the machine is broken down into six assemblies for a more simplistic assembly process before commissioning. The six parts according to (Renishaw AMPD, 2018) and (Richards, 2018), are listed below:

· Chamber and Base.
· Electrical Module. 
· Filter and Powder Module. 
· Pump Module. 
· Gas and Optical unit. 
· Wraps Panels.

The six assemblies and commissioning process that create the RenAM 500ML assembly line have its own cell except for chamber and base and commissioning. The chamber and base and commissioning have been split into two cells to be able to balance the assembly and achieve the optimised line layout, which ensures that the product is moving down the assembly line at the same time (L, et al., 2011) and (Mital, et al., 2015).   
There are nine cells that make up the assembly process of the machine and are displayed  in Figure 4, the nine cells are listed below (Richards, 2018) and (Brooks, 2020):

· Cell 1 is Chamber Mechanical Fitment
· Cell 2 is Chamber Electrical Fitment
· Cell 3 is Electrical Module 
· Cell 4 is Filter and Powder module
· Cell 5 is Pump Module 
· Cell 6 is Gas and Laser Fitment 
· Cell 7 is First Stage Commissioning 
· Cell 8 is Wrap Build and Fitment
· Cell 9 is Optical Commissioning  [bookmark: _Toc40880414]Figure 4: Simplified Cell Layout of the RenAM 500ML Line.


The chamber and base enter the assembly line through cell 1 where the base is prepared. The major mechanical components are fitted to the module at this point and include the chamber door and z-axis before moving into the Machine build area in front of all the cells.  (Thomas, 2019). Once the operations in Cell 1 have been complete the chamber and base moves to Cell 2 where the lighter sub-assemblies of the chamber module are fitted along with the electrical systems for the chamber. With that done the chamber is moved to cell 3 where it is fitted with a completed Electrical Module, the first of three modules that make up the majority of the final machine (Renishaw AMPD, 2018) and (Richards, 2018). 
The electrical module needs to be fitted to the chamber and base and the chamber module should be wired back to the electrical panel before it moves from Cell 3 (Lloyd, 2019) (Richards, 2018). Once the assembly moves to Cell 4 an assembled filter module is then fitted to the machine and is wired back to the electrical panel and all pipework have been connected before moving to Cell 5 (Bennett, 2019) and (Richards, 2018). Here a finished pump module is fitted to the machine and wired pack to the electrical panel and all the pipework has been connected before moving to cell 6 (Brooks, 2019) and (Richards, 2018). 
Within the Cells 3, 4 and 5 the manufacturing approach that has been chosen for the module assembly is to incorporate a Kanban system. This is a system for production to ensure there are always two finished modules at the end of every cell ready to go onto a machine when the machine gets to the cell. The Kanban method works as it ensures that a pull system is used as the machine build area pulls from the Kanban at the end of the line, which in turn pulls a module from the cell. When the module is pulled from the cell it pulls the sub-assemblies into the module. This system will ensure that the cell must perform at its optimum to ensure parts are ready to go onto the machine (Karjewski, et al., 1987) and (Rahman, et al., 2013).
Cell 6 is where the recirculation pump, optical system and lasers are fitted to the machine and the final pipework and coolant system can be fitted a wiring check is completed before the machine is moved into Cell 7 the first of the commissioning cells (Brown, 2019) and (Richards, 2018). 
In Cell 7 the machine gets programmed and then goes through testing to ensure the machine has been assembled correctly. Once all the testing has been completed the machine moves into cell 8 the wrap fitment area when all the wrap panels are fitted to the machine which makes it look like a finished machine before moving to cell 9. Within cell 9 the machine goes through optical commissioning which is the final process before it is sent out to customers (Higgins & George, 2019) and (Richards, 2018). 


[bookmark: _Toc40987066]Background Information
[bookmark: _Toc40987067]Additive Manufacturing

Additive manufacturing (AM), also known as 3D printing, creates a three-dimensional part from a digital file. There are many methods to create a part depending on the technology available, however, the majority of methods utilise the same principle which is to manufacture thin layers of material that is added to a base plate to create the desired shape. The orientation of the component can be as complex as the designer requires as it is not impeded by the same manufacturing constrains as traditional manufacturing. AM provides completely new design possibilities while minimising material use and reduced tooling costs. (Frazier, 2014), (HiETA, 2020) and (Renishaw, 2020)

Historically metal additive manufacturing was available to high-end technology industries such as the aerospace and motorsport industry. With increasing application of the technology there is potential for metal additive manufacturing to become mainstream and an integral part of every engineer and designer's toolkit.

Additive manufacturing is currently being utilised within the following industrial sectors:

Aerospace:

AM parts are utilised within the aerospace industry for functional and key components such as engine turbine blades as well as sections of the fuel systems. With designers having access to topology optimisation tools more parts can improve functionality and reduce weight. Utilising lighter parts on an aircraft can contribute to overall weight loss of the craft but reduce fuel consumption (Gibson, et al., 2015), (Jackson, 2018) and (Renishaw, 2020).


Automotive:

Within the motor sport industry AM is used to produce a number of customisable parts such as intercoolers. This development contributes to a small proportion to having a competitive advantage within this industry. AM takes high proportion of the work in the motor sport industry and provides a high-speed turnaround of prototyped parts, which is. Figure 5 illustrates how rapidly produced metal components can performance tested. (Gibson, et al., 2015) and (Renishaw, 2020).
[bookmark: _Toc40880417]Figure 5: AM wheel hub assembly (Renishaw, 2020).


Creative:

AM enables a “new freedom of design established for creative industries such as architecture, jewellery and entertainment where highly complex and bespoke items are required” (Renishaw, 2020). Many components and parts can be customised include hinges and interlocking parts. AM parts can be finished using several processes for maximum visual effect as shown in Figure 8 (Gibson, et al., 2015), (Jackson, 2018) and (Renishaw, 2020). 

[image: Titanium multi-link necklace]
[bookmark: _Toc40880418]Figure 6: AM creative models (Renishaw, 2020).


Healthcare (specifically dental and medical):

AM has the ability to create complex geometry and one-off bespoke parts such as teeth and bone support, which include cranial plates and facial implants shown in Figure 7. AM can benefit manufacturing in this sector by incorporating high grade of materials such as cobalt chrome and titanium into their products.

[image: Cranio-facial placement guides and implants]







Figure 7: Additive manufactured facial implant (Renishaw, 2020).



Mould tooling:
 
Mould tooling is used for injection moulding, these tooling contain channels to cool the mould and potentially aid in preserving the life of the tool. Current tool making methods require the manufactures to drill cooling channels directly into the tool in straight lines. AM however does not require this method and enables the designer to manufacture the tooling with the cooling channels already imbedded into the mould, which is shown in Figure 8. The AM method will extend the life of the tool, reduce the manufacturing waste, improve cooling performance of the tool and help to improve production cycle times and productivity in the injection moulding industry.
[bookmark: _Toc40880416]Figure 8: Additive manufactured facial implant (Renishaw, 2020).




Research:

Renishaw have partnered with several researchers, universities and other academic institutions on metal AM projects. Renishaw uses an open parameter ethos for materials, this helps to encourage further development of parameters for new materials to be used within AM. This is shown in figure 9 with testing been conducting using a RenAM 500Q, (Renishaw, 2020).
[bookmark: _Toc40880419]Figure 9: RenAM 500Q additive manufacturing machine (HiETA, 2020).











According to (Herzog, et al., 2016), (Strucker, 2011) and (Gibson, et al., 2015), the benefits of additive manufacturing over traditional manufacturing are:
· Create bespoke and complex parts due to the few numbers of constraints needed.
· Parts can be printed as one rather than the need to assemble multiple parts.
· Minimal time taken from modelling to printing. 
· Depending on the AM machine it is possible that it could be used by all-most anyone to create a part.
· Due to it is building the part from bottom up there is little waste required. 
According to (Gibson, et al., 2015), (Frazier, 2014) and (Herzog, et al., 2016), the disadvantages of additive manufacturing over traditional manufacturing are: 
· AM machines have a high energy consumption.
· AM machines are expensive. 
· There is a limited amount of materials that can be used. 
· Most AM machines require training courses to use.
· AM machines are slower than traditional manufacturing.

According to (HiETA, 2020) and (Gregory & Kutiyal, 2020), some of the materials that are used within printers to create a part are: 
· Aluminium Alloy 
· Brass
· Bronze
· Copper
· Gold
· Nickel-Based Super alloy
· Silver
· Titanium

[bookmark: _Toc40987068]Leak Test

Leak testing is a process that enables the user to check for numerous defects that can occur within a sealed volume. This can be tested either using positive pressure or negative pressure. Leak tests are conducted for several uses such as; checking assemblies are built correctly and maintenance checks on products that hold a sealable volume such as pipelines or containers. Leak testing systems can provide a method to detect if the side walls of the container are degrading or corroding rather than using other non-destructive testing. Containers that include a metallic containment can corrode away and leaks can occur as a result of the encasing material becoming corroded (IEEE, 2020) and (Corrosion, 2020). 

The leak rate is an important part to be able to understand the size of a leak as it can be difficult to measure. The leak rate equation can be seen in Equation 1. 

Q = (Δp x V) / Δt
[bookmark: _Toc40880396]Equation 1: Leak Rate Equation (Corrosion, 2020).
Where:
Q = Leak Rate Pa/s  
Δp = Change in Pressure Pa 
V = volume (m3)
Δt = change in time (s)

Leak testing has its own range of sensitivity where it is the lowest leak rate the method can detect. To be able to test highly leak prone parts such as vacuum systems require highly sensitive systems to be able to test those parts. 

Other considerations for choosing a leak detection system (LDS) include the following:
· Size of the system, and the size of the supporting equipment for the system.
· The type of material used within the system.
· The rigidity of the container.
· The accessibility to the internal environment. 
· The temperature of the system. 
There are several LDS that are unable to establish the exact location of the leak, most require a secondary device or material such as leak detector spray. There are a few testing methods that can test for corrosion, such as thermography (Corrosion, 2020) ( BINDT, 2020) (ASNT, 2020). 
According to ( BINDT, 2020), (Corrosion, 2020) and (IEEE, 2020) Specific leak detection methods include:
· Biological leak testing 
· Bubble testing 
· Dye penetration 
· Flow monitoring
· Halogen leak detection
· Helium leak detection
· Pressure monitoring 
· Radioisotope detection
· Spark testing
· Thermography 
Many AM machines require an inert atmosphere to be able to start up the machine. The reason for this is that most of the metallic power that is used within the machine is highly combustible in the presence of oxygen. Therefore, the need to reduce the oxygen inside the machine prior to printing is a high importance. It is stated that the more efficient the seal of the system is the   least amount of inert gas is wasted and therefore provides a more efficient machine (Herzog, et al., 2016) and (Gibson, et al., 2015). 
[bookmark: _Toc40987069]Problem
[bookmark: _Toc40987070]Problem Measurement
Before the RenAM 500ML is dispatched to the customer the machine is completely tested in the commissioning cells 7 and 9. This is to ensure that the line is working efficiently and any faults that occur within these two cells are recorded on the fault log (George, 2018).

[bookmark: _Toc40880449]Table 2: Faults by organisation
	Fault
	Occurrence
	Cumulative Occurrence
	Cumulative Percentage

	In-House Faults 
	476
	476
	71.36%

	Supplier Faults
	128
	604
	90.55%

	Other Faults
	63
	667
	100.00%

	Total Occurrences 
	667



The following results from Table 2 have been taken from (George, 2018) these show that out of the 667 faults that have been recorded, 476 faults that have happened due to errors that have been made in house. A further break down can be shown in Table 3, which shows the faults found per cell area. 

[bookmark: _Toc40880450]Table 3: Faults found per cell.
	Cell
	Occurrence
	Cumulative Occurrence
	Cumulative Percentage

	Cell 3
	86
	86
	18.07%

	Cell 1
	70
	156
	32.77%

	Cell 2
	63
	219
	46.01%

	Cell 7
	61
	280
	58.82%

	Cell 4
	60
	340
	71.43%

	Cell 6
	53
	393
	82.56%

	Cell 9
	44
	437
	91.81%

	Cell 5
	29
	466
	97.90%

	Cell 8
	10
	476
	100.00%

	Total Occurrences 
	476




[bookmark: _Toc40880420]Figure 10: Perato graph of faults found per cell.

A Perato graph has been created to display the data from Table 3, this is seen in Figure 10. From this data it is clear that Cell 3 produces a greater number of faults than any other cell but a combination of cell 3, 1, 2, 7, 4 and 6 account of 82% of the number of failures on the line. As a project has been conducted to tackle and limit the failures for Cell 3, 4 and 5. The author has completed further analysis into the next major contributions of failures which are Cell 1 and 2. Using (George, 2018) the results of the further analysis into the faults of Cell 1 and 2 can be seen in Table 4 and Figure 11.
  
	Fault
	Occurrence
	Cumulative Occurrence
	Cumulative Percentage

	Leak - Vac
	39
	39
	29.32%

	Assembly Issue
	33
	72
	54.14%

	Wiring Issue 
	28
	100
	75.19%

	Leak - Gas
	21
	121
	90.98%

	Damaged Parts
	5
	126
	94.74%

	Z Axis Issue
	4
	130
	97.74%

	Heater Plate Issue
	1
	131
	98.50%

	Missing parts
	1
	132
	99.25%

	Software Issue
	1
	133
	100.00%

	Total occurrences 
	133


[bookmark: _Toc40880451]Table 4: Table of faults due to Cell 1 and 2.


[bookmark: _Toc40880421]Figure 11:  Perato graph for the faults due to Cell 1 and Cell 2.

[bookmark: _Toc40987071]Problem Analysis

From looking at the data gathered within (George, 2018) about the three major fail areas which are Leak – Vac, Assembly Issues and Wiring Faults that have been found within Cell 1 and 2. These three areas make up over 75% of the failures seen with in the two cells. These causes have been investigated by the engineers and recorded on the commissioning log (George, 2018). The information has been taken from the document and shown on two Ishikawa diagrams. The causes that create leaks within the chamber are shown in Figure 12. The causes that create leaks within the chamber are shown in Figure 13.  Ishikawa Diagrams is a technique that was created by Kaoru Ishikawa as a quality control tool, but this tool can be used in a few different ways. These ways are to discover the root cause of a problem, uncover bottlenecks in a process or identify process causes of process issues (Mindtools, 2020) and (Ishikawa, 1990).
[bookmark: _Toc40880422]Figure 12: Ishikawa Diagram for leaks found within the chamber module with data from (George, 2018).




[bookmark: _Toc40880423]Figure 13: Ishikawa Diagram for wiring faults within the chamber module with data from (George, 2018).

[bookmark: _Toc40987072]Problem Statement

Using the results gathered from the analysis of Cell 1 and 2 there is a clear need for a test rig to be able to perform a vacuum test on the chamber once the doors have been fitted to check the integrity of the chamber and the seals on the major components of the chamber module. This procedure must be identical to the Atmospheric test that is undertaken within commissioning, in short, the test procedure should match the final atmospheric test that a commissioned machine goes through. This procedure is shown in Table 5.

	Test
	Pressure (mBar)
	Time (minutes) 
	Leak Rate Acceptable (mBar)

	High Vacuum
	-960 
	20
	20

	Low Vacuum
	-300
	20
	15

	Overpressure
	20
	10
	4


[bookmark: _Toc40880452]Table 5: Atmospheric test leak rate for a commissioned machines (Kutiyal, 2019).

The test results display that there is a high rate of assembly and wiring issues, therefore, a wiring check should be in-place to ensure that the module has been wired correctly and that the components work before reaching the Commissioning Cell. For both issues there will need to be a data log of pass and failure rates to provide data to conduct root cause analysis on any issues that may arrive later in the test rigs life or the life of the product
[bookmark: _Toc40987073]Equipment Specification
The Specification is broken down into seven parts to ensure that all aspects are covered by the specification these parts are:
· Functional Requirements shown in Table 6
· Rig Mechanism shown in Table 7
· Environmental Requirements shown in Table 8
· Transport requirements shown in Table 9
· Set-up Requirements shown in Table 10
· Operational requirements shown in Table 11
· Legislate and safety shown in Table 12

The targets that have been set discussed between the team to understand if the target was essential or desirable for the final product. 

[bookmark: _Toc40880453]Table 6: Factional requirements of the project.
	[bookmark: _Toc393977537][bookmark: _Toc17349414][bookmark: _Toc40987074]Functional Requirements

	
Ref
	Target Requirement
	E / D
	Justification

	1.1
	Must be able to complete a Vacuum Test
	E
	Both AMPD and the current process requires the chamber to be tested.

	1.2
	Must be able to complete the overpressure test 
	E
	Both AMPD and the current process requires the chamber to be tested.

	1.3
	Integrate an electrical test for the module
	D
	The chamber module isn’t currently being electrically functional tested before commissioning.


 
[bookmark: _Toc40880454]Table 7: Mechanism requirements of the project
	[bookmark: _Toc393977538][bookmark: _Toc17349415][bookmark: _Toc40987075]Rig Mechanism

	
Ref
	Target Requirement
	E / D
	Justification

	2.1
	Rig must use a smaller footprint than an AM 400 (1800, 1200 mm)
	E
	To reduce the overall size of the tester to ensure the tester take up as little room as possible in the cell.

	2.2
	Air Line In, with Filters, restrictors and Isolation, 
	E
	To ensure the air into the chamber is clean and set to the correct pressure for the overpressure test.

	2.3
	Mains Voltage into the machine
	E
	The vacuum pump needs 240v to be able to work as well as the PLC PSU requires 240v 

	2.4
	E-Stop need to be fitted
	E
	Need to ensure the rig has an estop to stop all the tests and ensure the chamber is completely vented off all pressure if there is an issue

	2.5
	Rig must be made up using Standard Equipment on the rig (Mitsubishi PLC and GOT)
	D
	So that it conforms to the standards used in the department.




[bookmark: _Toc40880455]Table 8: Environmental Protection of the project.
	[bookmark: _Toc335661677][bookmark: _Toc393977539][bookmark: _Toc17349416][bookmark: _Toc40987076]Environmental Protection

	
Ref
	Target Requirement
	E / D
	Justification

	3.1
	Must be ROsH and WEEE Compliant
	E
	To be able to make it CE compliant.


[bookmark: _Toc40880456]


Table 9: Transport requirements of the project.
	[bookmark: _Toc393977540][bookmark: _Toc17349417][bookmark: _Toc40987077]Transport Requirements

	
Ref
	Target Requirement
	E / D
	Justification

	4.1
	Keep the Jig as a static Jig 
	D
	Due to the supplies needed to make the machine work rig needs to be static

	4.2
	Must be able to be transported if needed
	E
	The rig needs be able to be moved into position using a machine device such as a pump truck 



[bookmark: _Toc40880457]Table 10: Set-up requirements of the project.
	[bookmark: _Toc393977541][bookmark: _Toc17349418][bookmark: _Toc40987078]
Set-up Requirements

	
Ref
	Target Requirement
	E / D
	Justification

	5.1
	Minimise Set uptime to connect the pipe 
	E
	Reduce the time taken to be able to set up the module to be tested



[bookmark: _Toc40880458]Table 11: Operational Requirements of the project.
	[bookmark: _Toc393977542][bookmark: _Toc17349419][bookmark: _Toc40987079]Operational Requirements

	
Ref
	Target Requirement
	E / D
	Justification

	6.1
	Complete tests to design’s test specification
	E
	AMPD has created a test specification to ensure machine will work correctly.

	6.2
	Manually pull a vacuum for fault finding
	D
	If there is a leak, the rig needs to manually pull the vacuum to find a leak. 

	6.3
	Manually overpressure up to a max pressure for fault finding
	D
	If there is a leak, the rig needs to manually overpressure up to +20mbar to be able to find any leaks.

	6.4
	Traceability Function for test results 
	D
	To ensure clear traceability for the test result.

	6.5
	Devise a calibration process for the rig 
	E
	To ensure that the rig is working and giving out correct readouts.

	6.6
	Give Visual Feed Back to Operator (HMI, RGB lights)
	E
	To ensure the operator has a clear result for pass or fail on the rig.

	6.7
	Provide a lock for the doors on the test chamber
	E
	Safety Device to ensure no one can open the door on any of the tests.


 
[bookmark: _Toc40880459] 








	0. [bookmark: _Toc393977543][bookmark: _Toc17349420][bookmark: _Toc40987080]Legislative & Safety

	
Ref
	Target Requirement
	E / D
	Justification

	7.1
	Must Conform to CE and UKCA Requirements
	E
	To ensure the rig is safe to use on the assembly line

	7.2
	Must Conform to ROsH and WEEE Compliant
	E
	To be able to get the rig CE marked

	7.3
	Ensure rig conforms to noise control regulations 
	D
	To be able to get the rig CE marked


Table 12:Legislative and safety requirements of the project.


[bookmark: _Toc40987081]Methodology

Using the Specification, the project team created concepts design and discus what is needed and what can be achieved using house of quality and a design matrix. The project team will need to include how to ensure that the design is of the rig and function involves the following:

· Error Proofing – To ensure that there is no error being brought in by rig and if any faults occur then it can be traced to its source. 
· Step Locking the Process – To be able to ensure that the operator cannot bypass the test and progress something that is a failure. 
· Future Proofing – To ensure that the rig has room to expand and develop over time.  
· 5S Elements 
· No Faults Forward approach – To enable a testing procedure that can ensure that any faults are detected and can be reworked. 

This project will be complete using the tooling process flow as shown in Figure 14. This process flow is based on Renishaw’s process for tooling. This process has been created to ensure the tooling is able to be created logically and ensure that all documentation is completed at the correct stage before a tool is placed on any assembly for production to use.  From the process flow that this project will follow there are a few key points which are form the major milestones of the project:

· From the concepts design an alpha design will be produced.
· This design will be built and tested where from analysis of the results will improve the design.
· From the Improved design a DFMEA and PFMEA will be conducted to ensure that the design is able to function.
· A beta build will be designed and built using the results from the alpha build.  
· If the beta design passes testing, then the documentation will be complete, and the tooling will be released to production.


[image: ]

[bookmark: _Toc40880424]Figure 14: Tooling Process flow.

The Renishaw process for tooling involves two sets of streams depending of what the category of tooling. The category of tooling is shown in Table 13:

	[bookmark: _Toc40880460]Category
	Description  

	1
	Basic tool no moving parts

	2
	Basic moving part and no electronics or power

	3
	Advanced moving parts like pneumatics and or power

	4
	Potentially harmful moving parts


Table 13: Renishaw tooling category (Pearcey, 2020)

The first of the two streams involve Category 1 and 2 tooling which is the simpler of the two and the second stream involves Category 3 and 4 which requires going through compliance department as shown in Table 14. 

	Stream 1 Category 1 and 2 
	Stream 2 Category 3 and 4 

	Specification
	Specification

	Serial Number Allocation
	CEA Support documentation

	PUWER Assessment 
	Regulatory requirements

	Risk Assessment 
	Compliance Assessments

	Technical File
	Operations and Maintenance manuals

	Release to Production
	CE Declaration

	
	Serial Number Allocation

	
	PUWER Assessment 

	
	Risk Assessment

	
	Technical File

	
	Release to Production


[bookmark: _Toc40880461]Table 14: Tooling work streams (Pearcey, 2020).

Due to the complexity of the problem, the required tooling will be a category 3 tooling, meaning that the tooling will have to undergo Compliance Certification to ensure that the test equipment is safe to be used. 

CE Marking indicates whether a product conforms to the relevant EU directives from environmental protection and health and safety according to (Department for Business, Energy & Industrial Strategy, 2012). Renishaw uses the same procedures for its products and for its tooling.  

The process that the tooling will follow is similar to DMADV study which stands for:

· Define – define the project goals, and customer expectations.
· Measure – measure and determine the customer needs and specification
· Analyse – Analyse the process options to meet the customer’s needs
· Design – create a detailed design process to meet the customer’s needs 
· Verify – Verify the design performance and ability to meet the customer needs. 

DMADV study is similar to another study called DMAIC which stands for:

· Define
· Measure 
· Analyse 
· Implement 
· Control 

Both processes are six sigma methodologies used to drive defects of a process down and help in ways to meet business “financial bottom-line numbers” (iSixSigma, 2020). Both use data to determine the approaches that should be taken to find solutions to the problem, rather than opinions. The difference between these two is that DMAIC is used on existing products and processes, where DMADV is used on new products that do not have a current process in place. 


[bookmark: _Toc40987082]Design Development

[bookmark: _Toc40987083]House of Quality

A House of Quality is an engineering tool for product or process development. It is inspired by looking at the customer desires whilst being controlled by the capabilities and resources of the company managing the project. This particular tool can be used during quality function deployment to help facilitate a group’s decision making with a product or process (ASQ, 2019).
 
There are four main stages for a HOQ these are according to (QFD Online, 2007) and (Morgan, 2018): 
1. Set Customer requirements and engineering specification
2. Rank competing customers against engineering specification and customer satisfaction.
3. Set targets for engineering specification.
4. Prioritised engineering specification.

House of Quality is part of a larger process called Quality Function Deployment (QFD). QFD is a process and a set of engineering tools that are used to effectively define customer requirements and convert them into detailed engineering specifications and plans to produce products that fulfil the customers’ requirements.

According to (ASQ, 2019) and (iSixSigma, 2020), the primary focus of a QFD is to be able to do the following: 

· Understand Customer needs for a product.

This is to either help the designers of the company, understand the customers or to be able to help the customers to have a better understanding of their needs.    

· Understanding the priorities for the customer’s needs.

With a set of desires from the customer, it is one of the focuses of a QFD to be able to prioritise what the customer’s needs are. This is valuable to any designer to ensure that what is being produced is the best for the customer’s needs.
 

· Agreement on customer needs within the department. 

Within a company there can be misunderstandings between departments on what they think customer’s needs. A QFD is way to ensure that the real needs of the customer are one of the main focuses for to department to agree to.

· Set targets created from the customer needs.

One of the main focuses of a QFD is where the customer’s needs and priorities are able to be organised by priority. This is to ensure that resources can be assigned to specific parts of the product development. This section is utilising a HOQ diagram to show the information. 

· Provide a form of structure.

Using a QFD provides a plan of what the customer wants to achieve and how the project can achieve each target, as well as the importance to the customer. 

· Highlight the need of the amount of required resources.

The QFD can show what targets have been set and how important each target is. This can therefore highlight what amount of resources are needed to be able to complete each target. A resource can be anything from personnel, computers, materials or machines. 

A HOQ is illustrated in Figure 15. The customer’s specifications are placed on the left which are weighted for their importance to the customers. The engineering specifications are shown on the top of the matrix which are the specifications that the company can complete. At the bottom of the matrix is a target value and the importance of the engineering specification.  In-between the engineering specification and the targets for those specification is the relationship between, the engineering specification and customer requirements. There are four types of relationship’s these are either strong, medium, weak or no relationships. On the right side of the matrix is the comparison of competing products against customer needs. The last section of the HOQ is the top of the matrix is the relationship between the engineering specifications.  (ASQ, 2019), (QFD Online, 2007) and (iSixSigma, 2020).
[bookmark: _Toc40880425]Figure 15: Explanation of the house of quality chart (ASQ, 2019).






















The HOQ for this project can been seen in Figure 16. The template for this matrix template was found on (QFD Online, 2007).


[bookmark: _Toc40880426]Figure 16: House of Quality of the Chamber Test Rig.

[bookmark: _Toc40987084]Process for Development

[bookmark: _Toc40987085]Error Proofing

If any errors appear from a chamber, the rig will be used to fault find the issue that production may encounter. Therefore, the rig will require a manual mode to be able to accomplish this function. This manual mode is not a substitute of a test, but it will be able to quickly show where any issue of the module is. This can be used to ensure any errors are fixed before a final test is complete. The rigs main goal is to ensure that the chamber module is both mechanically and electrically completed to ensure no faults are found in commissioning. 


[bookmark: _Toc40987086]Step Locking Process

To be able to step lock the overall process a method is required to ensure that production staff are not able to bypass the testing or be able to move forward if the test fails. One way to ensure that the test has been completed is to track and trace the module. This can be done through the entire line with certain gates between each major step of the line. This test rig can be incorporated into this gate function as it can write directly into a database from the PLC. This function is able to send data such as the serial number of the chamber, Id of the operator, and a pass or fail signal. From this database it can inform production when the machine is able to move on from the area.
To ensure that the testing is done correctly the test will programmed into the PLC. The program will not be able to pass a module unless it meets the requirements set by the design division and the project team. This can be done by using an electronic shadow board to ensure all the blanks are used before starting the atmospheric test.


[bookmark: _Toc40987087]5S

The 5S system is a lean manufacturing tool that improves workplace efficiency and eliminates waste. 5S was originally created in Japan, and the original “S” terms were in Japanese. This tool was translated into English before the tool terms were changed to keep the 5S as shown in Table 15 (ASQ, 2020), (EPA, 2020) & (Lean Six Sigma, 2020).  





[bookmark: _Toc40880462]Table 15: 5S system (Lean Six Sigma, 2020).
	Japanese term
	Step Name
	Explanation

	Seiri (tidiness)
	Sort
	Remove redundant items from each area

	Seiton (orderliness)
	Set in Order
	Organise and identify storage for efficient use

	Seiso (cleanliness)
	Shine
	Clean and inspect each area regularly

	Seiketsu (standardization)
	Standardise
	Incorporate 5S into all processes

	Shitsuke (discipline)
	Sustain
	Assign responsibility and track progress to continue the cycle



Using this method works for the test rig, as the rig is able to be designed to follow each steps of Table 15 such as:
Step 1: Sort out any necessary materials that are required for the tests and remove any that are not from the rigs design.
Step 2: Set in order. This step will need to provide a space to organize the blanking plates, seals, plugs and connecting pipework from the rig to the module under test. 
Step 3: Shine. This will be done through general housekeeping of the rig by production to ensure that all the blanks, plates, and pipework are returned. This will ensure that the test rig kept organised through its lifetime.
Step 4: Standardise, the process to ensure that it becomes normal to the operators. This will be done through changes in WI and on-screen instructions. 
Step 5: Sustain, the new procedures. This will be conducted through the use of assigning responsibility of the lead technician in the area the rig is going into. 


[bookmark: _Toc40987088]No Faults Forward

Using a no-faults forward approach simply means, that any mistakes will be caught when and where they occur and not somewhere downstream in the process. Making perfect parts and assemblies every time has been the goal of manufacturing since day one. Substituting one catchphrase for another does not change that. Perfection, of course, is an impossible goal. But with the technologies available today detecting bad parts or assemblies and keeping them out of the process most definitely is not (Karjewski, et al., 1987) and (Nausley, 2018)

There are many ways to implement a no faults forward approach in the overall process, such as the use of sensors or motors to check if parts are good. The idea for this project will be to use a series of pressure sensors. This is to ensure the pressure values to one ensure that the rig is safe to use, and to check if the chamber module can hold pressure.  The other way this rig will follow the no faults forward approach is to fit and use a PLC to be able to trigger electrical parts on the module. An end user will either visually check to see if they are on, or the PLC can check by using feedback from the component to check whether it has switched on. 

[bookmark: _Toc40987089]Future Proofing

Within the rig’s lifetime there is a need to ensure that it can expand and grow over time this is to ensure that the rig is able to perform if there are any significant design changes to the module. It is also relevant as this rig will be moved within the company with the line when it is handed over to production engineers. The production engineers will use this rig to look at data of the line such as first-time pass rates to improve the process of the assembly of the product. To be able to ensure their job roles the equipment needs to have space for changes they wish to make.










[bookmark: _Toc40987090]Mechanical

The initial design was to look at of 3 concepts for the framework design as the design needed to incorporate the following essential items:

· Electrical Panel. 
· HMI. 
· Air Supplies. 
· Vacuum Pump. 
· Terminal connections for module’s multicore cables.

Therefore, the designs need to use space wisely. Each design should allow space for future proofing, and that is able to change the framework going on. To be able to do this the framework will be made from Aluminium grooved profile. This will allow the structure to be repurposed if the project is terminated or to be added onto later in the rig’s lifetime.

[bookmark: _Toc40987091]Concept 1

Concept 1 is a simple box design with a section for the HMI be able to mount onto the front of the rig as show on the sketch of the design which can be seen in Figure 17.

[bookmark: _Toc40880427]Figure 17: Chamber test rig Concept 1 sketch.

 











Concept 1 frame design is shown in Figure 17 and considers space for the five major parts as detailed previously. This design will have the vacuum pump attached to an aluminium plate that will sit on top of the electrical panel. It uses a low footprint only 1000 x 600mm of space with the max height of the frame 1800mm. Due to the simplicity of the framework the cost of manufacturing is £960 using an outside company to manufacture the frame (KJN, 2020). There is consideration to use linbins to hold the blanking plates for the chamber module. The Andon lights can be fitted inside the aluminium profile to show what the test rig is doing. With the amount of space inside the frame on this design there is approximately 30% that can be safely accounted for future proofing. A finished CAD model for the framework is shown in Figure 18.

[bookmark: _Toc40880428]Figure 18: Chamber test rig Concept 1 framework.

[bookmark: _Toc40987092]Concept 2

Concept 2 is an enclosed box with a tower to mount the HMI onto the sketch of the design can be seen in Figure 19.

[bookmark: _Toc40880429]Figure 19: Chamber test rig Concept 2 sketch.










Concept 2 frame design is shown in Figure 19 considers space for the five major parts as detailed previously as well as concept 2. Unlike concept 1 this design places the electrical next to the vacuum pump. Rather than stacking them on top of one another. It uses a larger footprint of 1100 x 400mm of space with the max height of the frame 1500mm. This frame design is not as simple as the first. Therefore, the framework will cost £1050 to manufacture using an outside company to manufacture the frame (KJN, 2020). There is consideration to use a flat shadow board to hold the blanking plates for the chamber module rather than the use of a linbins. The Andon lights can still be fitted inside the aluminium profile to show what the test rig is doing. With the amount of space inside the frame on this design there is approximately 20% that can be safely accounted for future proofing rather than 30% from concept 1. A finished cad model for this frame design can be seen in Figure 20.  
[bookmark: _Toc40880430]Figure 20: Chamber test rig Concept 2 design framework.


	
[bookmark: _Toc40987093]
Concept 3

Concept 3 is a variation on the concept 2 design. This design makes use of the top plat to mount an HMI onto the framework 
[bookmark: _Toc40880431]Figure 21: Chamber test rig Concept 3 sketch.










Concept 3 frame design is shown in Figure 21, this frame considers space for the five major parts as detailed previously as well as concept 2. Unlike concept 1 and similarly to concept 2 this design places the electrical next to the vacuum pump. Rather than stacking them on top of one another. It uses the same footprint as concept 2 which is 1100 x 400mm of space with the max height of the frame being slightly larger using 1600mm. This frame design is the most complex of the three as it uses a double layer frame. This means that the rails holding the electrical panel are set into the frame. This enables the design to use a single covering on the side rather than multiple pieces as shown in Figure 23 which is more aesthetically pleasing. This frame will incorporate an angled section to impede production to place anything onto the test rig. This angled piece is large enough to mount the GOT and the Shadow board onto it. Therefore, the framework will cost £1120 to manufacture using an outside company to manufacture the frame. This design has the highest cost of frame £160 more than concept 1 to manufacture (KJN, 2020). The Andon lights can still be fitted inside the aluminium profile to show what the test rig is doing. With the amount of space inside the frame on this design there is approximately 25% that can be safely accounted for future proofing rather than 30% from concept 1 and 20% of concept 2. The final frame design can be seen in Figure 22.  
[bookmark: _Toc40880432]Figure 22: Chamber test rig Concept 3 framework.



[bookmark: _Toc40880433]Figure 23: Sub-Assembly leak test rig cover plates.

[bookmark: _Toc40987094]Design Matrix

By analysing the features, the three-concept side by side aids in choosing which design is worth going ahead with. The matrix uses eight criteria that each design will be scored against. The scoring is either a 1, 3 or a 5 where a 1 is the worst and a 5 is the best. Each criteria has a weighing against it to show the importance of the criteria this weighting is a 1, 2 or 3. At the bottom of the matrix the total scores are added up by using the weighing of the criteria and multiplying it by the scores in that criteria. The higher the total value the better the standing of the concept. The design matrix can be seen in Table 16.

[bookmark: _Toc40880463]Table 16: Design Matrix for the three-concept design.


	Criteria
	Weighting 
(1 – 3)
	Concept 1
	Concept 2
	Concept 3

	Cost
	3
	5
£960
	3
£1050
	1
£1120

	
Materials
	2
	5
Simple Framework
	3
Complex Framework
	1
Complex Framework

	Easy to Use
	3
	5
Custom Design to ensure ease of use
	5
Custom Design to ensure ease of use
	5
Custom Design to ensure ease of use

	
Aesthetics

	2
	1

Stand design
	3


	5
Use of rounded profile 

	Size
	3
	1
1000 x 600 x 1800
	5
1100 x 400 x 1500
	3
1100 x 400 x 1600

	Parts holder for blanking plates

	1
	1
Bins
	3
Pockets for parts
	5
Electronic Shadow board

	Ability to interact with Chamber Module
	3
	5
Terminals for multicore
Interconnection pipework
	5
Terminals for multicore
Interconnection pipework
	5
Terminals for multicore
Interconnection pipework

	Ability to change and adapt overtime
	2
	5
Approximately planned 30% Space
	1 
Approximately planned 20% Space
	3
Approximately planned 25% Space

	Total &
Standing

	(Weighting x Value)
	67
Third
	71
Second
	73
First



[bookmark: _Toc40987095]Final Design

From the results of the design matrix shown in Table 15, it is clear that concept 3 was the better design by a small margin. Therefore, the final design was to use the majority of this concept framework within the design. The result can be seen in Figure 24.

This design features the following:
· HMI/GOT.
· Shadow Board to be able to feature 5S components.
· Room for the Electrical Panel.
· Spacing for Andon RBG. 
· Vacuum pump and air supply to the chamber.
· Testing for the electrical components on the chamber. 
· [image: ]25% allowable space for future expansion.
[bookmark: _Toc40880434]Figure 24: Model of the Final Design.

[bookmark: _Toc40987096]Repeatability

Repeatability is an essential need for any test rig this will ensure that any test is able to be conducted correctly every time no matter who is conducting the test.  To ensure that this rig is able to conduct the test right first time, the program has to be written to ensure that the sensors are feeding the data for the test. To be able to test the repeatability the test rig should go through a Gauge R&R study. This study may be able to use the findings to improve the rigs performance. 



[bookmark: _Toc40987097]Pneumatics

The Vacuum Pump that has been selected is a Leybold SOGEVAC SV25 B Rotary vane pump. This motor was picked as it is one that is used on a previous version of an AM Machine and there is unused stock of this vacuum pump from a previous project. This pump has a pumping speed of 22.5m3/h using its single-phase motor. 
The vane pump work with four steps as shown in figure 25. As the motor turns the vanes inside the chamber. The first step of the process is that the air flows into the chamber through the intake until the next vane passes the intake port. As the vanes close the air off the pump transfer to the next stage called isolation. The next stage is compression where the air is pressed against the exhaust valve. The last stage is exhaust, where the compressed air pushes up the valve and exhausts out into the air (Vac Aero International, 2019).
[bookmark: _Toc40880435]Figure 25: Diagram of how a vain pump works (Vac Aero International, 2019).













Pressure on Chamber Door 


 1,024.65 N
[bookmark: _Toc40880397]Equation 2: Maximum Pressure acting on the chamber door.
The maximum pressure that will be acting on the chamber door will be 45mBar. Therefore, using Equation 2 the maximum force present will be 1,024.65 N. 

Time taken to vacuum the chamber at maximum can be calculated using Equation 2, but before this can be worked out the volume is needed. According to (Renishaw, 2020) the volume of the chamber is 0.39325 m3 


[bookmark: _Toc40880398]Equation 3: Vacuum evacuation time equation (Engineering Toolbox, 2020).



Where:
· t is Time (s)
· V is Volume (m3) 
· is Flow Rate of Vacuum Pump (m3/s)
· P0 is Initial Pressure (mBar)
· P1 is Final Pressure (mBar)

This equation shows that the vacuum should take 203s to out the chamber. The testing system that the design division created allows up to 5 minutes for the vacuum to out a chamber. This value is 300s all though this is the value for a fully completed machine and not just the chamber. The difference in time allows the opportunity to use this to measure how long it took to vacuum out to pressure thus allowing production engineers to use the time. 

[bookmark: _Toc40987098]Control
[bookmark: _Toc40987099]Process Flow

A Process Flow gives a visual indication of a process that is under analysis. A process flow should resemble a form of flow chart. This visual aid normally made up of a start and end node with the interim blocks represent the process steps. Process flows shows what process takes place at each specific time (Relyence, 2020). 
A process flow has been created to by the author for the rig and the program. This process flow shows what should be able to do for the functionality of the rig this process flow can be seen in Appendix 1. 

[bookmark: _Toc40987100]PLC 

The controller for the rig has been selected as a Mitsubishi L Series Programmable Logic Controller (PLC). The reason for this choice is that it has a lot of available functions within the PLC, it has a lot of support around the company so that when it gets handed over to CPEG Current Product Engineering Group they can support the software of the PLC. 

[bookmark: _Toc40987101]Mitsubishi PLC Programming

To be able to program the PLC, the PLC uses Ladder Logic as shown in Figure 26 for most of the programming. But blocks of code can be pulled together into a Sequential Function Chart (SFC). These blocks of code will allow a program to be able to step through various functions locking the program within the blocks as shown in Figure 27. Each block requires a transition state between them. This allows a single block to have numerus paths which makes a PLC system versatile to use within equipment. A PLC can change and grow with time and with an experienced programmer. The project uses one PLC system to undergo two different tests, it also allows for manual use of the test rig to be used for fault finding. 
[bookmark: _Toc40880436]Figure 26: Section of ladder logic code.
[bookmark: _Toc40880437]Figure 27: SFC blocks taken form the Chamber Module Leak Tester.








[bookmark: _Toc40987102]HMI/GOT screens

The GOT screen is programmed to work with the program by assigning any buttons as input, in the program rather using x values, they have been assigned as M values an example of a GOT screen can be seen in Figure 29. These values are to represent non-physical inputs and outputs. Not all programmers use this technique, this has been used to keep the physical inputs as X values and physical outputs as Y values. Within the program the code is switching the screen display, to ensure the correct information is shown to the user at the correct time in the test of a module the section of the code is shown in Figure 28. 

[bookmark: _Toc40880438]Figure 28: Screen from chamber module leak tester showing labels.


[bookmark: _Toc40880439]Figure 29: Section of the program to show screen switching.

[bookmark: _Toc40987103]Maintenance of the system

To ensure that maintenance of the rig is controlled properly a counter can be placed on the rig to check certain functions of the rig against time or number of uses. This will ensure that the rig is being maintained and not just being ticked off the maintenance system. It is of the highest importance that the maintenance is being conducted on the rig to ensure it is operating as it is intended to do.  

[bookmark: _Toc40987104]Calibration requirements

The system will need a form of calibration to be conducted on the rig periodically this will ensure the rig is able to obtain repeatable results and keep the unit accurate. The calibration of the unit will provide a data that can be used to determine when maintenance should be carried out, and if maintenance should be carried out. This data can also provide knowledge of how the rig could be adapted to suit productions growing needs of the rig. 

[bookmark: _Toc40987105]Data Collection

The results of the test will need to be recorded to ensure that there is a pool of data that can be used to improve the process and the rig later in the rigs lifetime, this will either been done within the department or it can be done with a second department. This data can include several topics for example first time pass rates, test values and time taken to conduct the test. Any data can be stored in a SQL database so that any engineer can view the data. Within the assembly line production use a SQL database to track the progress of the machines using electronic buddy sheets. This rig can have the ability to write into this database, which will be able to move the machine and allow production to be able to continue to book the jobs against a tested machine. This would provide a small amount of step locking to the process. 


[bookmark: _Toc40987106]COVID-19
[bookmark: _Toc40987107]Situation

Due to the current ongoing pandemic, this has shortened the time to be able to conduct physical work on the project. This has meant that the author has not been able to complete the testing of the current version of the build therefore there hasn’t been enough data to be able to analyse to improve the design for the Beta Build. A way that the author was planning on analysing the rig was with the use of Failure Mode Effective Analysis (FMEA) especially a Design FMEA and a Process FMEA. Other features that the author has not been able to complete due to the current situation is the compliance documentation, maintenance of the test rig or the installation and commissioning of the test rig. These need to be addressed before the project can be finished completely. The reason that these sections have to be finished is because they are import part of the test rig to be able to hand over the rig to production. They also have to be completed for the health and safety of the rig and its users.  

[bookmark: _Toc40987108]FMEA

FMEA is simply a risk assessment for assessing potential failures within an environment whether it is in a process or design. This makes it is an effective method in trying to reduce any potential failures by limiting the cause and the results of that these failures. FMEA can provide an approach for “maintaining and improving reliability and quality” (Relyence, 2020) of the products being produced. An effective FMEA is to be conducted by a team of people from different departments of the business to ensure that every possible outcome is accounted for.  FMEAs can be done through numerous different sectors of engineering whether it is a process, design or service (iSixSigma, 2020), (Quality-One, 2020) and (Relyence, 2020).

According to (iSixSigma, 2020), (Quality-One, 2020) and (Relyence, 2020), there are many different types of FMEAs a few are listed below:
· Design FMEA
· Manufacturing FMEA
· Process FMEA
· Service FMEA
· Software FMEA
· System FMEA

 Most of the FMEAs have very similar processes to be completed. They follow the following instructions to complete:

1. Break down the component whether it is a design or process into its component elements this can be top level, or it could be down to finest detail. 
2. From each component elements establish every way in which that element can potentially fail. 
3. Each failure, you analyse the effects and the likely causes of that failure
4. Identify the Risk Priority Number by rating the failure based on the following. 
a. Detection which is how likely to that it is likely that the fault is able to be detected. 
b. Occurrence which is how many times it is likely to happen. 
c. Severity which is how critical the failure will be.
5. The next step is to prioritise the levels over one another whether it is more important to look at detection, severity, occurrence or the risk priority number.
6. Further investigation can happen on these values to determine the what can be put in place to reduce the score and make the product less prone to failure or to increase detections earlier to make an  
7. Once the corrective actions are in place a re-evaluation of the FMEA can take place. This is to understand if the scores are able to be changed and failure eliminated. The only value that should not change in an FMEA is the severity of the failure unless that failure can be eliminated. 

For example, if an AM machine cannot remove all the oxygen and starts firing the laser it can cause an explosion. The severity is high as it will destroy the machine and kill people. To reduce this failure a step is placed into the software to ensure the build cannot start unless the chamber is inherted which would be monitored with the use of a sensor. With this measure in placed the severity is still high as if it happened it can still be fatal to the user and machine. The two things that would change would be the occurrence of the failure which would be lowered, and the detection would be lowered as there would have to this can be monitored with the use of sensors. 

FMEA would have been used to ensure that the current build and process to improve the overall system. This would provide an element of no faults forward to ensure that what is able to be tested would correct.  

[bookmark: _Toc40987109]Beta Build

The Beta Build of a project is the improvement on the original build. The beta build should be developed as the first build has been completed and tested through a test plan. The test plan can be any form of testing from a reference check to a Gauge R&R study. The results of the test plan will lead the project team into the direction of the Beta build. Most tooling require input from production staff to ensure that the tooling is easy to them to use and any issues have been brought up and corrected. 

[bookmark: _Toc40987110]Gauge R&R Study

Gage repeatability and reproducibility also known as Gage R&R is a methodology that can used to identify the amount of discrepancy of the measurement being produced by a system compared to the measurement system. This could be conducted on a device as simple as a Vernier calliper or an entire machine. This variation of measurement can comprise of two important factors which are Repeatability and Reducibility.  Repeatability can be due to equipment variation and reproducibility can be due to inspector or operator variation (ASQ, 2020), (Quality One, 2020) and (Six Sigma Study Guide, 2020). Gage R & R can be used to understand:
· “The amount of measurement system variation compared with the process variation” (Quality One, 2020)
· “The amount of variation in the measurement system that is due to operator influence” (Quality One, 2020)
· “The measurement system’s capability to discriminate between different parts” (Quality One, 2020)
Gauge R&R methodology can be utilised in most manufacturing measurement systems. It may be used as:
· Judging new measuring equipment
· Comparing measuring devices to each other.
· A method for improving the performance of measuring devices
· Comparing measuring devices before and after repairs.
· A method to be able to calculate process variation and the acceptability level for a production process
· Provide data on the importance of training in how to use measuring devices
There are three types of gauge R&R studies that can be performed these are Crossed, Nested and Expanded gauge R&R. each one of the three has a different set of objectives to meet. To Choose  of which studies to preform is dependent on the data available and if the measurement test is destructive or not, (Quality One, 2020) and (Six Sigma Study Guide, 2020)
A Crossed Gauge R&R Study uses the same parts multiple times by a set number of operators to understand how much variation there is on the measurement system. This study is used in non-destructive scenarios to ensure that there are no alterations in the part between tests. This can be seen in the diagram in Figure 30, (ASQ, 2020) and (Six Sigma Study Guide, 2020).
[image: Crossed Gage Repeatability and Reproducibility (GR&R) Study]
[bookmark: _Toc40880440]Figure 30: Diagram of Crossed Gauge R&R Study (ASQ, 2020).





Nested Gauge R&R study differs from the Crossed Gauge R&R as it uses only one operator to measure each part. This is because this type of study is used for destructive testing. An important factor of this study is to be able to identify a specific batch of material that is so close to the original part it is able to be correctly assumed that the parts in the batch are the same part this type of study can be seen in Figure 31, (ASQ, 2020) and (Quality One, 2020).

[image: Nested Gage Repeatability and Reproducibility (GR&R) Study]
[bookmark: _Toc40880441]Figure 31: Diagram of a Nested Gauge R&R Study (ASQ, 2020) .





Standard GR&R studies both crossed and nested studies are able to assess the effects of two factors in the measurement system which are normally the operator or machine and part. If there is not enough data to provide complete understanding of the system therefore another variable is added to the standard Gauge R&R study which is called gage as shown in Figure 32, (ASQ, 2020) (Quality One, 2020).
[image: Standard Gage Repeatability and Reproducibility (GR&R) Study]
[bookmark: _Toc40880442]Figure 32: Diagram of a Standard Gauge R&R (ASQ, 2020).






If there is more than two variables being analysed by the study, it becomes an expanded study. This form of study can assess up to eight factors as shown in Figure 33. This type of study can help with incomplete sets of data. Due to the detail of this study the data gather can be used to support in improving the rigs process and testing parameters. (ASQ, 2020) (Quality One, 2020) (Six Sigma Study Guide, 2020).

[image: Expanded Gage Repeatability and Reproducibility (GR&R) Study]
[bookmark: _Toc40880443]Figure 33: Extended Gauge R&R study diagram (ASQ, 2020).







To be able to conduct a gauge R&R study on the designed equipment, the best method is a crossed gauge study. Therefore, their needs to be multiple tests using a known value such as at least two good chamber and two testing methods one being the rig and the second being a completed chamber. The test will need to compare the leak values over the length of the test. To ensure they are either the same or in a small tolerance together of a maximum of ± 2 mBar. This tolerance is to ensure what the test rig is able to measure the machine as close to a finished machine as possible.  



[bookmark: _Toc40987111]Compliance

CE marking is a process that guarantees product’s conformity to EU regulations. For non-food products that are traded on EU markets have to provide a CE mark whether they are the manufacturers, importers and distributors of these products (Certification Company, 2020). CE marking is an import part of producing tooling within Renishaw, this is to ensure that it is safe for it to be used within production. If a piece of category 3 or 4 tooling, is transferred between departments it needs to go through the CE marking process called a DL440. This needs to be done as Renishaw classes one department is supplying a tooling/test rig to another department is classed as a product. The DL440 is the process to gain CE mark for any product or tooling. A DL440 is a document that is owned by the project team and shared with compliance. This document tracks and records the assessments need to complete the CE mark certification. 
 
A significant amount of work that goes into getting a piece of tooling in Renishaw CE marked is the health and safety implications of the rig. This is done to ensure that the test rig is safe to use for this project. The safety assessments for this project that need to be completed prior to CE certification and being able to hand over to production engineering are:

· Risk Assessment
· Functional Safety assessment
· PUWER Assessment
· Electrical assessment 
· EMC assessment

These have been highlighted in the DL440 by the compliance department to ensure that it the appropriate legislations are meet by the test rig. 



[bookmark: _Toc40987112]Installation and Commissioning

To be able to install the line there first must be a completely built rig and a test plan in place. If the rig had been finished there would have to be discussions with the engineer. This is too ensuring that the cell layout makes sense for the process. When the rig is able to be placed onto the production line maintenance department have to root both 240v mains power and an air supply to the test rig. Once these are in place the rig can be installed on the line. To install the rig on the line once it is moved into position, it can be plugged into the mains and the airline needs to be connected. The rig can be turned on using the isolator located on the side of the electrical panel. With the rig on the line and the power turned on the next thing would be to commission the machine.
 
For this machine commissioning is fairly simple this would involve the following:
· Removing covers to check the security of the wires. 
· Check the level of oil in the vacuum pump. 
· Check the electrical panel including checking the to see if the PLC is not in Error. 
· Check to ensure all pipes are securely fastened. 
· Turning on the air supply to and slowly open the reducer to the recommended operating pressure of 0.2 Bar.
· Using the GOT go through the engineering screen to check the rigs sensor values, 
· Using the connecting pipe connect the Rig to a known good chamber to test the rig and run through the chamber test to prove that the results.
· Once the results have been proven the rig can test the module’s electrical system to ensure that the test is able to be completed without failure. 

As soon as it has been test has been completed successfully the rig can be partially handed over for production to use, while still being supported by the Project Team. This support is to ensure the rig continues to function correctly before it is handed over to production engineering support. 
· 

[bookmark: _Toc40987113]Maintenance:

For the maintenance of this test rig, the project team will need to investigate what form of maintenance is needed for the test rig and to understand what type maintenance is needed. The importance of maintenance is to ensure that the life of the machine is kept at its maximum. Regular maintenance is able to reduce the risk of catastrophic failures resulting in high cost in result of the failure, such as parts cost, downtime and labour costs. Regular maintenance it can ensure that the rig is safe to use for the operator. (O'Donovan, 2015)
According to (ABB, 2020), (O'Donovan, 2015) and (UpKeep, 2020) there are four types of maintenance strategies, these are:

· Conditioned Based:

This form of maintenance uses continuous condition monitoring by using the real-time working parameters to understand the performance of the rig. If the data shows the test rig is starting to fail, then investigations will be taken to root out and fix the issue. This form of maintenance is able to reduce the cost of associated with maintenance over the long term. The cost of maintenance is reduced by lowing the occurrence of faults.
 
· Corrective or Reactive:
 
This form of maintenance is when maintenance is conducted only when a fail happens to a machine. The term Corrective is used when the down time of a machine is a lower cost to the company than taking preventative or conditioned based monitoring. This method of maintenance can be used to lower cost until a catastrophic fail occurs.

· Preventive:
 
This form of maintenance is carried out at predetermined intervals according to a schedule. Most of the schedule is driven by the manufactures or the equipment. This is to reduce the risk of failure of the machinery and to improve the life span of the machine. 

· Risked-based:

This type of maintenance requires various forms of data to improve on the standard maintenance process. To be able to improve the maintenance it is important to assess the condition of the equipment used on the machine and the potential risk it cause to the machine. A machine or service FMEA can be used to visualise the risks of the parts. 
The data can be used to show the environmental, operation and condition of the sections of the machine. The data is used for any test analysis and measurement that is conducted on the machine. If any equipment is displaying a-typical values it can be pulled from the equipment, and either fixed or replaced. 

Most companies use a variation of maintenance procedures namely corrective and preventative maintenance. When there is a schedule for the maintenance, but the schedule only covers certain sections of the machine, all the other parts are maintained using corrective maintenance. 

A way for the project team understand what maintenance is to be conducted is too investigate the components that have been used. This investigation should understand what the manufactures recommended for the maintenance of their parts used on the project. This will ensure that the product is able to work on the test rig as the manufacture determines. Another way for the project team to understand is to investigate using a service FMEA to understand the risks that the service process will impose on the rig. 





[bookmark: _Toc40987114]Conclusion

The work that was carried out has been illustrated throughout has the majority of the dissertation and is seen from the specification through to the design development stage. Unfortunately, with the current time frame and the current global pandemic not all the work for the project has been completed. Though throughout the current situation the carried out using data found in the commissioning fault logs from production. These logs have influenced the way this project has taken from and highlighted in the problem statement. The information illustrated in the statement is built upon the analysis of issues found within Cell 1 and Cell 2. There is a clearly a need for additional data to be gathered for the test rig to be able to be able to perform a vacuum test on the chamber module. From the data collected it was concluded that a second test could be conducted to ensure that module is electrically sound. This procedure will be resembling the Atmospheric test that the commissioning cell undertakes and functionally operate the electrical components 

Due to the current ongoing pandemic, this has shortened the time to be able to conduct physical work on the project. This has meant that the author has not been able to complete the testing of the current version of the build. Therefore, there hasn’t been enough data to be able to analyse, improve and finish the project. There are many analytical tools that the author was planning on using epically a FMEA. Other sections that has not been completed are the compliance documentation, the maintenance of the test rig or the installation and commissioning of the test rig. These require a completely finished project with a final design. 

The mentioned sections need to be completed as they are integral sections of the test rig to be able to hand over the rig to production. They also required to be completed for the health and safety of the both the test rig and its users. To be able to hand over the project the test rig must go through the CE marking assessments conducted by the compliance department to ensure the rig is safe to use. The maintenance section is required to ensure that the rig can function properly, and to be able to extend the rigs life in service.   

[bookmark: _Toc40987115]Recommendation 

To progress the project further, there would need to be analysis of the implication of using the test rig on the line to ensure that it is fit for purpose. This can only be conducted once the rig has been placed onto the line for a period of time. Another recommendation would be to conduct further analysis, to determine if there are other testing or process changes that can potentially remove faults from the line. This could help to improve line efficiency and lead to cost savings to the company this could be in a form of a DMAIC study or a process FMEA. There could be an investigation conducted on the maintenance plan to ensure that the rig is being maintained correctly. 

If this project was to be completed again the author would suggest that there needs to be better planning involved through the use of agreed timing plan. This plan would require a percentage of contingency time for operations in case of developments that will affect the progress of the project.



References
BINDT, 2020. Leak Testing Methods. [Online] 
Available at: https://www.bindt.org/What-is-NDT/Leak-testing-methods/
[Accessed 27 04 2020].
ABB, 2020. 4 types of maintenance strategy. [Online] 
Available at: https://new.abb.com/medium-voltage/service/maintenance/feature-articles/4-types-of-maintenance-strategy-which-one-to-choose
[Accessed 01 05 2020].
Additively, 2018. RenAM 500Q. [Online] 
Available at: https://www.additively.com/en/products/renam-500q-renishaw-ag
[Accessed 12 03 2020].
ASNT, 2020. Leak Testing Examination. [Online] 
Available at: https://www.asnt.org/MajorSiteSections/Certification/ASNT_NDT_Level_III/Examinations/LT.aspx
[Accessed 15 04 2020].
ASQ, 2019. House Of Quality. [Online] 
Available at: https://asq.org/quality-resources/house-of-quality
[Accessed 14 04 2020].
ASQ, 2020. Gage Repeatability And Reproducibility. [Online] 
Available at: https://asq.org/quality-resources/gage-repeatability
[Accessed 18 01 2020].
ASQ, 2020. What Are The Five S'S. [Online] 
Available at: https://asq.org/quality-resources/lean/five-s-tutorial
[Accessed 01 05 2020].
Attaran, M., 2017. The rise of 3-D printing: The advantages of additive manufacturing over traditional manufacturing. Business Horizons, 60(5), pp. 677-688.
Bennett, J., 2019. Filter Module Process Flow, Wotten-Under-Edge: Renishaw.
Brooks, J., 2019. Pump Module Process Flow, Wotten-Under-Edge: Renishaw.
Brooks, J., 2020. RenAM Line Layout, Wotten-Under-Edge: Renisahw.
Brown, L., 2019. Cell 6 Process Flow, Wotten-Under-Edge: Renishaw.
Certification Company, 2020. CE Marking. [Online] 
Available at: https://certification-company.com/library/news/importance-ce-mark/
[Accessed 29 03 2020].
Corrosion, 2020. Leak Testing. [Online] 
Available at: https://www.corrosionpedia.com/definition/3175/leak-testing
[Accessed 19 03 2020].
Department for Business, Energy & Industrial Strategy, 2012. CE Marking. [Online] 
Available at: https://www.gov.uk/guidance/ce-marking
[Accessed 15 04 2020].
Engineering Toolbox, 2020. Vacuum Evacuation Time Calculator. [Online] 
Available at: https://www.engineeringtoolbox.com/vacuum-evacuation-time-d_844.html
[Accessed 06 04 2020].
EPA, 2020. Lean Thinking and Methods. [Online] 
Available at: https://www.epa.gov/sustainability/lean-thinking-and-methods-5s
[Accessed 01 05 2020].
Frazier, W., 2014. Metal Additive Manufacturing: A Review. Journal of Materials Engineering and Performance, Volume 23, pp. 1917-1928.
Gebhardt, A., 2012. Understading Additive Manufacturing. Munich: Hanser.
George, W., 2018. RenAM Commissioning Log, Wotten-Under-Edge: Renishaw.
Gibson, I., Rosen, D. & Stucker, B., 2015. Additive Manufacturing Technologies. 2nd ed. New York: Springer.
Gregory, G. & Kutiyal, S., 2020. Material list used on the line, Wotten-Under-Edge: Renishaw.
Herzog, D., Seyda, V., Wycisk, E. & Emmelmann, C., 2016. Additive Manufacturing of Metals. Acta Materialia, Volume 117, pp. 371-392.
HiETA, 2020. Additive Manufacturing. [Online] 
Available at: https://www.hieta.biz/services/additive-manufacturing/
[Accessed 28 02 2020].
Higgins, M. & George, W., 2019. Commissiong Process Flow, Wotten-Under-Edge: Renisahw.
Horn, T. & Harrysson, O., 2012. Overview of Current Additive Manufacturing Technologies and Selected Applications, Chapel Hill: Sage Jorunals.
IEEE, 2020. Practical aspects and limitations of testing. [Online] 
Available at: https://ieeexplore.ieee.org/abstract/document/8967019
[Accessed 20 04 2020].
Ishikawa, K., 1990. Introduction to Quality Control. Oakland: Taylor & Francis.
iSixSigma, 2020. DMAIC Versus DMADV. [Online] 
Available at: https://www.isixsigma.com/new-to-six-sigma/design-for-six-sigma-dfss/dmaic-versus-dmadv/
[Accessed 30 03 2020].
iSixSigma, 2020. What is Design Failure Mode and Effects Analysis. [Online] 
Available at: https://www.whatissixsigma.net/dfmea/
[Accessed 25 02 2020].
iSixSigma, 2020. What is House of Qualitiy. [Online] 
Available at: https://www.whatissixsigma.net/house-of-quality-qfd/
[Accessed 2 04 2020].
Jackson, B., 2018. 3D Printing Industry. [Online] 
Available at: https://3dprintingindustry.com/news/inside-four-laser-renam-500q-metal-additive-manufacturing-system-124767/
[Accessed 20 03 2020].
Karjewski, L., King, B., Ritzman, L. & Wong, D., 1987. Kanban, MRP and Shaping the manufactuing environment. Managment Science, 33(1), pp. 39-57.
KJN, 2020. Project Quote, Leicester: KJN.
Kutiyal, S., 2019. Atmospheric Test Leak Rate for Commissioned Machines , Wotten-Under-Edge: Renishaw .
Lean Six Sigma, 2020. 5S. [Online] 
Available at: http://www.leansixsigmadefinition.com/glossary/5s/
[Accessed 01 05 2020].
Lloyd, A., 2019. Cell 3 Process Flow, Wotten-Under-Edge: Renishaw.
L, T., Deng, D. & Zhang, M., 2011. Assembly line balancing based on labor proficiency, Piscataway: IEEE.
Mindtools, 2020. Cause and Effect Analysis. [Online] 
Available at: https://www.mindtools.com/pages/article/newTMC_03.htm
[Accessed 7 04 2020].
Mital, A., Desai, A., Subramanian, A. & Mital, A., 2015. Product Development. 2nd ed. Amsterdam: Elsevier.
Morgan, R., 2018. Basic Quality Function Deployment. , Swansea: UWTSD.
Nausley, G., 2018. A Rose by Any Other Name. [Online] 
Available at: chttps://www.sme.org/technologies/articles/2018/june/a-rose-by-any-other-name/
[Accessed 30 04 2020].
O'Donovan, P., 2015. Maintenance applications in a large scale manufacturing facility, Berlin: Springer.
Pearcey, S., 2020. Tooling Categorys, Wotten-Under-Edge: Renishaw.
QFD Online, 2007. QFD Template. [Online] 
Available at: http://www.qfdonline.com/templates/
[Accessed 14 04 2020].
Quality One, 2020. Gage R&R. [Online] 
Available at: https://quality-one.com/grr/
[Accessed 01 05 2020].
Quality-One, 2020. Process FMEA. [Online] 
Available at: https://quality-one.com/pfmea/
[Accessed 16 01 2020].
Rahman, N., Sharif, S. & Esa, M., 2013. Lean manuafacturing case study with kanban system implementation. Amsterdam, Elsevier.
Relyence, 2020. Overview of FMEA Types. [Online] 
Available at: https://www.relyence.com/2018/08/28/overview-fmea-types/
[Accessed 24 02 2020].
Relyence, 2020. Process Flows. [Online] 
Available at: https://www.relyence.com/2018/08/28/overview-fmea-types/
[Accessed 3 04 2020].
Renishaw AMPD, 2018. RenAM 500ML Breakdown, Wotten-Under-Edge: Renishaw.
Renishaw, 2020. About Renishaw. [Online] 
Available at: https://www.renishaw.com/en/about-renishaw--6432
[Accessed 28 02 2020].
Renishaw, 2020. Metal 3d Printing. [Online] 
Available at: https://www.renishaw.com/en/--32084
[Accessed 28 02 2020].
Richards, P., 2018. RenAM 500ML Process Flow, Wotten-Under-Edge: Renishaw.
Six Sigma Study Guide, 2020. Gage Repeatability and Reproducibility (R&R). [Online] 
Available at: https://sixsigmastudyguide.com/repeatability-and-reproducibility-rr/
[Accessed 15 03 2020].
Strucker, B., 2011. Additive Manufacturing Technologies: Technology Introduction and Business Implications, Washington: National Academy of Sciences.
Thomas, C., 2019. Chamber Cell Process Flow, Wotten-Under-Edge: Renishaw.
UpKeep, 2020. Types of Maintenance. [Online] 
Available at: https://www.onupkeep.com/learning/maintenance-types/
[Accessed 01 05 2020].
Vac Aero International, 2019. Oil Sealed Rotary Vane Pumps. [Online] 
Available at: https://vacaero.com/information-resources/vacuum-pump-technology-education-and-training/195875-oil-sealed-rotary-vane-pumps.html
[Accessed 05 04 2020].


[bookmark: _Toc40987117]Appendix 1 
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[bookmark: _Toc40880444]Figure 34: Main Section of the Chamber tester process flow used for programming.
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[bookmark: _Toc40880445]Figure 35: Continuation of the main process flow used for the program from Figure 34.

[image: ][bookmark: _Toc40880446]Figure 36: Process flow for the Engineers screen of the program.

[image: ][bookmark: _Toc40880447]Figure 37: The process flow for the technician’s screen on the program.

2

image48.jpeg




image49.png
Top WORK.




image50.gif




image51.gif




image52.png
[[rle-realtySisee
ol P by
. SRR P st
Ipa ol
rd b





image53.png
[[rle-realtySisee
ol P by
. SRR P st
Ipa ol
rd b





image54.png
12
Alto Mod

e Syst

13

1[0

2

3-to
Vacum P
ump

4[Js
Tooing
Gow 1

5

ABORTTE
st

Wie Cab
e 55m21

14

2

15

Tooing
Group 2

65m21




image55.png
12
Alto Mod

e Syst

13

1[0

2

3-to
Vacum P
ump

4[Js
Tooing
Gow 1

5

ABORTTE
st

Wie Cab
e 55m21

14

2

15

Tooing
Group 2

65m21




image1.png
PRIFYSGOL CYMRU

Y Drindod Dewi Sant

UNIVERSITY OF WALES

Trinity Saint David





image56.png
STATUS
booR cLosen B

VACUUM TEST TEST VALUES

o O o
F RIG INPUTS SHADOW BOARD FMODULE INPUTS | MODULE OUTPUTS
o o o0
VACUUM TEST TECHNICAN MANUAL ENGINEERING MODULE TEST





image57.png
STATUS
booR cLosen B

VACUUM TEST TEST VALUES

o O o
F RIG INPUTS SHADOW BOARD FMODULE INPUTS | MODULE OUTPUTS
o o o0
VACUUM TEST TECHNICAN MANUAL ENGINEERING MODULE TEST





image58.png
ool sensor 2

e

k HUI_Supermpose.

iz AW MainScroon

Toolng_ Group.LED_2

Lt

A

21





image59.png
ool sensor 2

e

k HUI_Supermpose.

iz AW MainScroon

Toolng_ Group.LED_2

Lt

A

21





image60.jpeg




image61.jpeg
AN




image62.jpeg
Gage variation ariation due to measurement
(repe:

atabllity) ‘procedure (reproducibility)

—

Operator-to- r Operator-to-
operator variation parts variation





image63.jpeg




image64.png
Chamber Leak Tester Program

Blue Light actvated Blue ight acated

“Turn on 260 power

00000000
00000000




image65.png
:





image66.png
P YYYTTT Aok

OIOOI000O0=

¢¢¢¢0b0¢"
DODD

PODOOOD ,

D)





image67.png




image2.png




image3.png




image4.jpeg




image5.jpeg




image6.png




image7.png




image8.jpeg




image9.jpeg




image10.png




image11.png




image12.png
x1 laser x2 lasers





image13.png
x1 laser x2 lasers





image14.emf
Cell 1 Cell 2 Cell 3 Cell 5 Cell 4 Cell 6

Cell 7

Cell 8

Cell 9

Cell 8

Machine Build Area

Walk Way

Walk Way


image15.emf
Cell 1 Cell 2 Cell 3 Cell 5 Cell 4 Cell 6

Cell 7

Cell 8

Cell 9

Cell 8

Machine Build Area

Walk Way

Walk Way


image16.jpeg




image17.jpeg




image18.jpeg




image19.jpeg




image20.jpeg




image21.jpeg




image22.jpeg




image23.jpeg




image24.png
Occurrence.

100
B
&
w0
&
50
o
0
2
1

cals

cen1

cenz

Faults by Cells

a7 cels  cens
cels

cens

cells

cels

100%
so%
8%
0%
0%
so%
0%
0%
20%
10%
0%

Cumulative Percentage





image25.png
Faults Within Cell 1and 2

aBewa213g eI

100%

0%
0%
0%
0%
0%
0%
0%
0%
10%
0%

RYeBURARADE "
uaunn0

Fauts





image26.png
Allowing untrained operators

Operators Not Following Wi to work on specific operation

No Testing within the area

No step locking to ensure
sub -assembly is correctly
fitted

Conducting work their not
trained to do

Fitting the sub-assemblies
incorrectly to the module

Leak found
Within the
Chamber
Module

FAUL

Materials made incorrectly

Sub-assemblies made

_ No detection equipment
incorrectly




image27.png
Allowing untrained operators

Operators Not Following Wi to work on specific operation

No Testing within the area

No step locking to ensure
sub -assembly is correctly
fitted

Conducting work their not
trained to do

Fitting the sub-assemblies
incorrectly to the module

Leak found
Within the
Chamber
Module

FAUL

Materials made incorrectly

Sub-assemblies made

_ No detection equipment
incorrectly




image28.png
Operators Not Following W1 No Testing within the area t
or electrical diagram ensure correct fitment

Allowing untrained operators
to work on specific operation

Condu

g work their not No step locking to ensure’
trained to do module is correctly wired

Wiring sub-assemblies
incorrectly to the module

Wiring fault
found on the
Chamber
Module

FAUL

i

Wrong cables supplied

Cables made incorrectly

Cables damaged before

No testi i it
reaching the cell 0 testng equipmen




image29.png
Operators Not Following W1 No Testing within the area t
or electrical diagram ensure correct fitment

Allowing untrained operators
to work on specific operation

Condu

g work their not No step locking to ensure’
trained to do module is correctly wired

Wiring sub-assemblies
incorrectly to the module

Wiring fault
found on the
Chamber
Module

FAUL

i

Wrong cables supplied

Cables made incorrectly

Cables damaged before

No testi i it
reaching the cell 0 testng equipmen




image30.png
Tooling Process Flow

Desion 8 anarss





image31.png
Importance of different customer

requirements.

Correlation Matrix
(interaction
between technical
parameters)

How can ve achieve it?

Individual technical design requirements on
different columns.

Whatdo
customers
>
want Translation mattix (AKA relationship matrix)
Individual
customer
requireme
nis on
iferent
Tows

Relationships between customer
requirements and technical parameters,
ranked sirong, moderate or weak

Technical assessment of Competing
products.

“How much’ of each technical parameter is
required? - Quantitative specification

“imporiance’ of different technical
parameters

Customer assessment of

‘competing products.




image32.png
Importance of different customer

requirements.

Correlation Matrix
(interaction
between technical
parameters)

How can ve achieve it?

Individual technical design requirements on
different columns.

Whatdo
customers
>
want Translation mattix (AKA relationship matrix)
Individual
customer
requireme
nis on
iferent
Tows

Relationships between customer
requirements and technical parameters,
ranked sirong, moderate or weak

Technical assessment of Competing
products.

“How much’ of each technical parameter is
required? - Quantitative specification

“imporiance’ of different technical
parameters

Customer assessment of

‘competing products.




image33.png
—=—Renishaw Design
—— Fumess Control
——aTEQ
—+—TQC Automation
o | 2 - . —e—Prefier
9 | 172 | 10.0 [Small Footprint (<] A o o [e] (<] 2 5 4] 3 1 0
3 | 138 | 80 |EasytoUse [o] 5 4 2 0 3 1
9 | 121 | 70 |Reliable [c] [c] 5 4 0 1 2 3
9 | 155 | 90 [LowCost [e] o] A [c] [c] [c] A 5 4 3 2 1 0
9 [ 103 | 60 [vacto-1Bar [o] [c] [c] 3 3 3 3 3 3
9 | 103 | 6.0 [Inflate to around 50mBar [e] [} 3 3 3 3] 3 3
3 | 52 | 30 |Abiityto change and adapt overtime [e] 5 4 1 0 3 2
9 | 103 | 60 |Ability to interact with chamber module A [e] [c] 5 0 0 0 0 0
9 [ 34 [ 20 [Data collection ) o 5| a3 2|0]1
9 | 17 | 10 [Parts holder for blanking plates [c] 5 0 0 4 0 0
H < Es § 5 R
slele iz AEEHEAERER R
S1E s 2 a|" | =823 |8|z2|¢|it
H . N NN
] = = [
0 0 1 2 3 1 2 6 2 3 4 1 5 1
Powered by QFD Online (1t /v QFDOnIne com





image34.png




image35.png
—=—Renishaw Design
—— Fumess Control
——aTEQ
—+—TQC Automation
o | 2 - . —e—Prefier
9 | 172 | 10.0 [Small Footprint (<] A o o [e] (<] 2 5 4] 3 1 0
3 | 138 | 80 |EasytoUse [o] 5 4 2 0 3 1
9 | 121 | 70 |Reliable [c] [c] 5 4 0 1 2 3
9 | 155 | 90 [LowCost [e] o] A [c] [c] [c] A 5 4 3 2 1 0
9 [ 103 | 60 [vacto-1Bar [o] [c] [c] 3 3 3 3 3 3
9 | 103 | 6.0 [Inflate to around 50mBar [e] [} 3 3 3 3] 3 3
3 | 52 | 30 |Abiityto change and adapt overtime [e] 5 4 1 0 3 2
9 | 103 | 60 |Ability to interact with chamber module A [e] [c] 5 0 0 0 0 0
9 [ 34 [ 20 [Data collection ) o 5| a3 2|0]1
9 | 17 | 10 [Parts holder for blanking plates [c] 5 0 0 4 0 0
H < Es § 5 R
slele iz AEEHEAERER R
S1E s 2 a|" | =823 |8|z2|¢|it
H . N NN
] = = [
0 0 1 2 3 1 2 6 2 3 4 1 5 1
Powered by QFD Online (1t /v QFDOnIne com





image36.png




image35.jpeg




image36.jpeg




image37.png




image38.png




image39.png




image40.png




image41.png




image42.png




image43.jpeg




image44.jpeg




image45.png




image46.png




image47.jpeg




