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[bookmark: _Toc135423202]Introduction
This project was conducted within a UK Defence organisation. This document discusses an investigation into the overall equipment effectiveness (OEE) of an automated medium calibre assembly machine. The machine was closely scrutinised to examine what areas were causing the most significant issues to identify the areas that require immediate attention, along with attempting to quantify the costs of poor quality.
Improvements were made based upon analysis of data gathered during the most recent production period. Where possible, these improvements were trialled and implemented. These improvements were then analysed to quantify the monetary benefits of the changes.
To provide a clear structure to the report, the DMAIC (Define, Measure, Analyse, Improve, Control) approach was used.
Due to government classifications, the munition being assembled cannot be named or described in detail. Hence it will be referred to only as ‘the product’. The components will be referred to as component A, B, C etc. Some of the data collected, units and tolerances have also been adjusted so that it is representative but not exact.
Figure 1 shows an example of an ammunition production line however the actual line could not be pictured in this report. 

[image: Image of a 155mm artillery shell being produced at Land UK's Washington Facility, Tyne & Wear]
[bookmark: _Toc135423327]Figure 1) Example of an Ammunition Production Line (Meta-Defense, 2020)




[bookmark: _Scope][bookmark: _Toc135423203]Define
[bookmark: _Toc135423204]Business Case
The senior product development engineer tasked me, along with a handful of engineers, with investigating the current OEE of the machine to help to understand exactly where the issues were. I was asked to set and carry out objectives that would enable highlighting areas of improvement and identifying opportunities for investment to improve the OEE of the machine. Where possible, these were to then be implemented to improve the effectiveness of the machine. The specific aims and objectives are discussed in the Project Charter (section 2.5).
For the last few years, the machine has not been producing the necessary quantities of 275 products per hour and has a relatively high reject rate. With production due to start on a large order, it was in the interest of the business to rectify these issues to satisfy the customer with consistent prompt deliveries, to minimise waste and additional expenses, and to aid with scheduling.
The upcoming order involved a contract with the Ministry of Defence (MoD) and needed to be met in full, with no quality issues or concessions. Failure to do so would lead to the company facing financial penalties.
There was also an opportunity to expand the order book if the machine could be improved to the point that it was making excess products, so the maximum achievable OEE was desirable if the improvements were financially justifiable.
To complete the work, I worked closely with the manufacturing engineer responsible for the machine, along with product development engineers, the area process leader, production operatives and the maintenance department. The project was organised and run by me, with other employees asked to support as required.
Figure 2 shows an example of typical medium calibre ammunition.
[image: A picture containing office supplies, writing implement, office instrument, ammunition
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[bookmark: _Toc135423328]Figure 2) Example of Typical Medium Calibre Ammunition (Ordtech, n.d.)
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[bookmark: _Toc135423205]Process Mapping
The automated assembly machine is made up of 21 stations, of which 16 are used (N is considered as one station).
Figures 3 shows a visual representation of the assembly lines. The stations which are in use have a red border.
[image: ]
[bookmark: _Toc135423329]Figure 3) Overview of Assembly Lines
Figures 4 and 5 show an overview of the process map for Line 1:No
Is component C fully inserted?
Place in reject box at Station L

Yes
Component C infeed
Press component C into component A
Yes
No
Component B infeed
Component B placed into component A
Is component B fully inserted?
No
Yes
Component A infeed
Is component A defective?
Place in reject box at Station A
Place in reject box at Station L
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[bookmark: _Toc135423330]Figure 4) Line 1 Flow Diagram (Pt. 1)
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[bookmark: _Toc135423331]Figure 5) Line 1 Flow Diagram (Pt. 2)
Figures 6 and 7 show an overview of the process map for Line 2:
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Crimp component A to hold component D in place
Is assembly the correct height?
Reject at Station U
Weigh accelerant in dosing chamber
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Is accelerant weight correct?
Dose accelerant into assembly
Press component D onto assembly
Empty accelerant into reject bin



























[bookmark: _Toc135423332]Figure 6) Line 2 Flow Diagram (Pt. 1)
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Is component A-D crimp correct diameter?
Place assembly on good outfeed conveyor
Print lot number and date onto assembly
Reject at Station U
































[bookmark: _Toc135423333]Figure 7) Line 2 Flow Diagram (Pt. 2)
[bookmark: _Toc135423206]Line 1 Station Operations
[bookmark: _Toc135423207]Station A
Load component A onto machine.
[bookmark: _Toc135423208]Station E
Feed and insert component B into component A.
[bookmark: _Toc135423209]Station F
Feed and press component C into component A.
[bookmark: _Toc135423210]Station H
Swage component A to hold component C.
[bookmark: _Toc135423211]Station I
Component B presence check.
[bookmark: _Toc135423212]Station J
Component C depth check.
[bookmark: _Toc135423213]Station K
Apply lacquer to component A to provide seal to component C.
[bookmark: _Toc135423214]Station L
Unload good assemblies to transfer conveyor and defective assemblies to reject bin.


[bookmark: _Toc135423215]Line 2 Station Operations
[bookmark: _Toc135423216]Station M
Load good assemblies from transfer conveyor to line 2.
[bookmark: _Toc135423217]Station N (a and b)
Fill good assemblies with accelerant.
[bookmark: _Toc135423218]Station O
Check accelerant approximate fill height.
[bookmark: _Toc135423219]Station P
Set-down component D into good assemblies.
[bookmark: _Toc135423220]Station R
Crimp assembly to hold component D.
[bookmark: _Toc135423221]Station S
Check overall height and full form (see section 2.5.4).
[bookmark: _Toc135423222]Station T
Check overall weight and crimp diameter.
[bookmark: _Toc135423223]Station U
Unload good parts to outfeed conveyor and defective parts to reject conveyor.



[bookmark: _Toc135423224]Project Charter
[bookmark: _Toc135423225]Problem Statement
As per section 2.1, the medium calibre assembly facility is due to see a large increase in production. The machine is made up of 16 operations, combined into one fully automated system.
Historically, this facility has proven to be quite inconsistent and suffers from frequent breakdowns, sporadic issues causing production rate to fall behind takt time and periods of poor production quality. This all has a detrimental effect on the overall equipment effectiveness of the machine. With the upcoming increase in production requirements, these issues needed to be addressed to meet the scheduled targets.
[bookmark: _Toc135423226]Aims
The aims of this project were to:
· Identify the main causes of the poor output from the medium calibre assembly line.
· Improve the overall equipment effectiveness of the line.
[bookmark: _Toc135423227]Objectives
The objectives of this project were to:
· Identify key performance indicators (KPIs) and potential sources of variation.
· Measure the identified KPIs to understand current OEE statistics.
· Analyse the data collected to assess the machine and highlight the areas causing the most issues.
· Recommend and implement improvements.
· Review the effect of the improvements through a second measurement and analysis phase.
· Suggest and introduce control measures to maintain any positive outcomes.








[bookmark: _Toc135423228]Features Critical to Quality
As specified by the customer, there are some key dimensions/features that are critical to quality:
· Depth of component C when inserted into component A.
· Weight of accelerant.
· Width of crimp holding components A and D together.
· Full form of complete assembly – this measures if the completed round will fit in the barrel of the weapon.
· Overall weight.
· Overall height.
· Paint condition (component D).
These features were the key dimensions in mind throughout the project when referring to quality, to ensure a conforming product was produced.
[bookmark: _Toc135423229]Project Scope
The scope of the project concerns the performance of the automated assembly machine and the assembly of the product. This is from the moment the components are delivered until the finished product is assembled and packed.
As the aim of the project was to improve the OEE, the availability, performance and quality of the machine were most closely scrutinised.

[bookmark: _Toc135423230]Proposed Timescale
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[bookmark: _Toc135423334]Figure 8) Gantt Chart for proposed project timeline

Figure 8 shows the proposed timeline for the project. This was a working Gantt chart that was updated over time to ensure that the project continued at an appropriate pace; it was used to highlight areas that needed to be addressed if problems occurred and the schedule needed to change.
The project proceeded as planned in most areas, however, when the time came to re-measure the KPIs, there was a change in the production schedule and the second production run was delayed by 3 weeks. This meant that the ‘re-measure KPIs’ stage did not commence until 13th February. This pushed back the analysis of the changes and left less time to discuss future control measures, but the project was completed on time with robust recommendations.


[bookmark: _Toc135423231]Measure (First Phase)
[bookmark: _Toc135423232]Identifying KPIs for the Quality of the Process
All the features deemed critical to quality in the define phase were measured along with any known measurable potential sources of variation. After reviewing the process, the following key potential sources of variation were identified:
· Weight of individual components.
· Force used to press component D into component A at station P.
· Hydraulic pressure applied to produce crimp at station R.
These key sources of variation also have the potential to have a direct impact on the features deemed critical to quality. Measuring these allows for a deeper understanding of what may be causing these defects is they are found to be linked to these areas.

[bookmark: _Toc135423233]Identiying KPIs for the Availability and Performance of the Process
To properly determine the causes of the poor OEE, the availability and performance of the machine also had to be measured in tandem with the quality.
‘OEE availability is the ratio of Run Time to Planned Production Time. Availability takes into account Availability Loss, which includes any events that stop planned production for an appreciable length of time (usually several minutes, long enough for an operator to log a reason)’. (Vorne, 2011-2023a)
The normal working day is 8 hours with a 30-minute break for lunch; the planned production time each day is therefore 7.5 hours. Breakdowns were measured accordingly as described in section 3.4.
‘OEE performance takes into account Performance Loss, which accounts for anything that causes the manufacturing process to run at less than the maximum possible speed when it is running (including both Slow Cycles and Small Stops).’ (Vorne, 2011-2023a)
To capture the performance of the process, the run rate of each individual station was assessed, and small stoppages were measured as per section 3.4.



[bookmark: _Toc135423234]Determining Data Type
The features and variations were divided into the following variable and continuous data types (iSixSigma, 2022):
	Feature/Variation
	Data Type

	Depth component C pressed into component A
	Variable, continuous (relative depth)
Attribute (number of defects)

	Weight of accelerant
	Variable, continuous (amount dispensed)

	Width of crimp holding D and A together
	Variable, continuous (diameter)
Attribute (number of defects)

	Full form of complete assembly
	Variable, continuous (distance from back of component A to face of gauge)
Attribute (number of defects)

	Overall weight
	Variable, continuous (measured weight)
Attribute (number of defects)

	Overall height
	Variable, continuous (measured height)
Attribute (number of defects)

	Paint condition
	Attribute (pass or fail)

	Weight of individual components
	Variable, continuous (measured weight)

	Force used to press component D into component A
	Variable, continuous (maximum force)

	Hydraulic pressure applied to produce crimp at station R
	Variable, continuous (final pressure)

	Breakdowns at each station
	Variable, continuous (downtime)
Attribute (number of failures)


						
[bookmark: _Toc135423344]Table 1) Data Types




[bookmark: _Toc135423235]Data Collection Plan
Due to the timescale, it was deemed suitable to perform the data collection over the course of one production run. As per section 2.5.6, this amounted to 43 working days. The target is to produce 275 assembled products every hour (approximately 2060 per day) so, if the machine ran at the required rate with no breakdowns, the test would have been conducted on around 88,600 complete products.
Production were asked to record all breakdowns and stoppages that stop the line for over a minute. This is to attempt to capture breakdowns along with any small stoppages that would have previously gone unnoticed by management (the normal site standard is to only record stoppages greater than 5 minutes). They were required to record when the stoppage occurred, how long it took to repair, and which station was the cause. The individual run rate of each station was also measured using a stopwatch and an average was taken after 10 readings.
For the attribute data, the system automatically recorded all defects produced by the machine except for the paint condition which was recorded by production. They recorded the number of defects, what part of the component had poor paint condition (nose or side), along with the time of day the defect occurred (morning or afternoon). This was done using a supplied tally chart for ease of capture.
For the variable data, this was predominantly stored within the computer’s SCADA system. For this data, it was downloaded and exported to a spreadsheet. This allowed for in-depth analysis and the ability to look for correlations between variations and associated defects. To account for the weight of the individual components, a sample size of 50 was taken from each lot (it was not practical to measure 100%). There were 2 lots of components A and D and 1 lot of components B and C used throughout the production run. This equated to 300 weight measurements. z-distribution was then used to give a 95% confidence level for the mean of each to determine the variations in weight.
Once all the data was collected, it allowed for quantifiable analysis to take place which give a greater understanding of the process to allow for improvements to be made.
[bookmark: _Toc135423236]Measurement System Analysis
For each of the parameters being measured, it was important to ensure that the data being collected was both accurate and reliable.
Therefore, prior to the data collection, the entirety of the measurement process was assessed. All the measurement systems on the machine were calibrated and a small sample of parts were checked and compared to the machine-measured values to ensure the data collection would be correct.
The individual component weights were taken on calibrated scales and measured in grams to 2 decimal places.
The operators received training so that they all understood the reporting requirements. They also demonstrated that they were consistent with identifying paint rejects.
[bookmark: _Toc315778470][bookmark: _Toc315779468][bookmark: _Toc315779544]At this point it was deemed acceptable to proceed with the data collection. Due to the amount of information collected, all data will be represented as grouped data within this document.

[bookmark: _Toc135423237]Data Collection – Variable Quality Data
[bookmark: _Toc135423238]Component C Depth Measurement Data
Table 2 shows the component C depth data recorded by station J. The tolerance for the depth is flush (0mm) to -0.30mm.
	Component C Depth (mm)
	Frequency

	-0.35 < D ≤ -0.30
	0

	-0.30 < D ≤ -0.25
	18

	-0.25 < D ≤ -0.20
	483

	-0.20 < D ≤ -0.15
	10335

	-0.15 < D ≤ -0.10
	43712

	-0.10 < D ≤ -0.05
	12627

	-0.05 < D ≤ 0.00
	522

	0.00 < D ≤ 0.05
	110

	0.05 < D ≤ 0.10
	11

	0.10 < D ≤ 0.15
	0



[bookmark: _Toc135423345]Table 2) Component C Depth Data

[bookmark: _Toc135423239]Overall Height Measurement Data
Table 3 shows the overall height data recorded by station S. The tolerance for the height is 280mm ± 2mm.
	Overall Height (mm)
	Frequency

	278.0 ≤ H < 278.5
	29

	278.5 ≤ H < 279.0
	499

	279.0 ≤ H < 279.5
	2846

	279.5 ≤ H < 280.0
	17114

	280.0 ≤ H < 280.5
	27322

	280.5 ≤ H < 281.0
	13675

	281.0 ≤ H < 281.5
	2468

	281.5 ≤ H < 282.0
	312

	282.0 ≤ H < 282.5
	20



[bookmark: _Toc135423346]Table 3) Overall Height Data


[bookmark: _Toc135423240]Full Form Measurement Data
Table 4 shows the full form data recorded by station S. The tolerance for the full form measurement is flush (0mm) to -2mm.
	Full Form (mm)
	Frequency

	-1.50 ≤ F < -1.25
	168

	-1.25 ≤ F < -1.00
	2766

	-1.00 ≤ F < -0.75
	13549

	-0.75 ≤ F < -0.50
	22265

	-0.50 ≤ F < -0.25
	16781

	-0.25 ≤ F < 0.00
	8756

	0.00 ≤ F < 0.25
	2799

	0.25 ≤ F < 0.50
	463

	0.50 ≤ F < 0.75
	22

	0.75 ≤ F < 1.00
	0



[bookmark: _Toc135423347]Table 4) Full Form Data

[bookmark: _Toc135423241]Overall Weight Measurement Data
Table 5 shows the overall weight data recorded by station T. The tolerance for the overall weight is 900g ± 3g.
	Overall Weight (g)
	Frequency

	895 ≤ W < 896
	25

	896 ≤ W < 897
	402

	897 ≤ W < 898
	3498

	898 ≤ W < 899
	9622

	899 ≤ W < 900
	20443

	900 ≤ W < 901
	18327

	901 ≤ W < 902
	8411

	902 ≤ W < 903
	3110

	903 ≤ W < 904
	388

	904 ≤ W < 905
	39



[bookmark: _Toc135423348]Table 5) Overall Weight Data

[bookmark: _Toc135423242]Crimp Width Measurement Data
Table 6 shows the crimp width data recorded by station T. The tolerance for the crimp width is 31.20mm to 31.60mm.
	Crimp Width (mm)
	Frequency

	31.20 ≤ W < 31.25
	0

	31.25 ≤ W < 31.30
	168

	31.30 ≤ W < 31.35
	3519

	31.35 ≤ W < 31.40
	18713

	31.40 ≤ W < 31.45
	17357

	31.45 ≤ W < 31.50
	15002

	31.50 ≤ W < 31.55
	9465

	31.55 ≤ W < 31.60
	3345

	31.60 ≤ W < 31.65
	96

	31.65 ≤ W < 31.70
	32



[bookmark: _Toc135423349]Table 6) Crimp Width Data
[bookmark: _Toc135423243]Weight of Accelerant
Table 7 shows the accelerant weight data recorded by station N. The tolerance for the accelerant weight is 149.90g to 150.10g.
	Accelerant (g)
	Frequency

	149.90 ≤ W < 149.95
	6719

	149.95 ≤ W < 150.00
	24383

	150.00 ≤ W < 150.05
	28526

	150.05 ≤ W < 150.10
	8069



[bookmark: _Toc135423350]Table 7) Weight of Accelerant Data


[bookmark: _Toc135423244]Individual Weights of Components
Component A
As discussed in section 3.4, 2 lots of 50 parts were measured for component A. There was no discernible difference between the two, so they have been combined into one dataset shown in table 8. The tolerance for this component is 312g to 318g.
	Component A (g)
	Frequency

	312 ≤ W < 313
	4

	313 ≤ W < 314
	16

	314 ≤ W < 315
	27

	315 ≤ W < 316
	32

	316 ≤ W < 317
	15

	317 ≤ W < 318
	6



[bookmark: _Toc135423351]Table 8) Component A Weight Data
Component B
Table 9 shows the weight data for component B. The tolerance for this component weight is 149.90g to 150.10g.
	Component B (g)
	Frequency

	6.8 ≤ W < 6.9
	1

	6.9 ≤ W < 7.0
	26

	7.0 ≤ W < 7.1
	23

	7.1 ≤ W < 7.2
	0



[bookmark: _Toc135423352]Table 9) Component B Weight Data


Component C
Table 10 shows the weight data for component C. The tolerance for this component weight is 2.90g to 3.10g.
	Component C (g)
	Frequency

	2.90 ≤ W < 2.95
	5

	2.95 ≤ W < 3.00
	24

	3.00 ≤ W < 3.05
	21

	3.05 ≤ W < 3.10
	7



[bookmark: _Toc135423353]Table 10) Component C Weight Data
Component D
Table 11 shows the weight data for component D. The tolerance for this component weight is 424.0g to 426.0g.
	Component D (g)
	Frequency

	424.0 ≤ W < 424.5
	2

	424.5 ≤ W < 425.0
	46

	425.0 ≤ W < 425.5
	49

	425.5 ≤ W < 426.0
	3



[bookmark: _Toc135423354]Table 11) Component D Weight Data
[bookmark: _Toc135423245]Hydraulic Pressure Applied to Produce Crimp
This is measured using the machine’s SCADA system. This was found to be very consistent. The SCADA report only displays this value to the nearest 0.5 bar and the results showed that the deviation in the hydraulic pressure applied is small enough that it was always displayed as 37.0 bar. This was also verified using an offline gauge. This variation has therefore been deemed negligible.
[bookmark: _Toc135423246]Force Used to Press Component D into Component A
Similarly to section 3.6.8, this data is again captured by the SCADA system. This also had a large resolution, giving slightly imprecise data but all the forces were found to be within 6-7kN. This small variation due to the hardness of component A is as expected (Anon., 2023) so this was also deemed negligible and was investigated no further.

[bookmark: _Toc135423247]Data Collection – Attribute Quality Data
[bookmark: _Toc135423248]Defect Frequency Table
Table 12 displays the number of defects seen throughout the production run, the cause of each defect and which part of the shift the defect occurred.
	Defect
	Morning
	Afternoon
	Total

	Component C Depth
	59
	62
	121

	Crimp Width
	29
	99
	128

	Full Form
	1820
	1464
	3284

	Overall Height
	6
	14
	20

	Overall Weight
	398
	456
	854

	Paint Condition
	136
	150
	286

	
	2448
	2245
	4693



[bookmark: _Toc135423355]Table 12) Defect Frequency Table

[bookmark: _Toc135423249]Data Collection – Availability and Performance Data
[bookmark: _Toc135423250]Failure Frequency Table
Table 13 shows the failure statistics for each station. This was recorded in the same way as table 12.
	Station
	Morning
	Afternoon
	Total

	A
	0
	0
	0

	E
	86
	119
	205

	F
	2
	3
	5

	H
	0
	5
	5

	I
	0
	0
	0

	J
	0
	0
	0

	K
	0
	0
	0

	L
	47
	4
	51

	M
	0
	0
	0

	N
	92
	70
	162

	O
	176
	134
	310

	P
	25
	36
	61

	R
	5
	17
	22

	S
	0
	0
	0

	T
	0
	0
	0

	U
	0
	1
	1



[bookmark: _Toc135423356]Table 13) Failure Frequency Table

[bookmark: _Toc135423251]Mean Time Between Failures
Table 14 shows the mean time between failures for each station that experienced a failure. Station U only failed once and therefore does not have a value. This was calculated by dividing the number of failures for each station (recorded in table 13) and dividing it by the actual running time.
	Station
	Time (Hours)
	Time (Minutes)

	E
	1.47
	88.44

	F
	60.44
	3626.15

	H
	60.44
	3626.15

	L
	5.93
	355.50

	N
	1.87
	111.92

	O
	0.97
	58.49

	P
	4.95
	297.23

	R
	13.74
	824.13

	U
	N/A
	N/A



[bookmark: _Toc135423357]Table 14) Mean Time Between Failures

[bookmark: _Toc135423252]Mean Time to Repair
Table 15 displays the mean time to repair statistics. This information was calculated using the times recorded by production and taking an average for each. The production operatives recorded the time to the nearest minute.
	Station
	Mean Time (Minutes)
	Total Time on Repair (Minutes)

	E
	1.5
	307.5

	F
	10.25
	51.25

	H
	5.5
	27.5

	L
	1.5
	76.5

	N
	1
	162

	O
	1
	310

	P
	5.5
	335.5

	R
	10
	220

	U
	585
	585

	
	
	34.59 hours



[bookmark: _Toc135423358]Table 15) Mean Time to Repair



[bookmark: _Toc135423253]Mean Run Rate by Station
Table 16 shows the mean run rates for each station and was measured as per section 3.4.
	Station
	Time (Seconds)

	A
	11.7

	E
	12.4

	F
	13.6

	H
	9.7

	I
	8.7

	J
	8.9

	K
	13.3

	L
	12.8

	M
	19.9

	N
	24.8

	O
	11.7

	P
	14.8

	R
	15.2

	S
	13.8

	T
	13.9

	U
	12.8



[bookmark: _Toc135423359]Table 16) Mean Run Rate Table


[bookmark: _Toc135423254]Data Collection – Overall Equipment Effectiveness
Seiichi Nakajima stated that 85% is the target for world class OEE. This is based on:
· No breakdowns 
· 10% time on setups
· 5% performance loss due to speed losses
· 1% quality defects 			(OEE Systems International, 2023)
This gives a target of 90% for availability, 95% for performance and 99% for quality. It is worth noting that setup time was not recorded in this report as the machine was already in production when data collection commenced.
[bookmark: _Toc135423255]Availability
	(Vorne, 2011-2023b)
		



[bookmark: _Toc135423256]Performance
	(Vorne, 2011-2023b)
		

[bookmark: _Toc135423257]Quality
	(Vorne, 2011-2023b)


[bookmark: _Toc135423258]OEE
		(Vorne, 2011-2023b)


[bookmark: _Toc135423259]Analyse (First Phase)
[bookmark: _Toc135423260]Mathematical Analysis
To properly review the data, it is necessary to complete some mathematical analysis to quantify the capability of each process on the line. For each of the relevant KPIs, the Cp and minimum Cpk will be calculated.
[bookmark: _Toc135423261]Process Capability of Component C Pressing Depth
	Class Interval (mm)
	Class Mark (x)
	Class Frequency (f)
	f x
	f x2

	-0.35 < D ≤ -0.30
	-0.325
	0
	0
	0

	-0.30 < D ≤ -0.25
	-0.275
	18
	-4.95
	1.36125

	-0.25 < D ≤ -0.20
	-0.225
	483
	-108.675
	24.451875

	-0.20 < D ≤ -0.15
	-0.175
	10335
	-1808.625
	316.509375

	-0.15 < D ≤ -0.10
	-0.125
	43712
	-5464
	683

	-0.10 < D ≤ -0.05
	-0.075
	12627
	-947.025
	71.026875

	-0.05 < D ≤ 0.00
	-0.025
	522
	-13.05
	0.32625

	0.00 < D ≤ 0.05
	0.025
	110
	2.75
	0.06875

	0.05 < D ≤ 0.10
	0.075
	11
	0.825
	0.061875

	0.10 < D ≤ 0.15
	0.125
	0
	0
	0

	
	
	
	
	67818
	-8342.75
	1096.80625



[bookmark: _Toc135423360]Table 17) Component C Pressing Depth Cpk Table









[bookmark: _Toc135423262]Process Capability of Overall Height
	Class Interval (mm)
	Class Mark (x)
	Class Frequency (f)
	f x
	f x2

	278.0 ≤ H < 278.5
	278.25
	29
	8069.25
	2245268.813

	278.5 ≤ H < 279.0
	278.75
	499
	139096.25
	38773079.69

	279.0 ≤ H < 279.5
	279.25
	2846
	794745.5
	221932680.9

	279.5 ≤ H < 280.0
	279.75
	17114
	4787641.5
	1339342710

	280.0 ≤ H < 280.5
	280.25
	27322
	7656990.5
	2145871588

	280.5 ≤ H < 281.0
	280.75
	13675
	3839256.25
	1077871192

	281.0 ≤ H < 281.5
	281.25
	2468
	694125
	195222656.3

	281.5 ≤ H < 282.0
	281.75
	312
	87906
	24767515.5

	282.0 ≤ H < 282.5
	282.25
	20
	5645
	1593301.25

	
	
	
	
	64285
	18013475.25
	5047619992



[bookmark: _Toc135423361]Table 18) Overall Height Cpk Table














[bookmark: _Toc135423263]Process Capability of Full Form
	Class Interval (mm)
	Class Mark (x)
	Class Frequency (f)
	f x
	f x2

	-1.50 ≤ F < -1.25
	-1.375
	168
	-231
	317.625

	-1.25 ≤ F < -1.00
	-1.125
	2766
	-3111.75
	3500.71875

	-1.00 ≤ F < -0.75
	-0.875
	13549
	-11855.375
	10373.45313

	-0.75 ≤ F < -0.50
	-0.625
	22265
	-13915.625
	8697.265625

	-0.50 ≤ F < -0.25
	-0.375
	16781
	-6292.875
	2359.828125

	-0.25 ≤ F < 0.00
	-0.125
	8756
	-1094.5
	136.8125

	0.00 ≤ F < 0.25
	0.125
	2799
	349.875
	43.734375

	0.25 ≤ F < 0.50
	0.375
	463
	173.625
	65.109375

	0.50 ≤ F < 0.75
	0.625
	22
	13.75
	8.59375

	0.75 ≤ F < 1.00
	0.875
	0
	0
	0

	
	
	
	
	67569
	-35963.875
	25503.14063



[bookmark: _Toc135423362]Table 19) Full Form Cpk Table















[bookmark: _Toc135423264]Process Capability of Overall Weight
	Class Interval (g)
	Class Mark (x)
	Class Frequency (f)
	f x
	f x2

	895 ≤ W < 896
	895.5
	25
	22387.5
	20048006.25

	896 ≤ W < 897
	896.5
	402
	360393
	323092324.5

	897 ≤ W < 898
	897.5
	3498
	3139455
	2817660863

	898 ≤ W < 899
	898.5
	9622
	8645367
	7767862250

	899 ≤ W < 900
	899.5
	20443
	18388478.5
	16540436411

	900 ≤ W < 901
	900.5
	18327
	16503463.5
	14861368882

	901 ≤ W < 902
	901.5
	8411
	7582516.5
	6835638625

	902 ≤ W < 903
	902.5
	3110
	2806775
	2533114438

	903 ≤ W < 904
	903.5
	388
	350558
	316729153

	904 ≤ W < 905
	904.5
	39
	35275.5
	31906689.75

	
	
	
	
	64265
	57834669.5
	52047857640



[bookmark: _Toc135423363]Table 20) Overall Weight Cpk















[bookmark: _Toc135423265]Process Capability of Crimp Width
	Class Interval (g)
	Class Mark (x)
	Class Frequency (f)
	f x
	f x2

	31.20 ≤ W < 31.25
	31.225
	0
	0
	0

	31.25 ≤ W < 31.30
	31.275
	168
	5254.2
	164325.105

	31.30 ≤ W < 31.35
	31.325
	3519
	110232.675
	3453038.544

	31.35 ≤ W < 31.40
	31.375
	18713
	587120.375
	18420901.77

	31.40 ≤ W < 31.45
	31.425
	17357
	545443.725
	17140569.06

	31.45 ≤ W < 31.50
	31.475
	15002
	472187.95
	14862115.73

	31.50 ≤ W < 31.55
	31.525
	9465
	298384.125
	9406559.541

	31.55 ≤ W < 31.60
	31.575
	3345
	105618.375
	3334900.191

	31.60 ≤ W < 31.65
	31.625
	96
	3036
	96013.5

	31.65 ≤ W < 31.70
	31.675
	32
	1013.6
	32105.78

	
	
	
	
	67697
	2128291.025
	66910529.21



[bookmark: _Toc135423364]Table 21) Crimp Width Cpk














[bookmark: _Toc135423266]Process Capability of Accelerant Weight
	Class Interval (g)
	Class Mark (x)
	Class Frequency (f)
	f x
	f x2

	149.90 ≤ W < 149.95
	149.925
	6719
	1007346.075
	151026360.3

	149.95 ≤ W < 150.00
	149.975
	24383
	3656840.425
	548434642.7

	150.00 ≤ W < 150.05
	150.025
	28526
	4279613.15
	642048962.8

	150.05 ≤ W < 150.10
	150.075
	8069
	1210955.175
	181734097.9

	
	
	
	
	67697
	10154754.83
	1523244064



[bookmark: _Toc135423365]Table 22) Accelerant Weight Cpk













[bookmark: _Toc135423267]z-Distribution and Process Capability for Component A Weight
	Class Interval (g)
	Class Mark (x)
	Class Frequency (f)
	f x
	f x2

	312 ≤ W < 313
	312.5
	4
	1250
	390625

	313 ≤ W < 314
	313.5
	16
	5016
	1572516

	314 ≤ W < 315
	314.5
	27
	8491.5
	2670576.75

	315 ≤ W < 316
	315.5
	32
	10096
	3185288

	316 ≤ W < 317
	316.5
	15
	4747.5
	1502583.75

	317 ≤ W < 318
	317.5
	6
	1905
	604837.5

	
	
	
	
	100
	31506
	9926427



[bookmark: _Toc135423366]Table 23) Component A Weight Cpk






Due to the small sample size, was necessary to perform z-distribution to produce a range in which the true mean lies. For this exercise, a 95% confidence level (CL) was used. This means that it is possible to state, with 95% confidence that the true mean of the population of components lies within the two calculated values.

	(Libre Texts Statistics, 2021)
Where s is the standard deviation, n is the number of samples and  is the z-score for the stated confidence level. In the case of a 95% CL, this value is 1.96. (Rumsey, 2016)








Using 315.30g as the mean:



Using 314.82g as the mean:







[bookmark: _Toc135423268]z-Distribution and Process Capability for Component B Weight
	Class Interval (g)
	Class Mark (x)
	Class Frequency (f)
	f x
	f x2

	6.8 ≤ W < 6.9
	6.85
	1
	6.85
	46.9225

	6.9 ≤ W < 7.0
	6.95
	26
	180.7
	1255.865

	7.0 ≤ W < 7.1
	7.05
	23
	162.15
	1143.1575

	7.1 ≤ W < 7.2
	7.15
	0
	0
	0

	
	
	
	
	50
	349.7
	2445.945



[bookmark: _Toc135423367]Table 24) Component B Weight Cpk








Using 7.005g as the mean:


Using 6.983g as the mean:



[bookmark: _Toc135423269]z-Distribution and Process Capability for Component C Weight
	Class Interval (g)
	Class Mark (x)
	Class Frequency (f)
	f x
	f x2

	2.90 ≤ W < 2.95
	2.925
	3
	8.775
	25.666875

	2.95 ≤ W < 3.00
	2.975
	24
	71.4
	212.415

	3.00 ≤ W < 3.05
	3.025
	21
	63.525
	192.163125

	3.05 ≤ W < 3.10
	3.075
	2
	6.15
	18.91125

	
	
	
	
	50
	149.85
	449.15625



[bookmark: _Toc135423368]Table 25) Component C Weight Cpk








Using 3.004g as the mean:


Using 2.990g as the mean:




[bookmark: _Toc135423270]z-Distribution and Process Capability for Component D Weight
	Class Interval (g)
	Class Mark (x)
	Class Frequency (f)
	f x
	f x2

	424.0 ≤ W < 424.5
	424.25
	2
	848.5
	359976.125

	424.5 ≤ W < 425.0
	424.75
	46
	19538.5
	8298977.875

	425.0 ≤ W < 425.5
	425.25
	49
	20837.25
	8861040.563

	425.5 ≤ W < 426.0
	425.75
	3
	1277.25
	543789.1875

	
	
	
	
	100
	42501.5
	18063783.75



[bookmark: _Toc135423369]Table 26) Component D Weight Cpk








Using 425.07g as the mean:


Using 424.96g as the mean:




[bookmark: _Toc135423271]Graphical Analysis
Along with mathematic analysis, it is highly beneficial to perform graphical analysis to give a visual representation of where the problems lie. For each of the KPIs, Pareto charts and bar graphs were constructed. It is clear from Figures 9-12 that some processes caused a lot more problems than others. This is discussed in further detail in section 4.3.
[bookmark: _Toc135423272]Defect Pareto Chart


[bookmark: _Toc135423335]Figure 9) Defect Pareto Chart
[bookmark: _Toc135423273]Number of Failures per Station Pareto Chart
[bookmark: _Toc135423336]Figure 10) Number of Failures per Station Pareto Chart
[bookmark: _Toc135423274]Mean Time Between Failures


[bookmark: _Toc135423337]Figure 11) Mean Time Between Failures Bar Chart

[bookmark: _Toc135423275]Mean Run Rate by Station


[bookmark: _Toc135423338]Figure 12) Mean Run Rate Bar Chart
Note: The horizontal line in Figure 12 denotes the target run rate to achieve 275 parts/hour. Stations M and N process two assemblies at once so their actual mean run times are half that shown in the graph and are therefore under the target run rate, with effective rates of 9.95s and 12.4s respectively.


[bookmark: _Toc135423276]Discussion of Collected Data
The measurements gathered brought several prominent points to attention. Section 3.9 shows the OEE breakdown from the collected data. An overall value of 71.18% is far from the desired target of 85%. Although the fall from 100% for availability was entirely due to breakdowns rather than setup time, it was still above the target of 90% and was therefore not deemed to be the primary cause of the poor OEE.
The longest breakdown occurred on station U. This was due to a motor failure which did not have a readily available spare. A replacement is now kept on the shelf so this will not be a problem in the future and is not further investigated in this document.
The other primary sources of downtime were stations E and P. Root cause analysis was conducted on these issues in section 4.5.1.
Quality was approximately 6% short of the 99% target. The Pareto chart in section 4.2.1 shows that most of these defects were caused by full form and the other significant failures were due to overall weight. This prompted further investigation into the root cause of both defects in section 4.4.
The biggest concern was with the performance value of 81.61%. This was the predominant issue causing the OEE to drop so low. Section 3.8.3 shows that there were 14.27 hours of production lost to small stoppages (less than 5 minutes each). This equates to 41.25% of the total stoppages – which previously would have gone unrecorded.
The mean time between failures data, displayed in section 4.2.3, shows that stations E, N and O were the main offenders with stations L and P also failing at least once per shift on average. An investigation was undertaken in section 4.5.1 to determine the causes for each.
Along with the small stoppages, section 4.2.4 shows that there were 6 stations that were slower than the target time of approximately 13.1 seconds. Each station runs simultaneously with pallets that move from one station to the next to minimise work in progress (WIP). The line is therefore only as fast as its slowest station. For this reason, stations P and R had to be prioritised in this scheme of work and were examined in section 4.5.2.
For perspective, if stations P and R were able to be sped up and station T became the slowest station (13.9s), the run rate of the machine would increase by around 166 products per day – over 22 additional products assembled per hour. The financial implications of this are discussed in section 5.1. This increase in output would be a good starting point and stations F, K, S and T could then be scrutinised in the future if the improvements to P and R were successful.
It is also worth noting that the process capability of many of the stations was lower than the desired target of 1.6. However, the Cpk for crimp width is misleading as it is designed to become larger as the crimp rubber deteriorates. The trend of the data shown in table 6 suggests it is consistent for most cycles and then the diameter slowly expands towards the top tolerance before the rubber is replaced. Figure 9 also shows that it is a small source of rejects so this will not be investigated further.



[bookmark: _Toc135423277]Root Cause Analysis - Quality
Following the review of the collected data, it was necessary to attempt to identify sources of variation within the production line that were leading to the two primary defects.
[bookmark: _Toc135423278]Sources of Variation – Full Form
Due to the number of potential reasons for full form failures, a fishbone diagram was created for to capture possible root causes and sources of variation from a variety of topics, such as material inconsistencies, machine problems and environmental effects.
[image: Diagram
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[bookmark: _Toc135423339]Figure 13) Full Form Fishbone Diagram

Figure 13 raised several potential causes of variation and defects. Some suggestions were immediately ruled out, such as changes in humidity as this would not give a big enough variation in the product to cause it to fail the gauge.
Each credible source of the problem was investigated, and it was found that, when gauging products that had been judged to be defective by the machine, most of them were able to pass a newly set up offline gauge, although they were close to the maximum tolerance.
The online gauge was then removed and used to check the same defective products. Again, most of them passed, at top tolerance. This meant it was likely that there was something on the machine causing a minor change to the product’s shape, but that in most cases, they were still good products, and the machine limits were incorrectly set, or the measurement data was incorrect.

Upon further inspection and measurement by the calibration team, it was determined that the linear variable displacement transducer (LVDT) that measures how far the product is inserted into the gauge was not perfectly linear. This was causing a 0.35mm discrepancy. This accounted for 2912 defects that were now considered good parts.
However, there were still some defects being produced so the line was further investigated using the information from Figure 13. It was discovered that the jig that holds the main assembly during the pressing operation on station P was moving very slightly during the process. This was causing a small misalignment which was pushing component D out of parallel with the rest of the product.
This deflection was not discernible by eye but was found to be the root cause of the products tending towards the top tolerance.
[bookmark: _Toc135423279]Sources of Variation – Overall Weight
The overall weight has a tolerance of ±3g for the completed product. Section 4.1.4 shows that the overall weight Cpk was quite low at 0.78. To understand how where the variation was coming from, a sample size was weighed for each individual part as per section 3.4.
From the statistics gathered in sections 4.1.6 – 4.1.10, components A and C had the lowest worst case Cpk values. From the calculated means, the Cpk values for these components were both below 1, indicating a poor process capability.
It is also worth noting that component A has the largest weight range (6g). This is the same as the overall tolerance of ±3g and therefore will need to be addressed. Currently, it would be possible to sift these components into parts that are above the nominal weight and parts that are below the nominal weight prior to them being put into the process. However, this would require a large amount of additional work in the long term.
Component C, whilst having a poor Cpk value, only has a range of 0.2g.
Components B and D also did not have high Cpk values (1.13 and 1.04 respectively) and so should still be taken into consideration. B, like C, has a small range, totalling 0.4g, with component D having a range of 2g.
This means that if components A and D could be better controlled, it would be unlikely that improvements to the process capability for components B and C would have a large impact on failure rates for overall weight of the final product.
Additionally, the weight of accelerant had a very good Cpk value of 1.59 with a small range of 0.2g. This was therefore seen as a negligible source of variation and was not scrutinised further.




[bookmark: _Toc135423280]Root Cause Analysis – Availability and Performance
[bookmark: _Toc135423281]Investigating Causes of Stoppages
Station E (Component B Insertion)
This station was sporadically causing issues approximately five times per shift. It works using a robotic arm which is used to place component B into component A. This action was deemed to be unreliable and would sometimes lead to minor misalignments. When the check cylinder then lowered to prove that component B was fully inserted, it would be unable to complete the movement and cause an error.
The alignment was checked in relation to the pallet and the robotic arm and was found to be both repeatable and within acceptable limits. However, when the next pallet was indexed into position, the alignment was found to be different. It was then discovered that there was a minor amount of allowable rotational movement that was causing an offset in the centre of the jaws on certain pallets.
Station L (Place Good Assemblies on Transfer Conveyor)
The stoppages on this station were happening just over once per shift. It was also noted that most of these issues were happening in the morning. When the operators were asked what the problem was, it was found that the station failed every morning when the machine was first started and always required a reset. There were also a few additional failures, generally occurring after breakdowns or other longer breaks.
The machine was then examined for the cause of failure. Because of the way the station works, it raises and lowers a gripper that includes an upper position, a middle position, and a lower position. This works using two opposing pneumatic cylinders. It was determined that, after a period of being idle, the cylinders failed to reach their full extension at the first attempt and therefore caused a fault on the machine. They would then function normally after a reset by a competent person.
Station N (Weighing Station)
The weighing station was causing issues approximately four times each shift. On the human/ machine interface (HMI), the errors were not diagnosed because it is a third-party system. The machine was run in an environment where it could be monitored to attempt to understand what the problem was.
When conducting these tests, several issues seemed to be causing problems. There were two cylinders that were occasionally not reaching their final positions. The filling mechanism was also sometimes failing to achieve an accurate weight in two consecutive attempts, leading to an error.
Additionally, the filling operation was sporadically taking longer than the allotted time, leading to an error. Upon further investigation, this was found to be due to one of the vibrating plates in the mechanism failing to activate. The correct output was being given by the PLC, but the signal was not always being received by the plate due to an electrical fault.

Station O (Accelerant Height Check)
Station O had the lowest mean time between failures (MTBF) (0.97 hours) and was therefore the most frequent cause of breakdowns. The operators pointed out that this station was consistently faulting out immediately after issues on station N. This was tested and found to be the case. When the PLC was interrogated, it was found that the ladder logic did not include a check to see if there was a ‘good part’ in position.
This means that whenever there was a fault on station N that led to an empty assembly reaching station O, the line would see a reject and result in a fault. Because station N processes two pallets simultaneously, the station was giving two consecutive errors whenever there was a fault on station N.
However, it has been noted that this does not perfectly add up when looking at the recorded failures – 162 and 310 for stations N and O respectively. As per section 3.4, this information was collected manually by operators, so this discrepancy has been assumed to be due to human error.
Station P (Component D Pressing Operation)
Station P had a relatively frequent MTBF of 4.95 hours and was the cause of over 5.5 hours of breakdowns in total, due to a high mean time to repair (MTTR) of 5.5 minutes. There were two main causes for this.
Like station E, this process also includes the use of a robotic arm to place the component into position – in this case onto a shelf. On occasion, the components were not being incorrectly placed. Again, this was tested similarly to section 4.5.1.1 and the robot was found to be consistent in its positioning. However, it was occasionally incorrectly gripping the components. This led to misplacements as the bottom of the component was clashing with the shelf instead of being placed on it, resulting in an error that required an engineer to enter the interlocked area to remove it.
During some testing, it was noticed that the robot was correctly gripping the components but was then clashing with the infeed tray. The tray was then examined, and it was found that diameter of the inlets that hold the components was very close to the diameter of the components themselves. This was limiting the room for error and causing an obstruction as the component was lifted out of the tray.
The other cause of failure was an intermittent error with the blast door not reaching its final position. At first, the sensor was assumed to be the issue, but it was later found to be due to wear in the rodless cylinder used to control the movement.


[bookmark: _Toc135423282]Identifying Causes of Slow Run Rate
Station P (Component D Pressing Operation)
Along with the frequent breakdowns, this station was also found to be one of the slowest stations with a run rate of 14.8 seconds. This process is made up of a lot of individual movements which presents an opportunity to speed each up slightly to bring the run rate down to the target of approximately 13.1 seconds.
Station R (Crimping Station)
This station was monitored to understand why it was significantly slower than other stations (15.2 seconds). While it would have been difficult to have any significant effect on the run time of the crimping process, it was noted that there was a large cylinder used to raise the assembly into the blast chamber where the crimping operation takes place.
This cylinder appeared to be moving quite slowly and did not speed up when adjusting the metering. It was then realised that there was a slight leak on the cylinder, which was influencing its performance.



[bookmark: _Toc135423283]Improve
0. [bookmark: _References_&_Related][bookmark: _Process_Map][bookmark: _Toc135423284]Financial Implications of Current Running Conditions
When discussing the financial implications of the poor running conditions, the actual cost of the product cannot be disclosed. In this document, it will therefore be given a sale value of £100, a cost to manufacture of £50 and a cost to scrap of £30.
From the OEE data in section 3.9, if the machine had run perfectly with no breakdowns or rejects and with 100% good parts, 88,688 good products would have been produced, giving a revenue of £8,868,800 and a profit of £4,434,400.
The actual number of good parts produced was 67,818. When compared with the ideal number of 88,688, this is a loss of revenue of £2,087,000 in just 43 days. When extrapolated over one year (using 260 working days), this equates to £12,619,069.80 in missed opportunities. Whilst 100% efficiency is unrealistic, this is still a surprising amount and captures the potential benefits of fixing the issues.
From the availability statistics in section 3.9.1, the time lost to breakdowns was 20.32 hours. At the ideal run rate, this is 5,588 parts that could have been produced: £558,800 in lost revenue.
With respect to the performance statistics in section 3.9.2, a total of 15,281 fewer parts were produced than expected. This is over £1.5 million in lost revenue due to small stoppages and poor run rate alone (approximately 75% of the lost opportunities).
Lastly, the quality statistics in section 3.9.3 show that, of the 67,818 parts produced, only 63,125 were good parts. This means 4,693 rejects were assembled. Table 12 shows the breakdown of these rejects. Only the paint rejects can be reworked so 4,407 parts would need to be scrapped. This all equates to £469,300 in lost revenue, but it also includes the loss of the cost of manufacture and the cost to scrap for the 4,407 parts that could not be reworked. This leads to an additional loss of £352,560. There would also be a cost associated with the rework of the paint rejects, but this has not been included in the calculation due to the minimal time required to complete the operation. Therefore, the cost of quality during this production run was £821,860.



0. [bookmark: _Toc135423285]Proposals for Short Term Pilot Project
[bookmark: _Toc135423286]Addressing Quality Issues
· Purchase, install and calibrate a new LVDT on station S to address the full form issues.
· Unfortunately, the overall weight problem was not addressed in the pilot project. This was due to batching supply dates and the need to work with an external supplier. Long term plans are discussed in section 8.2.
[bookmark: _Toc135423287]Addressing Availability and Performance Issues
· Realign all pallets so that they are central when positioned at station E.
· Adjust metering of cylinders and sensor position on station L to remove the startup faults.
· Troubleshoot the fault with the electrical connection on station N to try to eliminate the issue with the vibration plates.
· Modify the PLC so that station O does not perform its action if there is not a good part present. This route was taken because, for process safety reasons, the height check must display a fault and stop the machine if an assembly is found to be empty as this would indicate a spillage.
· Replace the rodless cylinder on station P and realign the blast door so that it correctly meets the sensor. No major modifications could be made due to the danger of invalidating the blast modelling.
· Trial new trays for the component D infeed conveyor with a 5% larger inlet diameter.
· Modify the metering on station P cylinders to cut down processing time as much as possible whilst maintaining a safe process. The fast feed set point for the press was also adjusted to be marginally closer to component D before it changes to a slower speed as it grips it.
· Replace the cylinder on station R (discussed in section 4.5.2.2) and adjust the metering so that it moves at a more acceptable speed whilst maintaining safety.
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0. [bookmark: _Toc135423288]Cost/Benefit Analysis
To assess the feasibility of the implementation of the improvements, they have been entered into a cost/benefit matrix to ensure that the potential benefits are worthy of the initial cost. The potential benefits were calculated using the theoretical annual gain if the modification was 80% effective. In the case of station N, an estimate was used as improving the station by 80% was unrealistic (40% for each of the station P improvements). The benefits calculated for the run rate improvements assumed they could be made faster than the next slowest station (T). The costs were estimated by the maintenance manager.
	Improvement
	Potential Benefit
	Cost

	Realign all pallets so that they are central when positioned at station E
	£148,744
	Estimated Maintenance Time Cost: £2180

	Adjust metering of cylinders and sensor position on station L to remove the startup faults
	£37,005
	Estimated Maintenance Time Cost: £180

	Troubleshoot the fault with the electrical connection on station N to try to eliminate the issue with the vibration plates.
	£19,591
	Estimated Maintenance Time Cost: £3200

	Modify the PLC so that station O does not perform its action if there is not a good part present. This route was taken because, for process safety reasons, the height check must display a fault and stop the machine if an assembly is found to be empty as this would indicate a spillage
	£149,953
	Estimated PLC Engineer Cost: £2600

	Replace the rodless cylinder on station P and realign the blast door so that it correctly meets the sensor. No major modifications could be made due to the danger of invalidating the blast modelling
	£81,144
	Estimated Maintenance Time Cost: £2600

Rodless Cylinder Cost: £302.83 (RS UK, 2023b)



[bookmark: _Toc135423370]Table 27) Cost/Benefit Matrix 1

	Improvement
	Benefit
	Cost

	Trial new trays for the component D infeed conveyor with a 5% larger inlet diameter
	£81,144
	Estimated Carpenter Time Cost: £1250

	Modify the metering on station P cylinders to cut down processing time as much as possible whilst maintaining a safe process. The fast feed set point for the press was also adjusted to be marginally closer to component D before it changes to a slower speed as it grips it
	£4,319,250
	Estimated Maintenance Time Cost: £820

	Replace the cylinder on station R (discussed in section 4.5.2.2) and adjust the metering so that it moves at a more acceptable speed whilst maintaining safety
	
	Estimated Maintenance Time Cost: £1640

Cylinder Cost: £310.46 (RS UK, 2023a)

	Purchase, install and calibrate a new LVDT on station S to address the full form issues
	£2,859,371.16
	Estimated Maintenance Time Cost: £820

LVDT Cost: £96.00 (RS UK, 2023c)



[bookmark: _Toc135423371]Table 28) Cost/Benefit Matrix 2

Using the data from tables 27 and 28, it was decided that the potential benefit far outweighed the cost for each of the modifications, so they were all applied to the machine to the best ability of the persons responsible. The actual total cost to implement the improvements was £16,969.64.


[bookmark: _Toc135423289]Measure (Second Phase)
[bookmark: _Toc135423290]Data Collection Plan
The data will be collected in the same way as described in section 3.4 to maintain consistency in reporting before and after the improvements.
As discussed in section 2.5.6, the second phase of measurement was slightly shorter than expected due to production scheduling issues. As a result, this took place over 20 production shifts.
It is also worth noting that the individual component weight measurements were not repeated due to the need for additional manual measurement. If, as expected, the overall weights were still causing sporadic defects, it was deemed that the tolerance stacking issue described in section 4.4.2 was overwhelming likely to remain as the cause.
[bookmark: _Toc135423291]Data Collection – Variable Quality Data
[bookmark: _Toc135423292]Component C Depth Measurement Data
Table 29 shows the component C depth data recorded by station J. The tolerance for the depth is flush (0mm) to -0.30mm.
	Component C Depth (mm)
	Frequency

	-0.35 < D ≤ -0.30
	0

	-0.30 < D ≤ -0.25
	7

	-0.25 < D ≤ -0.20
	315

	-0.20 < D ≤ -0.15
	6112

	-0.15 < D ≤ -0.10
	21639

	-0.10 < D ≤ -0.05
	6834

	-0.05 < D ≤ 0.00
	271

	0.00 < D ≤ 0.05
	45

	0.05 < D ≤ 0.10
	5

	0.10 < D ≤ 0.15
	1



[bookmark: _Toc135423372]Table 29) Component C Depth Data (Phase 2)



[bookmark: _Toc135423293]Overall Height Measurement Data
Table 30 shows the overall height data recorded by station S. The tolerance for the height is 280mm ± 2mm.
	Overall Height (mm)
	Frequency

	278.0 ≤ H < 278.5
	21

	278.5 ≤ H < 279.0
	1108

	279.0 ≤ H < 279.5
	2502

	279.5 ≤ H < 280.0
	9224

	280.0 ≤ H < 280.5
	13840

	280.5 ≤ H < 281.0
	6888

	281.0 ≤ H < 281.5
	1304

	281.5 ≤ H < 282.0
	139

	282.0 ≤ H < 282.5
	4



[bookmark: _Toc135423373]Table 30) Overall Height Data (Phase 2)


[bookmark: _Toc135423294]Full Form Measurement Data
Table 31 shows the full form data recorded by station S. The tolerance for the full form measurement is flush (0mm) to -2mm.
	Full Form (mm)
	Frequency

	-2.00 ≤ F < -1.75
	73

	-1.75 ≤ F < -1.50
	1840

	-1.50 ≤ F < -1.25
	7326

	-1.25 ≤ F < -1.00
	12059

	-1.00 ≤ F < -0.75
	8149

	-0.75 ≤ F < -0.50
	3968

	-0.50 ≤ F < -0.25
	1293

	-0.25 ≤ F < 0.00
	322

	0.00 ≤ F < 0.25
	79

	0.25 ≤ F < 0.50
	2



[bookmark: _Toc135423374]Table 31) Full Form Data (Phase 2)


[bookmark: _Toc135423295]Overall Weight Measurement Data
Table 32 shows the overall weight data recorded by station T. The tolerance for the overall weight is 900g ± 3g.
	Overall Weight (g)
	Frequency

	895 ≤ W < 896
	10

	896 ≤ W < 897
	195

	897 ≤ W < 898
	2612

	898 ≤ W < 899
	5120

	899 ≤ W < 900
	10633

	900 ≤ W < 901
	10017

	901 ≤ W < 902
	4241

	902 ≤ W < 903
	1944

	903 ≤ W < 904
	236

	904 ≤ W < 905
	18



[bookmark: _Toc135423375]Table 32) Overall Weight Data (Phase 2)
[bookmark: _Toc135423296]Crimp Width Measurement Data
Table 33 shows the crimp width data recorded by station T. The tolerance for the crimp width is 31.20mm to 31.60mm.
	Crimp Width (mm)
	Frequency

	31.20 ≤ W < 31.25
	0

	31.25 ≤ W < 31.30
	89

	31.30 ≤ W < 31.35
	1688

	31.35 ≤ W < 31.40
	10151

	31.40 ≤ W < 31.45
	8641

	31.45 ≤ W < 31.50
	8064

	31.50 ≤ W < 31.55
	5107

	31.55 ≤ W < 31.60
	1371

	31.60 ≤ W < 31.65
	59

	31.65 ≤ W < 31.70
	8



[bookmark: _Toc135423376]Table 33) Crimp Width Data (Phase 2)


[bookmark: _Toc135423297]Data Collection – Attribute Quality Data
[bookmark: _Toc135423298]Defect Frequency Table
	Defect
	Morning
	Afternoon
	Total

	Paint Condition
	39
	84
	123

	Component C Depth
	22
	29
	51

	Crimp Width
	11
	56
	67

	Full Form
	48
	33
	81

	Overall Height
	1
	3
	4

	Overall Weight
	222
	237
	459

	
	343
	442
	785



[bookmark: _Toc135423377]Table 34) Defect Frequency Table (Phase 2)

[bookmark: _Toc135423299]Data Collection – Availability and Performance Data
[bookmark: _Toc135423300]Failure Frequency Table
	Station
	Morning
	Afternoon
	Total

	A
	0
	0
	0

	E
	12
	26
	38

	F
	2
	3
	7

	H
	0
	5
	6

	I
	0
	0
	0

	J
	0
	0
	0

	K
	0
	0
	0

	L
	7
	0
	7

	M
	0
	1
	1

	N
	39
	59
	98

	O
	0
	3
	3

	P
	2
	6
	8

	R
	0
	0
	1

	S
	0
	0
	1

	T
	0
	0
	0

	U
	0
	0
	0



[bookmark: _Toc135423378]Table 35) Failure Frequency Table (Phase 2)



[bookmark: _Toc135423301]Mean Time Between Failures
	Station
	Time (Hours)
	Time (Minutes)

	E
	3.70
	221.97

	F
	20.08
	1204.96

	H
	23.43
	1405.79

	L
	20.08
	1204.96

	N
	1.43
	86.07

	P
	46.86
	2811.58

	R
	17.57
	1054.34

	S
	N/A
	N/A



[bookmark: _Toc135423379]Table 36) Mean Time Between Failures (Phase 2)

[bookmark: _Toc135423302]Mean Time to Repair
	Station
	Mean Time (Minutes)
	Total Time on Repair (Minutes)

	E
	1.5
	57

	F
	10.75
	75.25

	H
	6
	36

	L
	1.5
	10.5

	N
	1
	98

	O
	1
	3

	P
	5.5
	44

	R
	10
	10

	U
	400
	400

	
	
	12.23 hours



[bookmark: _Toc135423380]Table 37) Mean Time to Repair (Phase 2)



[bookmark: _Toc135423303]Mean Run Rate by Station
	Station
	Time (Seconds)

	A
	11.7

	E
	12.4

	F
	13.6

	H
	9.7

	I
	8.7

	J
	8.9

	K
	13.3

	L
	12.8

	M
	19.9

	N
	24.8

	O
	11.7

	P
	13.8

	R
	13.6

	S
	13.8

	T
	13.9

	U
	12.8



[bookmark: _Toc135423381]Table 38) Mean Run Rate Table (Phase 2)


[bookmark: _Toc135423304]Data Collection – Overall Equipment Effectiveness
[bookmark: _Toc135423305]Availability
	
		



[bookmark: _Toc135423306]Performance
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[bookmark: _Toc135423309]Analyse (Second Phase)
[bookmark: _Toc135423310]Mathematical Analysis
This process was carried out in the same way as section 4. However, it was clear from looking at the data that very little changes had been observed on the stations that did not have adjustments made to them. The attempt to improve quality was focussed into the full form station. As a result, the process capability has only been recalculated for this feature.
[bookmark: _Toc135423311]Process Capability of Full Form
	Class Interval (mm)
	Class Mark (x)
	Class Frequency (f)
	f x
	f x2

	-2.00 ≤ F < -1.75
	-1.875
	73
	-136.875
	256.640625

	-1.75 ≤ F < -1.50
	-1.625
	1840
	-2990
	4858.75

	-1.50 ≤ F < -1.25
	-1.375
	7326
	-10073.25
	13850.71875

	-1.25 ≤ F < -1.00
	-1.125
	12059
	-13566.375
	15262.17188

	-1.00 ≤ F < -0.75
	-0.875
	8149
	-7130.375
	6239.078125

	-0.75 ≤ F < -0.50
	-0.625
	3968
	-2480
	1550

	-0.50 ≤ F < -0.25
	-0.375
	1293
	-484.875
	181.828125

	-0.25 ≤ F < 0.00
	-0.125
	322
	-40.25
	5.03125

	0.00 ≤ F < 0.25
	0.125
	79
	9.875
	1.234375

	0.25 ≤ F < 0.50
	0.375
	2
	0.75
	0.28125

	
	
	
	
	35111
	-36891.375
	42205.73438



[bookmark: _Toc135423382]Table 39) Full Form Cpk Table (Phase 2)










[bookmark: _Toc135423312]Graphical Analysis
[bookmark: _Toc135423313]Defect Pareto Chart


[bookmark: _Toc135423340]Figure 14) Defect Pareto Chart (Phase 2)
[bookmark: _Toc135423314]Number of Failures per Station Pareto Chart
[bookmark: _Toc135423341]Figure 15) Number of Failures per Station Pareto Chart (Phase 2)





[bookmark: _Toc135423315]Mean Time Between Failures


[bookmark: _Toc135423342]Figure 16) Mean Time Between Failures Bar Chart (Phase 2)

[bookmark: _Toc135423316]Mean Run Rate by Station


[bookmark: _Toc135423343]Figure 17) Mean Run Rate Bar Chart (Phase 2)




[bookmark: _Toc135423317]Discussion of Collected Data
It is clear from section 6.5 that there has been a huge increase in overall equipment effectiveness following the changes made in the pilot project. The overall value rose from 71.18% to 83.50% - an increase of 12.32%.
The performance value saw the largest increase from 81.61% to 91.13%. This was predominantly due to increased run rate. The maintenance team were able to increase the run rates of stations P and R by 1.0 and 1.6 seconds respectively. That meant that the slowest station was now 13.9 seconds and was the major factor in the large change. Figure 17 shows that the slowest stations are now all much closer to the target line on 13.1 seconds.
Along with this, the small stoppages decreased from 14.27 to 2.81 hours. It must be taken into consideration that the pilot project took place on a shorter production run, but, when calculated as a percentage using the planned operating time, there was a 57.7% decrease in small stoppages.
The availability value was consistent with the original value – just a 0.02% difference. Both runs saw one lengthy breakdown, along with some additional smaller stoppages. This was not a primary target for improvement, as outlined in section 4.3, so this result was as expected, but some work could be completed to improve the line’s reliability in the future.
The value for quality also saw a significant rise from 93.08% to 97.77%. Figure 12 illustrates the change. When compared with Figure 9, it is clear that the predominant cause of defects has been greatly reduced. This highlights the fact that the machine was not producing as many rejects as was once thought. A new, calibrated LVDT was all that was required to correctly sentence the completed products. The process capability of the line to produce parts conforming to full form, shown in section 7.1.1, has also greatly increased to reflect this, rising from 0.58 to 1.01. However, this raises a concern that, previously, products have been rejected and scrapped incorrectly, and reinforces the need to check gauge calibration more stringently in future.
Figure 16 shows the new statistics for mean time between failures. Station N has remained as a significant issue and station E is still causing issues around twice a shift. There were also more frequent issues seen on stations F and H. However, stations P and R saw significant increases and there were no issues on station O which was previously the most common failure on the line.
Overall, the changes have made a significant positive impact.


[bookmark: _Toc135423318]Control
[bookmark: _Toc135423319]Recommended Control Measures
To maintain the improvement seen in the pilot project, control measures should be put in place. The first of these would be to continue recording the downtime caused by small stoppages. This information was vital in identifying stations that broke frequently but had a low MTTR. Moving forward, it would be beneficial to the production operatives if this information could be stored in the SCADA system to ease their workload.
A second control measure would be to introduce a planned preventative maintenance (PPM) task to check the calibration of each gauging station. This could be done using known dummy components or with specifically designed gauges. This will reduce the risk of a repeat of the issues seen on station S as per section 4.4.
Although the realignment of the pallets with respect to station E (described in section 4.5.1.1) did not remove the failures, it did result in a small improvement in MTTF. This process could therefore be added to the PPM schedule. A reliability centred maintenance (RCM) exercise would highlight how often this would need to be done, along with highlighting other areas that could be prone to a breakdown.
It is also recommended that the SCADA system should be programmed to automatically calculate the OEE values in future. This will give production and the maintenance team a good resource to continually assess the machine and adjust as necessary.
[bookmark: _Toc135423320]Long-Term Improvements
One of the biggest improvements made to the OEE of the line during the project was through the simple speed increases made to increase the run rates of stations P and R. In the long term, the speed of the slowest stations could be individually analysed and increased where possible. A monitoring system could also be incorporated into the SCADA system to ensure that these times are visible and make any issues easily identifiable.
As discussed in section 8.1, an RCM exercise would benefit the availability of the machine by identifying each component of the machine and assessing the likelihood of failure. It would also highlight what spares should be stocked. The longest breakdowns seen during this project were both due to the need to wait for a spare part, so this would greatly improve availability.
Due to the timescale of this project, some issues were recognised that could not be addressed. The first of these is station N. The attempts made to improve this station were unsuccessful due to the variety of faults that occurred. In future, the system could be improved, possibly through consulting the original supplier, or through replacement. A cost/benefit analysis task should be performed to determine the best course of action.
Station E also did not see as big of an improvement as hoped after the realignment exercise. Further investigation will need to be completed to fully understand the cause of the issues. The supplier of the robotic arm could also be contacted to seek advice.
Along with this, several minor problems still exist that should be addressed once the more prominent issues have been reduced or eliminated.

[bookmark: _Toc135423321]Conclusion
[bookmark: _Toc135423322]Evaluation of the Project
To assess the successes and failures of the project, it is important to refer to the aims and objectives stated in section 2.5:
[bookmark: _Toc135423323]Evaluating the Aims
The aims of this project were to:
· Identify the main causes of the poor output from the medium calibre assembly line.
Most of the causes of the poor output have been identified in section 4. However, there is still more work to be done in this area to further improve the performance of the machine. Stations E and O are still prominent issues and have not had their problems fully identified. Stations F and H also caused several failures during the process but were not investigated due to their relevant insignificance to the larger problem.

· Improve the overall equipment effectiveness of the line.
With regards to improving the overall equipment effectiveness, the result of the project has been an increase in OEE of 12.32%. This aim has therefore been met, however there is still room for further improvements. The OEE value for the pilot project reached 83.50%. The world class value of 85% (OEE Systems International, 2023) has still not been achieved but is now a much more realistic target for the future.

Therefore, when referring to the aims, the project has been successful as the line’s output has greatly increased and the OEE has massively improved. But it did fail to find all the main causes of the poor output. This was due to timescales and the need to consult third party suppliers. Plans to address these failures are discussed in section 8.2.

[bookmark: _Toc135423324]Evaluating the Objectives
The objectives of this project were to:
· Identify key performance indicators (KPIs) and potential sources of variation.
KPIs and sources of variation were highlighted in sections 3.1, 3.2 and 4.4.

· Measure the identified KPIs to understand current OEE statistics.
KPIs were initially measured throughout the measure phase (sections 3) with the OEE being calculated in section 3.9.

· Analyse the data collected to assess the machine and highlight the areas causing the most issues.
Data analysis was carried out section 4 and successfully identified the areas causing the most problems. These areas were then individually scrutinised to understand how the issues were occurring. 

· Recommend and implement improvements.
Recommendations were made in section 5 and, where possible, these improvements were implemented throughout the pilot project.

· Review the effect of the improvements through a second measurement and analysis phase.
The pilot project was undertaken with the results recorded in section 6 and analysis taking place in section 7. This was conducted in the same way as the first phase of measurement and analysis to maintain consistency.

· Suggest and introduce control measures to maintain any positive outcomes.
The control phase (section 8) included the exploration of control measures which have been selected to attempt to maintain all improvements made throughout the project. Future long-term improvements have also been suggested to further improve the effectiveness of the line.

The objectives have been clearly followed as intended and resulted in a successful project. Following and achieving these milestones kept the task on track with the proposed timescale (section 2.5.6), although it was limited by scheduling issues. It also gave the report a clear structure. 


[bookmark: _Toc135423325]Final Thoughts and Financial Benefits
The primary reason for undertaking this project was to improve output and reduce costs on the medium calibre assembly line. Section 5.1 showed that the line had the potential to recover over £12.5 million each year in missed opportunities from poor output alone. The cost of quality was also over £800,000 in a 43-day period.
Over the course of the pilot project, the theoretical number of products that could have been produced was 41,250. The total number of parts produced was 35,229 with 34,444 of these being good products.
123 bad parts failed due to paint defects. Therefore, the number of scrap parts was 662. Using the pricing from section 5.1, the cost of quality in this period can be calculated as £131,460. Whilst this is still a high value, if this continued over a 43-day period, it would equate to £282,639. This is a saving of £539,221 from the initial conditions which extrapolates to £3,260,406.05 each year!
The improved output resulted in a similar saving. The total number of good parts produced fell short of the theoretical maximum by 6,806. This was a missed opportunity loss of £680,600. When extrapolated over the course of a year, this comes to £8,847,800. While this still leaves a large scope for improvement (although 100% is impossible), this is almost a £4 million saving when compared to the original conditions.
If the improvements made during this project prove to be representative of the line throughout the year and continue, it will save the company over £7 million per annum, and it has also highlighted opportunities for further improvements.
When compared to the incomparably low cost of implementing the changes, discussed in section 5.3, the project can only be described as massively successful and will greatly increase the profit made from the medium calibre portfolio for years to come.
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