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This report details a Six Sigma DMAIC project studying the performance of specific machinery on a camshaft production line at Ford Motor Companies Bridgend Engine Plant.
During the authors time working on this line the machinery has been known to underperform. 
In the define section the process is considered in detail, as are the customers to the line and what their needs and expectations are. This section concludes that not all needs are being met, as orders for camshafts have at times been missed.
The problem is confirmed during the measure and analyse sections by collecting data about machine performance on the line and analysing it through the use of Six Sigma tools. 
The problems are identified to be the result of a lack of preventive maintenance of the machines and poor working and training practices within the plant.
The extent of the problem is considered through a detailed analysis and from this, suggested solutions are put forward in the Improve section and methods to sustain this improvement are put forward in Control. 
These solutions include; a detailed plan for overhauling the machines to return them to a good state of repair; improved training practices; operator aids to improve working practices and a closed loop feedback system for reducing scrap.
The challenges to and cost of implementation are also considered.  
None of the measures put forward are implemented due to the line in question finishing production during the writing of this report - all measures are purely suggestive.
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QMS – Quality management system
TQM – Total quality management 
DPMO – Defects per million opportunities
C&E – Cause & effect diagram
FMEA – Failure mode effect analysis
DMAIC – Define, Measure, Analyse, Improve, Control
FMC – Ford Motor Company
BEP – Bridgend Engine Plant
B2YY – Base variant of camshaft (no longer produced)
VCT – Variable Camshaft Timing 
Ti-VCT – Turbocharged injection Variable Camshaft Timing
IMT – Integrated manufacturing team
IMS – Integrated manufacturing specialist
ECS – Electrical control specialist
MMC – Mechanical maintenance craftsmen
RTO – required to operate
VOC – Voice of the customer
CTQ – Critical to quality
JPH – Jobs per hour
SIPOC – Supplier, Input, Process, Output, Customer
I/O – Input/output
HMI – Human-Machine Interface
POSMON – Fords global performance monitoring software
DSGN CYC T – Design cycle time
AVG PARTS/HR – Average parts per hour (JPH)
STD PARTS/HR – Standard parts per hour
OEE – Overall equipment effectiveness 
DPH – Defects per hour
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Invented by Motorola in 1986, Six Sigma is a quality management system (QMS) aimed at improving key processes and transactions within businesses. It is a ‘project-oriented methodology’ or set of tools, that sets out to ‘decrease process variation’ in order to reduce defects to near zero and to increase product and service quality. In practice “it is a measure of how much a given product or process deviates from perfection, or zero defects”. 

The philosophy of the Six Sigma vision is that by measuring the number of defects, “it can be systematically determined how to eliminate them”. 
Six Sigma defines a target number of defects that is considered to be “as close to zero defects as possible”, that is 3.4 defects per million opportunities (DPMO). Through striving to achieve this, vast improvements in processes can be achieved, as well as significant increases in profits. 

Some of the worlds largest companies (GE, Ford, Boeing, Bank of America, Intel, Microsoft, NASA, UPS, Sony etc.) have adopted the Six Sigma methodology and credit it for huge cost savings (Motorola has reported over $17 billion in savings with Six Sigma), (Russell & Taylor, 2010).

Six Sigma makes use of project based tools such as Process Maps, Cause and Effect (C&E) diagrams, Failure Mode and Effects Analysis (FMEA), Value stream flowcharts among others, to highlight or expose the issues in a process and to implement improvement strategies.

The Six Sigma philosophy also puts huge focus on improving customer satisfaction by meeting their wants and needs. W. Edwards Deming, consultant and often considered ‘Father of quality’ stated, “The consumer is the most important point on the production-line”. (Deming et al., 2012)
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“At the heart of Six Sigma is the breakthrough strategy, a five step process applied to improvement projects” (Russell & Taylor, 2010)

These 5 steps form the anagram DMAIC, the steps of which are:

· Define – define the problem at the highest level possible, define who the customers are and what the customer wants, what is important to the customer 
· Measure – collect data on measurable metrics within the process and compare data to the desired levels
· Analyse – determine causes of the problem and sources of defects or waste 
· Improve – develop solutions to the problem, make changes to the process, remeasure to assess whether the changes brought about improvement, if not repeat this stage
· Control – once the desired improvement is achieved the process should be monitored to ensure the improvement is sustained 

This is the process improvement strategy chosen by the author for this project, as it has been a part of their studies and as they are currently working for Ford Motor Company, a notable company that have adopted the Six Sigma methodology. 
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The project detailed in this report takes place in Ford Motor Company’s (FMC) Bridgend Engine Plant (BEP), which as mentioned is a notable company that has adopted the Six Sigma quality management system.
 
The purpose of this report is to present a DMAIC project focused on an underperforming operation on a production line at Ford Motor Company’s Bridgend Engine Plant. 

Although this line suffers many problems due to its age and current practices, the author has chosen this problem after spending extended periods maintaining and operating the machine in question over his 18 months working on the line. 

The aim is to expose it with data, analyse its effects on the process and determine the causes, and to investigate and decide upon suitable solutions and control methods. 

Due to reasons that will be explained in following sections any solutions will not be implemented, therefore any results are speculative.
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Ford Motor Company was founded by Henry Ford in Dearborn, Michigan in June 1903. Today it is a multinational automotive manufacturer with subsidiaries all over the world. Included in these are Ford of Europe and Ford of Britain. 

Ford of Europe consists of a number of facilities, listed below:

· St. Petersburg Assembly Plant, Russia
· Craiova Assembly Plant, Romania
· Valencia Body and Assembly, Spain
· Cologne Body and Assembly, Germany
· Bordeaux Transmission Plant, France
· Saarlouis Body and Assembly Plant, France

Within Ford of Europe (but as a separate subsidiary of FMC) is Ford of Britain, currently consisting of:

· Halewood Transmission Plant
· Dagenham Engine Plant
· Bridgend Engine Plant 
Figure 1-1 – Map of Ford Motor Company operations in Europe (FMC, 2017)
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This report concerns a project at Bridgend Engine Plant, henceforth referred to as BEP. 

BEP (Figure 1-2) opened in 1980 producing the CVH engine, then used in the 3rd generation Escort. Other former products produced at BEP are the Zeta engine, used in a number of models (Mondeo, Fiesta, Escort, Cougar, Focus) and an SI6 Volvo engine used in a number of Volvo models and the Ford Focus ST.

[image: Macintosh HD:Users:gregphillips:Desktop:1152068_8e2a7637.jpg]
Figure 1-2 – Entrance to BEP (Lobb, 2009)
At present BEP produces AJ133 V6 and V8 engines for Jaguar Land Rover and Sigma engines for a number of models seen in Figure 1-3:Figure 1-3 – Sigma engines & models they are used in (FMC, 2017)

[image: Macintosh HD:Users:gregphillips:Desktop:Screen Shot 2017-12-04 at 18.47.20.png]
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Producing these engines are 7 machining lines feeding 2 assembly lines, as displayed in the drilldown Table 1-1:

Table 1-1 – Drilldown table of machining & assembly operations at BEP
	[bookmark: OLE_LINK1]AJ133
	Sigma

	AJ133 Machining
	
	Sigma Machining

	
	Head & Block Machining
	
	Head Machining

	
	PAG Crankshaft machining
	
	Block Machining

	AJ133 Assembly
	
	Crankshaft machining

	
	Conrod machning

	
	Camshaft machining

	Sigma Assembly
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This report concerns a study that took place on Sigma Camshaft Machining line. 
Sigma Camshaft Machining was installed 1997-1998 first producing the B2YY variant of camshaft, used in the PFI engine. Production of this camshaft and engine ended in early 2017.
Today the Camshaft line produces 8 lobe intake and exhaust camshafts for 4 cylinder 16v Ti-VCT engines. It consists of 16 operations to produce a fully finished camshaft from rough stock. A line layout map for Camshaft Machining can be seen ahead in Figure 1-8 and Table 1-2 shows each operation in order. 
At the time of writing this report, Sigma Camshaft machining is scheduled to complete its ‘all time requirement’, meaning it will have fulfilled its desired build number of Camshafts, by March 31st 2018. 
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Figure 1-4 – Finished VCT camshaft


There are 4 journals that sit in the cam seats of the head, 8 lobes that actuate the valves, a slot end (which is used solely for driving rotation during machining operations – see Figure 1-5) and the oil seal end. Figure 1-5 – Slot end w/counterbore

The oil seal end can be seen in Figure 1-6. It is used for the VCT function of the engine. VCT stands for Variable Camshaft Timing and is used to increase power and efficiency on the intake side of the engine, and to reduce emissions on the exhaust side. Using the holes seen in the picture, high-pressure oil is injected into a ‘Cam Phaser’ that is attached to the oil seal end. This oil flow is controlled by solenoids depending on engine load and RPM. This flow into the cam phaser then advances or retards the Camshaft timing to best suit the engines current conditions. The Camshaft also has a 2D matrix laser etched onto it specifically for shipping to Russia.
Figure 1-6 – Oil seal end w/counterbore for clamping & thread for cam phaser

2D matrix explained 

OP135 is the final gauge (see Table 1-2) and 2D matrix etching station which it marks using a laser.
This 2D matrix, shown in Figure 1-7, stores 3 main pieces of information about the camshafts:
· Time and date of manufacture 
· All dimensions measured by 135 
· Journal sizes
· Oil seal sizes
· Base circle of lobes 
· Intake/exhaust. 
[image: Macintosh HD:Users:gregphillips:Downloads:IMG_0672.JPG]
After the 2D matrix is etched, a camera checks its readability ready for St. Petersburg Assembly plant where the matrix is used for quality control, traceability and part re-direction on their part transport conveyor/track.


Figure 1-7 – 2D matrix
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Figure 1-8 – Line layout map for Sigma Camshaft MachiningKey

· Conveyor

· Part flow

· Operation

· Automated gauge

· Manual gauge station

· Gantry

· Obsolete/ unused machine



As seen in Figure 1-8, many of the machines on the Camshaft line are now decommissioned. The reasons for this may be:
· Machine was used for B2YY variant and has never been converted for VCT production
· Machine has had improper maintenance in its life time and is now beyond a reasonable repairable state
· A decision has been made to use parts as spares to keep other operations going
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Table 1-2 – List of operations at BEP’s Sigma Camshaft Machining

	Operation
	Manufacturer
	Type
	Description

	Manual load on
	N/A
	N/A
	Operator manually loads rough stock Camshafts onto line

	OP10
	Fenn
	Cast qualify gauge
	Pre-gauge to determine rough stock is correct size

	OP20
	Guistina 
	Centreless grinder 
	Makes first cut to slot end, journals and oil seal

	OP30 
	Etxe-tar
	Transfer – drilling, tapping & slot cutter
	Centres of the camshaft are drilled, tapped and counterbored 

	OP40
	BSA Tools Ltd.
	CNC lathe
	Cuts profile of oil seal end

	OP43
	Etxe-tar
	Transfer – drilling
	Drill holes for oil seal/cam phaser

	OP50
	Landis
	Multi wheel grinder
	Makes 2nd and final roughing cut to journals and oil seal

	OP60
	Fenn
	Gauge
	Measures size of journals after OP50 cut

	OP70
	Landis
	Cam lobe grinder
	Single wheel makes cut to all 8 lobes of cam and ID ring

	OP80
	Kadia
	Lobe de-burr
	Uses brushes to remove burrs left over from cam lobe grind

	OP90
	Thielenhaus
	Finishing stones
	Uses stones to achieve desired surface finish on cam lobes

	OP100
	Evans & Price
	Finishing tapes
	Uses microfilm finishing tape to achieve desired surface finish on journals and oil seal

	OP110
	Harry Major Machine
	Final wash
	High pressure water removes coolant and other contaminants from machining process, ensures no swarf in oil holes

	OP120
	Fenn
	Final gauge
	Makes final measurement to journals and oil seal to prevent out of tolerance Camshafts reaching buy-off

	OP135
	Marposs
	Final gauge and 2D matrix marking
	Used only for Camshafts intended for Russia. 
Makes final measurement to journals, lobes, oil seal. Prints & checks 2D matrix ready for shipping to Russia

	Manual buy-off
	N/A
	N/A
	Operator manually off loads finished Camshafts
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Sigma Camshaft Machining is run by an Integrated Manufacturing Team (IMT) meaning that tradespersons operate machinery and perform maintenance activities when there is a breakdown. The IMT is made up of:
· Integrated Manufacturing Specialists (IMS) – semi-skilled personnel who operate/run machines and carry out minor maintenance, tool changes, oil refills etc.
· Skilled tradespersons –personnel who operate/run machines and carry out maintenance tasks. These are:
· Electrical Control Specialists (ECS)
· Mechanical Maintenance Craftsmen (MMC)
The line has a Required To Operate (RTO) manning of 10 persons, structured:
· 3 ECS
· 2 MMC
· 5 IMS

The current maintenance strategy of the line is purely corrective/reactive, meaning no time is allocated to preventive maintenance tasks or checks. All maintenance is carried out at the point of breakdown. 





The problem that is the focus of this report lies with the OP50 Landis Multi wheel grinders. At times these machines have been noticed to suffer frequent breakdowns, stoppages, be a source of excessive defects and therefore a bottleneck to the process, reducing the flow and throughput of the Camshaft Machining Line. 
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The purpose of this literature review is to present findings from research carried out on the current literature published surrounding Six Sigma, with particular focus on up-to-date practice of DMAIC process improvements in order to confirm it as a suitable tool for this project. 
The many different applications of Six Sigma in modern businesses and other sectors, such as the public sector, hospitals, service industries etc. will be shown through research of books and journal articles. 
The considerations, barriers and obstacles that may be met when implementing Six Sigma DMAIC projects will be considered, as will analysis of it as a tool.
The DMAIC methodology has been chosen for this project as Ford Motor Company have adopted and adapted Six Sigma as their QMS. 

[bookmark: _Toc386307044]2.2 Research

The definition of Six Sigma has been interpreted differently in different publications. Mast & Lokkerbol (2012) state that ‘Six Sigma and its DMAIC method emerged and developed in practice (…) building on insights from the quality engineering field, incorporating ideas from statistical quality control and total quality management’. 
The idea that it is a statistical tool is consistent with publications by Goh & Xie (2004) and McAdam & Evans (2004). 
Another stream of thought is that Six Sigma has evolved from its invention by Motorola into an extension of Total Quality Management (TQM) (Green, 2006; Tjahjono et al., 2010) and a “comprehensive approach for improving business performance” (Cunha & Dominguez, 2015). 
Whichever way it is defined, there are common themes within publishing’s on Six Sigma, summarised as:
· Focus on the customers needs and wants
· Employee involvement at all levels
· Continuous improvement 
· Enlightened leadership
· Fact/data/evidence based decision making (Tjahjono et al., 2010)

Six Sigma use in business today is as widespread as it is varied. 

[bookmark: _Toc386307045]2.2.1 Analysis of the DMAIC method – considerations, barriers & obstacles

Below is a summary of the main barriers, obstacles and limitations of implementing Six Sigma and DMAIC that have been found in journals and books in which the methodology is analysed. The aim of researching the problems with the methodology is both to prove its worthiness as a tool and to avoid potential pitfalls in the course of the project. 
· Zimmerman & Weiss (2005) in their analysis ‘Six Sigma’s Seven Deadly Sins’ state that in a survey less than 50% of aerospace companies concluded that they were satisfied with their Six Sigma programs. The seven sins in this analysis are: 
· 1. Inadequate information; 
· 2. Selecting the wrong project for Six Sigma; 
· 3. Creating solution-caused problems; 
· 4. Serving the wrong customer; 
· 5. Leaping to the fix; 
· 6. Faulty implementation; 
· 7. Failing to consider the “human side” of change. 
· Sokovic, Pavletic & Kern Pipan (2010) state – 
“As a summary of the application of the DMAIC technique, if you cannot define your process you cannot measure it. That means if you cannot express the data you are not able to utilize DMAIC in your development actions. Therefore, you cannot improve and sustain the quality.” 
· Mast & Lokkerbol (2012) state in their analysis that “Six Sigma’s DMAIC method is a rather general method”. They also pertain to the issue of quantifying the problem as Zimmerman & Weiss. In their analysis they state that a problem can be defined as well-structured or ill-structured. They explain that a well-structured problem is one where the problem solver knows how to approach the task, although they do not yet know the solution. An ill-structured problem is one with a lack of clarity and therefore usually involves a search for the objectives.
· Also from Mast & Lokkerbols analysis – 
“Snee and Hoerl (2005) describe differences between the manufacturing task environment and non-manufacturing environments, such as a lack of tangible output and products… scarcer availability of useful measurements, and a greater human element. The last difference refers to the fact that in non-manufacturing processes such as services and healthcare, customers and patients are involved in the process itself, and one has to deal with employees rather than machines.”
· Youssouf, Rachid & Ion (2014) in their analysis of Six Sigma applied to maintenance strategies state that – 
“Thus, the application of the DMAIC approach to the maintenance process requires a good knowledge of the process with use of many tools based on statistical techniques and different methods of analysis of processes such as: the FMEA, design of experiments, Pareto, Hishikawa, 5S etc..” 
[bookmark: _Toc386307046]2.2.2 Modern application of Six Sigma DMAIC outside industry/manufacturing 

Contrary to many of the points made in the previous section, Six Sigma and DMAIC are being successfully applied to many problems that may be considered ‘hard to define’ or ‘ill-structured’, as well as many problems with great amounts of human element. Below are examples of DMAIC use in such scenarios:
· Six Sigma was conceived, developed and initially primarily used in private industry, specifically electronics manufacturing. However it is now being used in sectors far removed from industry such as in local governments. Furterer & Elshennawy, (2005) site the use of Six Sigma for “improving the quality and timeliness of providing local governmental services”. 
· The use of Six Sigma in the healthcare field has ‘grown exponentially’ (Black and Revere, 2006), it has been used to improve the operational and financial performance of hospitals. Through the combination of the Six Sigma methodology and event simulation, the problem of overcrowding, overly long stays and patient satisfaction in emergency departments has been addressed (Hussein et al., 2017; Roberts et al., 2005). 
· Case Study 1: A recent DMAIC project applied to an emergency department (ED) in Cairo, Egypt by Hussein et al. was successful in identifying the ED’s X-ray machine as the main bottleneck in the process of admitting and treating patients. As a result a suggestion was made in the improve phase of the project - to replace an analogue X-ray machine with a new digital one. Simulations were run with these new criteria in place and it was proven this was the best solution to improve the process.  
· Case Study2: Leaphart et al. (2012) site the use of a DMAIC project to improve the process of renal transplants carried out by physicians in training. The results of this particular project were that postoperative hyponatremia (low sodium levels in the blood) was reversed from 92.6% of patients suffering from the condition post-op, to 92.2% having normal sodium levels post-op. Using the DMAIC approach, Leaphart et al. were able to identify the problem, set a goal for the project, and use the measure and analyse phases of the method to discover the cause. Using the improve and control phases, they were able to almost fully eliminate the problem, showing the effectiveness of the DMAIC method, as well as its versatility and ability to be applied to any problem.
· Cunha & Dominguez (2015) provide an example of successfully using Six Sigma and DMAIC in the service sector in their case study concerning a car dealership. The process in this case concerned a warranty process for car servicing. The dealerships aim was to streamline their vehicle servicing process by reducing time taken to receive and service a vehicle. Through proper application of the DMAIC improvement model the dealership were able to improve customer satisfaction by both speeding up the servicing process and improving their complaints system, in turn increasing profitability.
[bookmark: _Toc386307047]2.2.3 DMAIC application in industry/manufacturing

The use of Six Sigma and DMAIC in industry is prevalent. 
· Barbosa et al. (2017) applied DMAIC to improve a process and increase product quality at a Continental tyre factory in Portugal. The projects aim was to reduce defects from an APEX tyre machine. By systematically analysing the type, source and cause of defects and the performance of the machine (feeds, temperatures etc.) the team were able to find the optimum performance characteristics of the machine and as such reduced the number of quality failures.
· Srinivasan et al. (2014) site DMAIC for ‘improving the effectiveness and quality of shell and tube heat exchangers in a small sized furnace manufacturing company’. The case study defines the problem as energy loss in the furnace. Through use of the Pareto chart and cause and effect diagram tools they were able to identify sources of defects and improve the efficiency in the fuel consumption of the furnaces.
· Pugna, Negrea & Miclea (2016) provide a useful example in that it is centred in automotive manufacture. Here DMAIC was successfully used to improve a car horn assembly process.
· Erbiyik & Saru (2015) provide a more generalised, yet highly useful overview and example of DMAIC implementation in automotive manufacture, with reference to the tools of DMAIC and the metrics that may be recorded to monitor performance.


Common factors were noted within each of the cases described, they are:
· Each has a high level problem statement, most often (but not always) in the form of a Voice Of the Customer (VOC), Critical To Quality (CTQ) or Critical To Satisfaction (CTS) statement. This comes in the Define section of the DMAIC method. 
· Makes use of collecting data on performance metrics in the Measure phase. Examples of metrics recorded:	
· Jobs per hour (JPH); Defects per hour (DPH); Defects per million opportunities (DPMO); Defect mode; Overall equipment effectiveness (OEE); Cycle time etc.
· Data is displayed using project tools like Pareto charts, Process maps, SIPOC maps, bar charts, pie graphs etc.
· The Analyse phase seeks to look deeper into the problem. By methodically analysing the metrics listed above the bottlenecks and constraints of the line are identified. The causes of the problem can then be explored by use of Failure mode effect analysis (FMEA), Cause and effect matrices/diagrams and other graphical analysis tools. 
· The Improve phase is entirely project dependant. A solution to the problem is suggested and implemented or simulated. The results after the improvement are remeasured to assess their success. If the improvement is not successful this step is repeated.
· Once desired results are achieved, the Control phase aims to maintain the levels of performance and looks for further improvements that could be made. This is usually done through monitoring the improvement measures.












[bookmark: _Toc386307048]2.3 Review findings

From research it is clear that despite some analyses citing difficulties (Zimmerman & Weiss, 2005; Sokovic, Pavletic & Kern Pipan, 2010; Mast & Lokkerbol, 2012; Snee and Hoerl, 2005) DMAIC can be applied to almost any problem. 
However, as stated there are potential pitfalls to look out for:
· Inadequate information
· Not capturing the depth of the problem
· Not considering the human element that comes with change
· Misunderstanding the customer
However these points refer largely to problems outside of industry that have no tangible output, unlike the project detailed in this report. It is clear a project like this requires a very good understanding of the process.
DMAIC has been used for improvements on such specialized equipment as a shell and heat tube exchanger (Srinivasan et al. 2014), affirming its suitability for the problem outlined in this paper but instilling the need for an in-depth knowledge of the equipment and process to be successful.
During this research the key steps to applying DMAIC have been ascertained through compiling each case and taking the common themes they all share. This information will inform the plan and the structure of the project.



Green, F. B. (2006), “Six-sigma and the revival of TQM”, Total Quality Management
and Business Excellence, vol. 17, no. 10, pp. 1281-1286
Green, F. B. (2006), “Six-sigma and the revival of TQM”, Total Quality Management
and Business Excellence, vol. 17, no. 10, pp. 1281-1286
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[bookmark: _Toc386307050]3.1 Aims & Objectives
[bookmark: _Toc386307051]3.1.1 Project Aim

The aim of this project is to use the Six Sigma DMAIC methodology to fully analyse the performance of the OP50s on Sigma Camshaft Machining line and in doing so understand the problems that are leading to frequent breakdowns, stoppages & excessive scrap. From this analysis the aim is to devise an improvement plan for operating and maintaining the machines, as well as a strategy to reduce defects, which can be applied to any similar operation.
[bookmark: _Toc386307052]3.1.2 Objectives

Following the findings of the literature review, the plan is to structure the project as follows:
· Define – 
· Set out the current OP50 process in detail using SIPOC and process maps
· Create VOC and CTQ statements for the Camshaft line, its customers and its product
· Use this to produce a high level problem statement for the issues with the OP50s
· Measure – 
· Collect data for all operations over a 3 week period. This data is to include:
· JPH
· Scrap produced
· Breakdown/stoppage frequency
· Breakdown/stoppage mode/cause. 
· Analyse – 
· Interpret the raw data 
· Draw comparisons between each operation to compare the OP50s performance to the rest of the line
· Compare this to the desired levels 
· Understand the effect to the whole line when the OP50s underperform
· Investigate the causes of the problems through FMEA
· Improve –
· Come up with a comprehensive plan to improve the OP50s 
· What needs to be done to reduce defects?
· What needs to be done to reduce breakdowns & stoppages?
· How can this be best implemented?
· Control – 
· Devise a strategy for sustainment of improvement
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To understand what is expected of the line and its operations we must understand both the customer (and what the customer expects of the product) and the process as a whole.




























[bookmark: _Toc386307054]4.1 Defining the process


Cudney and Kestle (2011) site creating a SIPOC diagram as an important part of the define phase as it focuses the project on exactly ‘what to improve’ and helps define project boundaries.
[bookmark: _Toc386307055]4.1.1 SIPOC diagram for Sigma Camshaft Machining

SIPOC is a Six Sigma acronym that stands for:
· Supplier
· Input
· Process
· Output
· Customer

A SIPOC diagram for the Camshaft line as a whole:

Figure 4-1 – SIPOC map for Sigma Camshaft Machining









[bookmark: _Toc386307056]4.1.2 OP50 Process Map

Here the OP50s will be focused in on and examined in detail. Grasping the full process of the OP50s is essential to carry out the DMAIC methodology. 


OP50AB
OP50 reworks
OP43
OP50C
OP60A
OP60B
OK
NOK
OP70s
Manual re-gauge to determine suitability for rework
Oversize = suitable
Undersize = Not suitable
Scrap process
Delay before reinsertion
OP50 reworks
OP50B

OP50D













Figure 4-2 – Process map for OP50s











[bookmark: _Toc386307057]4.1.3 OP50 Process overview

The OP50s are fed by OP43 during normal line running. The parts are distributed between OP50A & OP50C. 
OP50B & OP50D are not operational, these machine were used for production of B2YY camshafts but have never been converted to produce VCT camshafts. Instead they have been used for spare parts to supplement repair work during breakdowns of A & C. 
At this operation, each journal is given a letter as can be seen in Figure 4-6 ahead. 
Below is a summary of the set up, running and cycle details for the OP50s.

Machine loading and part clamping
1. The parts are loaded from the conveyor into the machines by gantry cranes.
2. They are clamped using 'Tailstock’ and ‘Footstock’ (Figures 4-4 & 4-5) centres which locate in the counterbores drilled by OP30 (Figures 1-4 & 1-5). 
3. A ‘Work-driver’ then engages in the slot cut by OP30 to rotate the part.
4. A ‘Workrest’ presses onto the part at Journal C (see Figure 4-4 overleaf) to hold it against the grinding wheels. 
5. Six wheels then grind the oil seal and the journals of the camshaft, with high-pressure coolant for cooling and swarf removal. 
6. The gantry removes the part from the machine, returns it to the line where it is then sent to be measured.

Part measurement
There are finger gauges (Wheatstone bridge type – see Figure 4-4) that measure on Journals A & E during the cut, and are used for size adjustments on these journals only. Figure 4-3 – OP60 gauge screen w/tolerances 

After the parts have been cut the gantry removes them, places them back onto a pallet and they are sent to the OP60 Fenn gauges for measurement. 
The gauges also measure roundness/form (Called ‘RUNOUT’ on Fenn gauge measurement screen in Figure 4-3) and taper (or parallelism), on each journal.
[image: ]Figure 4-4 – OP50 work area w/ labelledFootstock
Work-rest
Work-driver
Finger gauges

Figure 4-5 – Work-driver and tailstockTailstock


[image: Macintosh HD:Users:gregphillips:Desktop:IMG_0512.jpg]
Figure 4-6 – Camshaft diagram w/labelled journals

[image: Macintosh HD:Users:gregphillips:Desktop:IMG_0510.jpg]
Figure 4-7 – Oil seal diagram w/sizes & tolerances


If the part passes the OP60 Fenn gauge it is sent to the OP70s. 
If the part fails it is placed on a reject chute where it must be removed and manually gauged by the operator, who determines whether the part is suitable for reworking or not. The part must be oversized for it to be suitable for reworking. 
Oversized parts are stored in the OP50 rework box. Undersized parts are placed in the scrap bin and the operator marks the number & type of Camshafts scrapped a ‘scrap sheet’.
If OP60 measures 3 parts out-of-tolerance, it stops the machine using remote input and output (I/O) communications via a PLC. 
The machine has a ‘Dress’ cycle every 10 parts where a ‘Diamond’ cleans the face of the wheel. This can also be used to dress adjustments into the wheels.
Operator set-up of OP50
Getting the parts on-size – 
After the first part is cut, the operator must stop the next cycle. They must remove the part and manually gauge it at the hand gauge station. Based on the measurements taken from the first cut, they make adjustments in the machine parameters and adjustments are made using a Human-Machine Interface (HMI).
· Journal A & E size can be adjusted on the gauges used during the cut
· Journal B, C & D size can be adjusted using the Workrest parameters (Journal C responds the most to this as this is the journal the Workrest presses on)
· All journal sizes can be adjusted using the Diamond Dress function.
· Taper must be adjusted for each wheel individually using the Diamond Dress function
· Taper across the whole part is measured by the finger gauges and altered automatically by the machines ‘Taper Compensator’, which utilises an Indramat motor to apply push to one side of the machining bed to push the larger side of the tapered part further into the wheels. This has a maximum distance it can push and if, when the maximum distance is reached, the part still has taper, the machine will stop for a ‘Taper Compensator max out’ fault.
These parameters are adjusted until the machine is cutting on-size parts. At this point the machine can be put into Automatic Cycle.
Operator intervention is then only required if the sizes drift out-of-tolerance. The operator must also empty the scrap chute of each Fenn gauge when they fill up as it can only fit 10 parts.
[bookmark: _Toc386307058]4.2 Defining the customer


It has been pointed out by Thorn (2016) that ‘In simple terms the customer is the recipient of a product or service’ and can be internal or external.

The SIPOC diagram shows us there are 2 customers to the Camshaft line. Both are recipients of finished VCT camshafts:

· BEPs in-plant Sigma Assembly Line 
· St. Petersburg Assembly line in Russia 

BEPs Sigma Assembly Line is an internal customer. St. Petersburg Assembly Line is an external customer. 

It must be determined what the needs and wants of each customer are and if there are any differences. 



















[bookmark: _Toc386307059]4.3 Defining the customers needs


Cudney and Kestle (2011) in their Six Sigma DMAIC case study, detailed in the book ‘Implementing Lean Six Sigma Throughout the Supply Chain’, captured the Voice Of the Customer first, then used team meetings to translate this into CTQs in their own technical language.
[bookmark: _Toc386307060]4.3.1 VOC – Voice of the customer

Thorn (2016) sites 6 sources for listening to customer voices:
· Internal intelligence;
· Outbound communications;
· Inbound communications;
· Casual contact;
· Formal transactions;
· Customer research.

From a combination of internal intelligence, inbound communications from Russia and casual contact with assembly supervisors & the authors knowledge it is known that:

[bookmark: _Toc386307061]4.3.2 VOC statement for BEP

To meet business demands, BEPs Sigma Assembly Line needs camshafts that are within their technical tolerances 100% of the time, in the quantity required for assembly demand, delivered to the line on time. 

[bookmark: _Toc386307062]4.3.3 VOC statement for St. Petersburg Assembly Plant, Russia

To meet business demands, St. Petersburg Assembly Plant, Russia needs camshafts that are within their technical tolerances 100% of the time, with 2D matrix laser etched and readable, in the quantity required for assembly demand, delivered to the plant on time.



As can be seen in the VOC statements, apart from the 2D matrix, the customer’s needs are identical.

However these needs are not always being met – Russia orders have been missed on numerous occasions due to the problems experienced on Sigma Camshaft Machining. 
Similarly, BEP Assembly has often had to rely on stockpiled camshafts to supplement engine production when the lines production needs are not being met.

[bookmark: _Toc386307063]4.3.2 Critical to quality

The VOC now needs to be translated into CTQs. The CTQs are easy to define in this case as they are simply the technical specifications for the camshafts and the demand for camshafts.

Thorne (2016) states that CTQs can be prioritised into 3 levels.
1. Must-be CTQs – the most important, absolutely necessary characteristics 
2. Performance CTQs
3. Delighter CTQs

Using this system, the CTQs are:
1. Must-be CTQs:
a. Dimensions and technical characteristics must be 100% correct and present:	
i. Journals – 24.975mm  0.01mm,  0.006mm;yu
ii. Oil seal – 30.975mm  0.01mm @ seals, 32mm  0.015mm @ end;
iii. 2D matrix – printed and readable (for Russia only);
iv. Thread for cam phaser present
b. Parts must be delivered on time to meet production demands
2. Performance CTQs
a. High quality surface finish
b. Clean parts – no oils or coolant left on parts after machining process
3. Delighter CTQs
a. Part orientated conveniently for insertion at assembly (BEP only)


[bookmark: _Toc386307064]4.3.3 Problem statement

Sigma Camshaft Machining has been known to fail on delivering a ‘must-be’ CTQ when parts are not delivered to BEP Sigma Assembly line on time and orders for Russia are missed. 

The author believes this is is due to underperforming machinery on the line. 

The OP50s are the focus of this report as they have been noticed to be frequent underperformers, producing a large amount of scrap and suffering frequent breakdowns & stoppages. 

The data now needs to be collected and examined to demonstrate this.
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5.0 Measure

The results of the 3 week data collection period are displayed and explained in this section.
























[bookmark: _Toc386307066]5.1 Measurement sources and data types

Data for all operations was collected over a 3 week period by the author in order to expose the problem with the OP50s. During this period the author operated and maintained the machines and used the following methods to record data for the OP50s performance.
The measurement sources were:
· FMCs POSMON system.
· Scrap sheets 
· Authors own breakdown/stoppage mode records

POSMON is FMCs global real-time data collection system, for monitoring performance of all machinery on every line, in every plant all over the world. It can be accessed by all of their employees. The data types recorded for the machines on Sigma Machining are:
· Good & bad parts per shift
· Average parts per hour (Jobs Per Hour or JPH)
· Standard parts per hour
· Total cycles during shift
· Cycle times:
· Last cycle time in seconds
· Average cycle time in seconds
· Design cycle time in seconds
An example of a POSMON screen can be seen in Appendix A. As seen in the screenshot, the running data for the machine during the shift is also collected and is displayed in a bar graph. Pydek (2003) in The Six Sigma handbook: A complete guide for green belts, black belts, and managers at all levels, states that graphical tools like these ‘create easy to understand pictures from the numbers and categories in the data.’ 
Scrap sheets were mentioned in the operating of OP50s. It is a tally for every OP that the operator must use every time they scrap a camshaft. The reason it has been scrapped is also recorded (See Figure 5-1 ahead). 




[bookmark: _Toc386307067]5.2 Data collection plan

Different data types will be collected with an aim to use them to explore different aspects of the problems:

· JPH – Jobs Per Hour will be recorded to help build a picture of where the bottlenecks within the line are
· Average cycle times – will be used to look at operation performance compared to its design cycle time to expose poor machine performance 
· Breakdown/stoppage mode and frequency – will be used to attempt to spot common faults 
· Scrap sheets – will be used to explore how many defects are being produced by each operation to describe which is the most problematic on the line in terms of quality. CHANGE PIC

The data collection occurred in the 3 week period between 04/12/17 and 22/12/17.

First the raw data collected will be displayed in tables and then graphically displayed for ease of interpretation. 

















[bookmark: _Toc386307068]5.3 Data collection – Scrap

Figure 5-1 shows an example of a scrap sheet.
As can be seen on the scrap sheet, there are different reasons that a scrap camshaft might be produced at each operation. 
This example also shows the OP50s underperforming for this period.

[image: BootUSB:Greg:Image (2).jpg]

Figure 5-1 – Example of scrap sheet
[bookmark: _Toc386307069]5.3.1 Scrap – raw data

Table 5-1 – Scrap data for week 1 


	Scrap data for week 1 – 4/12/17-8/12/17
	

	OP NUMBER
	Derivate
	TOTAL

	
	B – intake
	J – exhaust 
	

	OP20
	1
	3
	4

	OP30
	0
	0
	0

	OP40
	6
	9
	15

	OP43
	2
	3
	5

	OP50
	23
	16
	39

	OP70
	4
	1
	5

	OP100
	0
	0
	0

	OP120
	0
	2
	2



Table 5-2 – Scrap data for week 2


	Scrap data for week 2 – 11/12/17-15/12/17


	OP NUMBER
	Derivate
	TOTAL

	
	B – intake
	J – exhaust 
	

	OP20
	2
	4
	6

	OP30
	0
	0
	0

	OP40
	2
	6
	8

	OP43
	0
	0
	0

	OP50
	35
	29
	64

	OP70
	5
	7
	12

	OP100
	0
	0
	0

	OP120
	5
	4
	9









Table 5-3 – Scrap data for week 3

	Scrap data for week 3 – 18/12/17-22/12/17
	

	OP NUMBER
	Derivate
	TOTAL

	
	B – intake
	J – exhaust 
	

	OP20
	5
	1
	6

	OP30
	0
	0
	0

	OP40
	2
	5
	7

	OP43
	0
	0
	0

	OP50
	13
	16
	29

	OP70
	4
	6
	10

	OP100
	0
	0
	0

	OP120
	4
	8
	12




Table 5-4 – Total scrap values for data collection period

	Totals for scrap data over entire data collection period

	OP NUMBER
	Derivate
	TOTAL

	
	B – intake
	J – exhaust 
	

	OP20
	8
	8
	16

	OP30
	0
	0
	0

	OP40
	10
	20
	30

	OP43
	2
	3
	5

	OP50
	71
	61
	132

	OP70
	13
	14
	27

	OP100
	0
	0
	0

	OP120
	9
	14
	23











[bookmark: _Toc386307070]5.4 Data collection – Cycle times

To collect cycle time data, POSMON was consulted at the end of every shift. From this the average cycle times for OP50 were recorded. Although slow cycle times will cause bottlenecks, some operations, such as the OP70s, have a cell of multiple machines to compensate for longer cycle times; therefore the JPH data will better serve to expose bottlenecks. 
Instead the cycle time information will be used to look at machine performance, with focus on the deviation from the machines ‘Design cycle time’ – that is the optimal cycle time when the machine was installed. 
Figure 5-2 shows the cycle time data in POSMON for OP50A on a given shift (outside of the data collection period). As can be seen the cycle times are grouped in ranges.
[image: Macintosh HD:Users:gregphillips:Desktop:Screen Shot 2018-04-03 at 19.24.35.png]
Figure 5-2 – POSMON cycle time data (FMC POSMON, 2017)
Figure 5-3 – Station cycle data N.B. DSGN CYC T (s) (FMC POSMON, 2017)
 

The range groups are:
· 37-45 seconds
· 46-54 seconds
· 55-63 seconds
· 64-72 seconds
· >73 seconds
These were recorded at the end of each shift in a spreadsheet.
The POSMON screenshot in Figure 5-3 shows the ‘Design’ (DSGN) cycle time for OP50A & C is 48 seconds. 
[bookmark: _Toc386307071]5.4.1 Cycle times – raw data

Below is an example of the data collection for OP50A on the first shift of data collection.

Table 5-5 – Cycle time data for OP50A for one shift

	OP50A – 4/12/17

	Cycle time in seconds
	Occurrences by hour

	
	1
	2
	3
	4
	5
	6
	7
	8
	Totals

	37-45
	12
	11
	6
	0
	0
	0
	18
	17
	64

	46-54
	15
	14
	7
	0
	0
	0
	15
	15
	66

	55-63
	42
	39
	47
	0
	0
	0
	44
	39
	211

	64-72
	0
	1
	2
	1
	0
	0
	0
	0
	4

	>73
	0
	0
	0
	0
	0
	0
	0
	0
	0


	OP50A

	Cycle time in seconds
	Totals for week 1

	37-45
	340

	46-54
	352

	55-63
	913

	64-72
	91

	>73
	0




The totals were then added up for each week. The results are displayed in the tables below:Table 5-6c – OP50A cycle times week 3


	OP50A

	Cycle time in seconds
	Totals for week 3

	37-45
	272

	46-54
	790

	55-63
	1398

	64-72
	169

	>73
	1


Table 5-6b – OP50A cycle times week 2

Table 5-6a – OP50A cycle times week 1


	OP50A

	Cycle time in seconds
	Totals for week 2

	37-45
	322

	46-54
	630

	55-63
	1335

	64-72
	175

	>73
	0
















Table 5-6d – OP50A totals 

	OP50A

	Cycle time in seconds
	Totals for entire data collection period.

	37-45
	934

	46-54
	1772

	55-63
	3846

	64-72
	235

	>73
	1




Now the same data set for OP50C:

Table 5-7c – OP50C cycle times week 3

Table 5-7b – OP50C cycle times week 2

Table 5-7a – OP50C cycle times week 1



	OP50C

	Cycle time in seconds
	Totals for week 1

	37-45
	266

	46-54
	494

	55-63
	1439

	64-72
	0

	>73
	0


	OP50C

	Cycle time in seconds
	Totals for week 2

	37-45
	317

	46-54
	521

	55-63
	1527

	64-72
	2

	>73
	0


	OP50C

	Cycle time in seconds
	Totals for week 3

	37-45
	303

	46-54
	451

	55-63
	1336

	64-72
	1

	>73
	0







	OP50C

	Cycle time in seconds
	Totals for entire data collection period.

	37-45
	886

	46-54
	1466

	55-63
	4302

	64-72
	3

	>73
	0











Table 5-7d – OP50C totals













[bookmark: _Toc386307072]5.5 Data collection – JPH 

POSMON collects JPH data for each OP, listed as ‘AVG PARTS/HR’ on the POSMON interface as can be seen in Figure 5-4, which also shows the ‘STD PARTS/HR’. Like the Design cycle time STD PARTS/HR is what the machine should be capable of.
The average JPH was collected for every operation at the end of each shift during the collection period and then compared to its STD JPH. The results displayed in the tables below are for every operation up to and including OP50 and for OP60 & OP70 after. All other results can be found in the tables in Appendix B.
Figure 5-4 – Station JPH data (FMC POSMON, 2017)




























[bookmark: _Toc386307073]5.5.1 JPH – Raw data
Table 5-10 – OP30A average JPH for data collection period

Table 5-9 – OP20A average JPH for data collection period


	OP30A average JPH – STD JPH = 240

	Date of shift
	AVG JPH

	4/12/17
	98

	5/12/17
	102

	6/12/17
	97

	7/12/17
	98

	8/12/17
	99

	11/12/17
	80

	12/12/17
	95

	13/12/17
	99

	14/12/17
	100

	15/12/17
	103

	18/12/17
	101

	19/12/17
	99

	20/12/17
	100

	21/12/17
	30

	22/12/17
	75

	Total average JPH for data collection period
	91.7





	OP20A average JPH – STD JPH = 103

	Date of shift
	AVG JPH

	4/12/17
	98

	5/12/17
	102

	6/12/17
	97

	7/12/17
	98

	8/12/17
	99

	11/12/17
	80

	12/12/17
	95

	13/12/17
	99

	14/12/17
	100

	15/12/17
	103

	18/12/17
	101

	19/12/17
	99

	20/12/17
	100

	21/12/17
	30

	22/12/17
	75

	Total average JPH for data collection period
	91.7































Table 5-11 – OP40 average JPH for data collection period

	OP40 average JPH – STD JPH/machine = 51

	Date of shift
	OP40B
	OP40D
	OP40E
	OP40F

	4/12/17
	24
	25
	23
	26

	5/12/17
	25
	26
	26
	25

	6/12/17
	24
	24
	23
	26

	7/12/17
	23
	25
	26
	24

	8/12/17
	24
	26
	25
	24

	11/12/17
	19
	22
	18
	21

	12/12/17
	24
	24
	23
	24

	13/12/17
	25
	25
	25
	24

	14/12/17
	25
	26
	24
	25

	15/12/17
	26
	27
	24
	26

	18/12/17
	25
	25
	26
	25

	19/12/17
	24
	25
	26
	24

	20/12/17
	25
	25
	25
	25

	21/12/17
	7
	6
	8
	9

	22/12/17
	23
	16
	15
	21
	Total average JPH OP40

	Total average JPH for data collection period
	22.8
	23.1
	22.5
	23.3
	91.7











Table 5-12 – OP43 average JPH for data collection period

	OP43 average JPH – STD JPH = 171

	Date of shift
	AVG JPH

	4/12/17
	98

	5/12/17
	102

	6/12/17
	97

	7/12/17
	98

	8/12/17
	99

	11/12/17
	80

	12/12/17
	95

	13/12/17
	99

	14/12/17
	100

	15/12/17
	103

	18/12/17
	101

	19/12/17
	99

	20/12/17
	100

	21/12/17
	30

	22/12/17
	75

	Total average JPH for data collection period
	91.7















Table 5-13 – OP50 average JPH for data collection period

	OP50 average JPH – STD JPH/machine = 77

	Date of shift
	OP50A 
	OP50C

	4/12/17
	26
	29

	5/12/17
	52
	48

	6/12/17
	49
	43

	7/12/17
	42
	43

	8/12/17
	43
	45

	11/12/17
	27
	25

	12/12/17
	42
	48

	13/12/17
	51
	42

	14/12/17
	41
	41

	15/12/17
	50
	53

	18/12/17
	30
	31

	19/12/17
	43
	50

	20/12/17
	52
	48

	21/12/17
	15
	15

	22/12/17
	37
	38
	Total average JPH OP50

	Total average JPH for data collection period /OP
	40
	39.9
	79.9











Table 5-14 – OP60 average JPH for data collection period

	OP60 average JPH – STD JPH/machine = 155

	Date of shift
	OP60A
	OP60B

	4/12/17
	26
	29

	5/12/17
	52
	48

	6/12/17
	49
	43

	7/12/17
	42
	43

	8/12/17
	43
	45

	11/12/17
	27
	25

	12/12/17
	42
	48

	13/12/17
	51
	42

	14/12/17
	41
	41

	15/12/17
	50
	53

	18/12/17
	30
	31

	19/12/17
	43
	50

	20/12/17
	52
	48

	21/12/17
	15
	15

	22/12/17
	37
	38
	Total average JPH OP60

	Total average JPH for data collection period /OP
	40
	39.9
	79.9














Table 5-15 – OP70 average JPH for data collection period

	OP70 average JPH – STD JPH/machine = 25

	Date of shift
	OP70C
	OP70F
	OP70G
	OP70J
	OP70M
	OP70N

	4/12/17
	9
	12
	13
	10
	0
	11

	5/12/17
	19
	19
	21
	18
	0
	22

	6/12/17
	16
	20
	19
	17
	0
	20

	7/12/17
	16
	18
	15
	17
	0
	19

	8/12/17
	15
	17
	20
	16
	0
	15

	11/12/17
	10
	9
	8
	13
	0
	12

	12/12/17
	19
	20
	15
	17
	0
	19

	13/12/17
	21
	19
	17
	19
	0
	17

	14/12/17
	16
	17
	12
	18
	4
	15

	15/12/17
	17
	18
	19
	20
	9
	20

	18/12/17
	11
	10
	11
	9
	10
	10

	19/12/17
	17
	16
	15
	15
	14
	16

	20/12/17
	17
	18
	17
	15
	16
	17

	21/12/17
	5
	3
	4
	5
	7
	6

	22/12/17
	13
	14
	12
	15
	11
	10
	Total average JPH OP70

	Total average JPH for data collection period
	14.7
	15.3
	14.5
	15
	4.7
	15.3
	79.5









[bookmark: _Toc386307074]5.6 Data collection – Breakdowns & stoppages


During the 3 week data collection period each breakdown and stoppage for OP50 was recorded. The difference between a breakdown and a stoppage is that a breakdown usually requires work be carried out by a tradesperson, whereas a stoppage can be any minor interruption of automatic cycle that requires the operator restart the machine.
Although POSMON records the amount of time a machine spends in breakdown, the cause of the breakdown is not recorded. This information was collected with an aim to identify common faults and to aid in creating the Improvement plan, and also to inform the FMEA in the Analyse section.
Every time an OP50 suffered a breakdown or stoppage, the cause was noted and added to a tally chart. A scan of this can be seen in Appendix C. The results are in the table below:

Table 5-16 – Breakdowns & stoppages for data collection

	Cause of breakdown/stoppage
	Frequency

	Hydraulic oil (HV15) level low
	10

	Ways lube (SL68) level low
	8

	Indramat DDS drive fault/failure
	4

	Work driver not engaged
	42

	Footstock not advanced
	3

	Taper compensator max out
	19

	Fenn Gauge measured 3 parts out-of-tolerance
	38

	Component near or undersize at load
	3

	Gantry related issues 
	3

	Pneumatic system failure
	1

	Coolant not present
	2

	Part not present
	1

	Finger gauge giving incorrect reading
	2

	Electrical cabinet over temperature
	1

	24v DC ripple trip
	4
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6.0 Analyse

In this section the data collected during the Measure phase will be displayed graphically for ease of interpretation. By interpreting and explaining the data in this way the effects can be more easily seen and therefore explored in order to come to a solution. It is an essential tool of Six Sigma and the DMAIC approach to process improvement. 



















[bookmark: _Toc386307076]6.1 Analysis of scrap data




Figure 6-1 – Bar graph for scrap data week 1



Figure 6-2 – Bar graph for scrap data week 2



Figure 6-3 – Bar graph for scrap data week 3



Figure 6-4 – Bar graph for total scrap data 



[bookmark: _Toc386307077]6.1.1 Observations 

It is clear from the scrap charts shown above that the OP50s produced an excessive amount of scrap, disproportionate to other operations, during the entire data collection period. 
It cannot be ascertained which machine out of A & C produced more scrap as this is not marked on the scrap sheet. This would be valuable information as it may identify one machine as more problematic then the other. Put in recommendations for further work.
[bookmark: _Toc386307078]6.1.2 Consideration of cost

The cost of scrapping a camshaft to BEP is £3 per camshaft (See Appendix D). Considering this, the scrap cost for the OP50s for the data collection period:

£3 x 132 = £396





















[bookmark: _Toc386307079]6.2 Pareto analysis of scrap data





Figure 6-5 – Pareto chart for scrap data 


The Pareto chart shows that during the 3 week data collection, the OP50s were responsible for 57% of the total scrap produced by Sigma Camshaft Machining. The next worst performing operation in terms of scrap produced is the OP40s, producing only 13% of the total scrap produced. This highlights the OP50s as the main cause of defects during this period by a large margin. 





[bookmark: _Toc386307080]6.2.1 Analysis of possible causes 

As the majority of events that cause defects are known to the author and members of the IMT, they have been compiled and listed below:
· Operator error:
· During machine set up or when making alterations to the machine parameters, it is not uncommon to make an error in the calculations or to accidentally input the incorrect value as there are no measures in place to prevent this
· Poor condition of machines and line in general:
· Due to the age and disrepair of the machines (see Appendices F&G), they experience a number of issues that may contribute to inconsistencies or producing defects:
· Back-lash in mechanical components such as ballscrews;
· Build up of swarf, dirt, oil and other contaminants on machine internals. For example dirt on the footstock centre may lead to incorrect part rotation and cause run-out on the journals;
· Line blockages – if the machine produces scrap for any reason, but there is a blockage stopping parts from entering an OP60 gauge, the remote I/O used to stop the machine from producing scrap will not work.
· Gauge errors:
· If the manual hand gauges have not been calibrated correctly by the operator, the readings they are using to inform machine set up will be incorrect, leading to scrap
· If the OP60 gauges have not been calibrated correctly, they may pass/ok out-of-tolerance camshafts sending them further up the line, in effect bypassing and rendering the error-proofing device useless.








[bookmark: _Toc386307081]6.3 Analysis of cycle time data

It is known that the cycle times of the machines have increased over time due to degradation. The aim of collecting cycle time data was to compare the machine to its ‘Design cycle time’. 


Figure 6-6 – Trend chart for cycle times of OP50A


Figure 6-7 – Trend chart for cycle times of OP50C
[bookmark: _Toc386307082]6.3.1 Observations

The vast majority of cycles for both machines occur in the 55-63 second range, below the Design cycle time of 48 seconds.

From the trend graphs we can see that OP50A had more cycles week on week from 1 to 3. This was due to minor maintenance and fault finding being carried out, until a problem was identified and solved. 

OP50C was far more consistent in terms of production time & it is also worth noting that it has very few cycles (3) in the slower 64-72 second range. OP50A had many more in this range, possibly due to an auxiliary issue, for example an air or hydraulic leak.

There are a number of cycles in the 37-45 second range, normally when the machine is warm and has been running consistently for a length of time i.e. towards the end of a week. It is also safe to assume these cycles are in the top end of this range – 45 seconds. There are more cycles in the target range of 46-54, however these are far surpassed by cycles in the 55-63 second range highlighting the OP50s underperforming. 

[bookmark: _Toc386307083]6.3.2 Analysis of possible causes 

Possible causes of reduced cycle times:
· Pneumatic air leaks – this may cause slowing of pneumatic components
· Hydraulic oil leak – this may cause slowing of hydraulic components
· Different feed rates in machine program – it has been practice for engineers to take a decision to lower feed rates in the machine program in order to protect old and failing components 
· Machine lube delivery issues – blocked pipes or incorrectly functioning lube pumps may cause inadequately lubed slides/ballscrews etc. leading to friction and reduced cycle times
· Gantry issues - slower delivery/removal of part to/from the machine




[bookmark: _Toc386307084]6.4 Analysis of JPH data

Like the Design cycle time, the machines have a ‘Standard parts per hour’ (JPH), an example from each machine can be seen in the screenshots taken from POSMON below in Figure 6-8. JPH data was collected to see how far away from this the machines now are, but also to identify where in the line the bottlenecks are. It is known to the IMT that the OP50s can often be the bottleneck, especially when they are underperforming. 


Figure 6-8 – POSMON cycle data for all operations (FMC POSMON, 2017)





[bookmark: _Toc386307085]6.4.1 Observations

It is worth noting that the line is constrained immediately by only having one OP20. These machines are capable of 103 JPH per machine and there are 3. However at the time of writing 2 machines are unused and in a state of disrepair as components have been reaped from them for repairs on OP20A. 
This means that the line is constrained to a potential 103 JPH. All subsequent operations can keep up with this throughput in theory, as can be seen in the table detailing JPH data from POSMON below:

Table 6-1 – Potential JPH data for each operation 

	Operation
	Number of machines in operation
	Machine JPH
	Current potential JPH
	In descending order

	
	
	
	
	Operation
	Capacity JPH

	OP20
	1
	103
	103
	OP110
	340

	OP30
	1
	240
	240
	OP120
	310

	OP40
	4
	51
	204
	OP60
	310

	OP43
	1
	171
	171
	OP90
	309

	OP50
	2
	77
	154
	OP30
	240

	OP60
	2
	155
	310
	OP40
	204

	OP70
	6
	25
	150
	OP135
	200

	OP80
	1
	155
	155
	OP43
	171

	OP90
	3
	103
	309
	OP80
	155

	OP100
	2
	77
	154
	OP100
	154

	OP110
	1
	340
	340
	OP50
	154

	OP120
	2
	155
	310
	OP70
	150

	OP135
	1
	200
	200
	OP20
	103



The line should have a buy off rate of close to 103 camshafts per hour, if all operations are performing well.
OP50 is still however 3rd in terms of bottlenecks on the line.
Figure 6-9 overleaf shows the JPH recorded during the data collection period. 


Figure 6-9 – Average JPH for all operations during data collection period

Due to issues with OP20 it is below its standard JPH of 103 at 91.7. All subsequent operations keep up with this throughput until OP50.
The OP50s further reduce the overall line JPH from 91.7 to 79.9. 
All subsequent operations keep up with this throughput along the line and to the buy off. 
The causes of the reduced JPH are those mentioned above - excessive scrap, frequent breakdowns & stoppages and slower cycle times.
Even if 2 OP20s were in operation, bringing potential JPH for operations before OP50 up to 141 (at OP43), the OP50s would still have reduced overall capacity to 79.9 for this period.












[bookmark: _Toc386307086]6.5 Analysis of breakdown & stoppage data

The aim of collecting breakdown data was to identify common faults that may be contributing to or causing excessive scrap and underperformance of the OP50s. From the data collected a bar chart was produced: 


Figure 6-10 – Breakdown & stoppage mode and frequency bar chart

At the end of the data collection period the author also used the experience and knowledge gained during this time to estimate an average amount of downtime for each fault, which can be found in the Observations section overleaf. 



[bookmark: _Toc386307087]6.5.1 Observations 

To unpack this data, the faults will be explained:
1. The most common fault during the data collection period with 42 occurrences was ‘Work-driver not engaged’. This occurs when the work-driver engaged switch is not made in time the allocated. Oftentimes when recorded and checked by the author, the work-driver had actually engaged in the slot but the switch that signals successful engagement was dirty and simply required cleaning. In the cases where the driver had not actually engaged it was largely due to that part of the machine being contaminated with swarf. Another cause of this fault was the bolts holding the switch bracket had loosened due to vibration, causing the switch to be pointing in the wrong direction. This required repositioning of the switch and tightening of the bolts.
- up to 0.5 hours downtime to clean switch/work-driver and restart machine.
2. The next most common stoppage (38 occurrences) was Fenn gauge measured 3 parts out-of-tolerance. This is indicative of the problems and expected considering the scrap data collected. This could be due to a number of issues such as an operator error, mechanical problems, issues with the size of the cut made by OP20 etc.
- up to 1 hour downtime to empty gauge, adjust machine to cut on size part, restart machine and to check failed parts & sort.
3. Taper compensator max out occurs when the finger gauges measure more than 0.013mm of difference between Journals A & E. When this occurs an Indramat motor pushes on the machining bed to push the larger of the journals further into the wheel. When the bed reaches its maximum distance, it causes a taper compensator max out fault (19 occurrences).
- up to 0.5 hours downtime to investigate and possibly make adjustments and/or dress wheels.
4. Hydraulic oil tank level low was recorded 10 times. This is very frequent for this type of fault and would indicate an oil leak on one or both of the machines. 
- up to 2 hours downtime to obtain oil, refill tank and restart machine
5. As above, lube tank level low fault was recorded 8 times and would indicate a leak on one or both of the machines. 
- as above.
6. Indramat DDS drive failure covers a plethora of faults that these axis drives can suffer. These faults will sometimes reset, however for the majority of cases this fault requires the drive be replaced. If the problem is with the motor or encoder the drive is connected to, the cable used to connect it, or a mechanical issue with the machine, this will require investigation and rectifying by a tradesperson and will increase breakdown time. This is a disruptive breakdown.
- 3-8 hours downtime to diagnose/investigate fault, obtain replacement drive and carry out work necessary to change components and restart machine. 
7. 24v DC ripple trip relates to a control circuit component used to smooth the 24v DC supply to other components. This fault can be cleared by an ECS entering the electrical panel and resetting. The machine is then ready to restart.
- 0.1 hours downtime for ECS to reset.
8. Footstock not advanced fault occurs when the internal switch signalling footstock advanced gets dirty. It requires that the operator enter the machine to clean the switch.
- 0.1 hours downtime for operator to clean switch.
9. Component near or undersize at load occurs when an already cut part gets loaded into the machine again. The finger gauges make an initial measurement to check for this. This can occur when carrying out reworks or when they are being loaded back onto the line for example when roughstock runs out. This fault requires the operator remove the part, check it on the hand gauge and restart the machine. 
- 0.2 hours downtime for operator to remove & check part and restart machine.
10. Gantry related issues cover a number of faults from the gantry simply dropping out of cycle by losing its sequence, to an Indramat DDS drive within the gantry system needing ECS attention or a mechanical fault.
- 0.2-4 hours downtime, 0.2 for a restart fault, 4 for a more complex fault.
11. Coolant not present occurs when there is a problem with the supply. This fault cannot be remedied online as the coolant is supplied by a plant wide system and is covered/repaired by In-Plant Services / Estates. The line foreman must make contact with these departments to remedy this problem.
- 3 hours downtime for the foreman to contact department and for that department to take action and remedy fault.
12. Finger gauge giving incorrect reading was recorded twice during the data collection period and relates to the finger gauges giving a false reading and causing the machine to stop. This fault requires investigation by an ECS and re-setting and calibrating. 
- 1-2 hours downtime for ECS to investigate and re-calibrate the finger gauge.
13. Pneumatic system failure is caused when the pressure is too low, too high or does not reach a component or switch due to a block or a leak. This fault requires investigation by an MMC to find and remedy the fault.
- 1-4 hours downtime for an MMC to investigate and remedy issues with the pneumatic system
14. Part not present occurs when the machine does not detect a part loaded by the gantry, which is almost always caused by a dirty part present switch. This fault requires the operator clean the switch.
- 0.1 hours for operator to clean switch. 
15. Electrical cabinet over temperature is usually caused when the air conditioning unit attached to each electrical panel no longer works, causing the cabinet to overheat. This requires that the machine be put down and the cabinet doors be opened until the temperature drops enough for the machine to work again.
- 0.5-2 hours downtime for an ECS to isolate the electrical panel and for the cabinet to cool.

















[bookmark: _Toc386307088]6.6 C&E diagram

Taken from the above analysis, the main problems identified with the OP50s have been summarised and entered into a C&E diagram, which will aid the Improve section by highlighting and focusing on which issues need to be tackled. 
[image: Macintosh HD:Users:gregphillips:Desktop:Screen Shot 2018-04-12 at 20.22.11.png]The C&E diagram issues identified will be explained in more detail in the following section.

Figure 6-11 – C&E diagram for OP50s underperforming

[bookmark: _Toc386307089]6.7 FMEA

 “FMEA is a tool for analyzing potential reliability problems and weaknesses in a product or process” (Russell & Taylor, 2010)

A Failure Mode Effect Analysis or FMEA explores potential ‘failure modes’, the effects of each failure mode, the causes or mechanisms that can lead to failure and the current controls in place. Each failure mode is given a numerical score from 1 to 10 for:
· its severity should it occur;
· the likelihood of it occurring and;
· the chance of detection before failure.  
Using the data collected regarding stoppages and breakdowns, an FMEA for the OP50s was carried out.
Severity (SEV) is a representation of how serious the failure mode is, 10 represents a serious problem that will be difficult to rectify, 1 is not serious and easy to fix.
The occurrence score (OCC) represents the likelihood of it occurring and affecting the machines performance, 10 being almost certain and 1 being highly unlikely. This will be scored based on the data collected for breakdowns and stoppages.
The detection score (DET) is how likely the failure is to be detected, depending on the fault this may be the chance of detection before failure or detection of a pre-existing problem. 10 means it is almost impossible to detect, 1 means it will almost certainly be detected.
From these scores a Risk Priority Number (RPN) is generated which will be used to prioritise improvements in the following section. RPN is calculated by:

RPN = SEV x OCC x DET

 
‘For a process or assembly FMEA, design engineering input is important to ensure the appropriate focus on important design needs.’ (Breyfogle, 2003)
Considering this point made by Breyfogle, it is possible that assistance from a process engineer would have improved the FMEA, however due to a new product being launched in the plant at the time of writing and production needs, this assistance was not available.



Table 6-2 – FMEA for breakdown & stoppage modes
	Potential Failure Mode
	Potential Effect(s) of Failure
	Sev
	Potential Cause(s)/ Mechanism(s) of Failure
	Occur
	Current 
Process 
Controls
	Detec
	RPN

	
	
	
	
	
	
	
	

	Work-driver not engaged
	Stoppage of automatic cycle, up to 30 minutes downtime of machine
	2
	Dirty switch, bolts for switch bracket loosened
	9
	None – switch is exposed and the fault is not prevented or anticipated 
	7
	126

	Fenn gauge measured 3 parts out-of-tolerance
	Stoppage of automatic cycle, up to one hour of downtime of machine and gauge
	3
	Issues such as operator error, mechanical issues, issues with size of cut made by OP20
	8
	Remote PLC I/O stops machine making more scrap, Finger gauges stop machine if taper is detected, reactive maintenance is carried out if problem with machine is found
	5
	120

	Taper compensator max out
	Stoppage of automatic cycle, up to 30 minutes of machine downtime to correct error and dress machine wheels
	2
	Issues with size cut by OP20, operator error, machine program error
	5
	Finger gauges detect taper and stop further scrap from being cut
	9
	90

	Hydraulic oil level low
	Emergency stop at machine, up to 2 hours downtime to obtain oil, refill and restart automatic cycle
	5
	Hydraulic oil leaks
	4
	Oil level switch emergency stops machine when oil level is low, no preventive maintenance or checks for leaks
	3
	60

	Ways lube level low
	Emergency stop at machine, up to 2 hours downtime to obtain oil, refill and restart automatic cycle
	5
	Lube leaks
	4
	Lube present switches emergency stop machine if no lube is detected to protect components, no preventive maintenance or checks for leaks carried out
	3
	60

	Indramat DDS drive failure
	Emergency stop at machine, 3-8 hours downtime to obtain new drive and replace
	9
	Mechanical problems causing overcurrent at drive, internal drive fault, motor or encoder fault etc.
	3
	Drives internal controls to detect faults
	9
	243

	24v DC ripple trip
	Stoppage of automatic cycle, 10-20 minutes downtime to reset and restart machine
	1
	Fluctuations in 24v DC supply from transformer 
	2
	None
	10
	20

	Footstock not advanced
	Stoppage of automatic cycle, 10-20 minutes of downtime to clean switch and restart machine
	1
	Dirt & contaminants in machine covering switch
	2
	None
	8
	16

	Component near or undersize at load
	Stoppage of automatic cycle,20-30 minutes downtime to check part and restart machine
	2
	Issues with size cut by OP20, already cut part reloaded into machine
	2
	Finger gauges in machine stop scrap part being recut
	8
	32

	Gantry related issues
	Stoppage of part delivery to machine, possible downtime up to 4 hours to repair/restart gantry
	7
	Dirty switch, mechanical failure, indramat DDS drive failure
	2
	None
	7
	98

	Coolant not present
	Emergency stop at machine, up to 3 hours downtime for foreman to contact relevant department to restart coolant system
	6
	Issues with coolant system (pumps, motors etc.)
	2
	Coolant switches detect no coolant & stop machine before dry cutting occurs
	10
	120

	Finger gauge giving incorrect reading
	Stoppage of machine due to taper or under/oversize, 1-2 hours of downtime for ECS to investigate and recalibrate gauge
	5
	Movement due to vibration over time, collision, dirt on fingers etc.
	2
	Comparison between both finger gauges built into machine program
	8
	80

	Pneumatic system failure
	Slow cycle times due to weakening of pneumatic components, possible machine stoppage, 1-2 hours downtime to investigate and rectify
	4
	Air leaks due to split pneumatic pipes, degraded seals on components etc.
	1
	Pneumatic pressure sensors, audible air leaks
	6
	24

	Part not present
	Stoppage of automatic cycle, 10-20 minutes downtime to clean part present switch and restart
	1
	Dirt & contaminants in machine covering switch
	1
	None
	8
	8

	Electrical cabinet over temperature
	Stoppage of automatic cycle, up to 2 hours downtime to cool cabinet and restart
	4
	Air conditioning unit for electrical cabinet failure
	1
	Temperature monitoring in electrical cabinet
	6
	24

	Different feed rates in machine program
	Slower feeds to protect mechanical components slowing cycle time
	1
	In plant process engineers have reduced the feeds of the machine in order to stop other mechanical failures
	7
	None
	2
	14




















[bookmark: _Toc386307090]6.7.1 Observations

The FMEA shows us that an Indramat drive failure has the highest risk priority with a score of 243. This is due to the inflated downtime as a result of this failure and the inability to detect it. Ensuring the machine components powered by the drives are in good condition can reduce the likelihood of some faults, such as overcurrent, but most drive faults are internal and will always require drive replacement. 
The current strategy concerning failure of these drives is to order a replacement using the plant stores system, remove the failed drive while waiting for the new drive to be delivered by stores, then insert the new drive when it arrives. Many of the drives kept in the stores are repaired out of plant and then returned, and it has been known for drives to have faults on them already when they are installed, causing further downtime.
The next highest risk priority number is 126 for work driver not engaged. Although this is a low severity stoppage with minimal downtime, it occurred so frequently during the data collection period that it has the second highest score. The current strategy is to wait for this failure to occur, the operator cleans the switch then returns the machine to automatic cycling then this process is repeated. This issue must be addressed also.
Fenn gauge measured 3 parts out-of-tolerance and coolant not present both scored 120. Coolant not present is a difficult issue to solve at the level of this project, as it is a plant wide supply system operated and maintained by a different department. However Fenn gauge measured 3 parts out-of-tolerance will be examined more closely in Improve. 
As well as these top 3 issues identified using the FMEA, all of the problems identified during the data collection period could be reduced, avoided or eliminated completely with better working practices. This will now be discussed at length in the Improve section.







[bookmark: _Toc386307091]







7.0 Improve

In this section a comprehensive approach for solving the problems identified from undertaking the previous steps of this project will be detailed. 
An immediately implementable plan will be laid out, with considerations of what would be needed to fulfil the plan. 

N.B. – at the time of writing this report, Sigma Camshaft Machining is scheduled to make its last camshaft and subsequently cease production on 31/3/2018. Therefore, any improvements put forward in this section will be suggestive/potential and will not be implemented. 













[bookmark: _Toc386307092]7.1 Strategy for improvement to current practices

In this section the issues that have been established in the Analyse phase will be addressed to decide what measures need to be taken to solve the problem of the OP50s underperforming.
A plan of action will be laid out with reference to personnel, resources & time required.
[bookmark: _Toc386307093]7.1.1 Poor condition of machines

The first action proposed after reviewing the Analyse stage is to tackle the issue of the poor condition of the machines by rejuvenating them, to aid returning them to full capacity. Due to their age and lack of proper maintenance over their lifetime, which can be blamed on prioritising production, they are especially dirty (see Appendices F&G). This leads to a number of problems detailed above, some of which were particularly prevalent during data collection e.g. ‘Work-driver not engaged’. 
Although this overhaul would take away from production hours, these would be repaid in the long term by the reduction of breakdowns and stoppages. 

As there are 2 machines in operation, they could overhauled one at a time to keep partial production running. 
In order to keep partial production going the suggested personnel required to complete the work would be surplus to the line RTO.
Overleaf is the suggested plan.














Table 7-1 – Suggested action plan to restore OP50s

	Action required
	Suggested personnel required 
	Resources required
	Estimated time

	Deep clean of machine
	· 3-4 persons
· IMS/ECS/MMC
	· Agma cleaning fluid
· Rags
· Absorbent pads
	· 2 days

	Replace visibly damaged & degraded components
	· 1 ECS
· 1 MMC
	· Limit switches
· Cable
· Work-drivers
· Tail & footstock centres
· Workrests 
· Etc.
	· 1 week

	Locate and repair hydraulic & lube system leaks
	· 2 MMCs
	· UV fluorescing dye for leak detection
· Hydraulic hose
· Valves
· Ram cylinders
· Pumps & motors
· Etc.
	· 1 week

	Locate and repair pneumatic leaks
	· 2 MMCs
	· Pneumatic hose
· Solenoids/valves
· Rod cylinders
· Etc.
	· 2-3 days



All in all, an estimation for the work required is approximately 3 weeks per machine. 
It is thought by the author that this work would go a long way to returning the machines near to their Design cycle time of 48 seconds & therefore increase JPH close to the potential 154 JPH.
If hypothetically this plan were applied to the machines before the data collection, they would then have been able to keep up with the next slowest JPH of OP20 – 91.7.
This work would also tackle a percentage of the scrap created by these problems. However the other possible causes still need to be considered.



[bookmark: _Toc386307094]7.1.2 Gauge errors

The single point lessons present for operating & cleaning of the OP60 Fenn gauges and hand gauges must be enforced to ensure no error is present in the calibration and measurements produced by them. 

Suggested remedy:

Daily gauge checklist to include:
· Cleaning centres, transducer tips & master
· All using lint free cloth 
· Check for air leaks in transducers
· If any are found contact Gauge Maintenance department
· Delete of current calibration data using HMI procedure 
· Engage calibration cycle
· Ensure successful calibration 
[bookmark: _Toc386307095]7.1.3 Operator error

Following are a number of suggested methods for reducing and potentially eliminating scrap produced by operator error from the process, starting with the easiest and cheapest to implement but which may still leave error in the process and moving on to more expensive and resource heavy methods, which would minimise or totally eliminate this scrap mode.
Improved training & single point lessons

The current practice for new personnel to the line is that they receive an undetermined amount of ‘on-the-job’ training from the current line personnel on one, many or all of the operations, depending on line requirements at the time. There is no precedent or training schedule set out and no single point lesson on setting up or making adjustments to the cut made by OP50.
The author proposes that a training plan should be devised for line personnel to follow when training someone on the set up & operation procedures of OP50. Without a plan to follow, it is easy to leave things out, make mistakes or be misunderstood, especially when production demands allow little time for training. 
Training should be recorded for performance monitoring and positive confirmation that the person being trained understands the operation of the machines.
In addition to this, single point lessons should include instructions for making adjustments so that new personnel can refer to it should they forget their training. Information on how to calculate changes and where to input them using the HMI i.e. workrest parameters/dress parameters etc. should be included in these instructions.
Adjustment calculator

A small and simple adjustment calculator could be installed either on the existing HMI or next to it, where the operator can input the size measured and the calculations are done for them. This reduces the chance of a miscalculation and scrap being produced, but does not eliminate the chance of an incorrect key being pushed when making the adjustment. 
 
Using existing remote I/O

In section 4.1.3 reference was made to the remote PLC I/O used to stop the machine when 3 scrap parts are measured by the Fenn gauge. Also mentioned in this section is that the Fenn gauge measures all characteristics of the camshafts (taper, roundness/form etc.). 
If this information were to be fed back into the machine parameters automatically, creating a closed loop feedback system, it would remove the human intervention and therefore reduce or eliminate the risk of an operator error when manually inputting adjustments. 
As the remote I/O is already in place and this kind of closed loop system is already used on the OP40s, the program could be lifted and adapted for the OP50s by a process engineer, reducing the time needed to write a fully new and original program and saving on implementation time. 
















[bookmark: _Toc386307096]7.2 Summary of improvement strategy


By implementing the above plan to bring the machines near to their design performance it is thought by the author that the JPH of the whole line would increase, based on data collected. 

By introducing the measures suggested to tackle the issue of the excessive scrap being produced, the result would be higher performance and the operation no longer being a bottleneck and underperforming operation.










































[bookmark: _Toc386307097]8.0 Control

This section will lay out a suggested system for sustaining the improvement of the OP50s performance that is hoped would be achieved by implementing the measures and actions suggested in Improve. 
















[bookmark: _Toc386307098]8.1 Remote I/O control

This measure, put forward in Improve, would constitute both an improvement and a control measure if implemented. By creating a closed loop feedback system, the chance of human error is reduced by limiting human input and controlling the process autonomously. 
This would reduce scrap produced by human error, controlling the process for sustained improvement.
Below Figure 8-1 shows an example of the information that could be fed back and the loop that would be created, without any operator input.

Figure 8-1 – Closed loop feedback system

With this system in place, every time the parts were to go out-of-tolerance, the remote I/O will bring this back without the need for an operator to intervene. 
This stops the build up of scrap that can occur in scenarios mentioned such as a gauge becoming blocked. 
Considering the cost of scrapping a camshaft is £3, this could result in huge savings to the company for a currently underperforming operation like the OP50s.

[bookmark: _Toc386307099]8.2 Preventive maintenance plan

“…the cost of breakdown maintenance is usually much greater than preventive maintenance.” (Russell & Taylor, 2010)

A preventive maintenance plan is essential to ensure the machine never return to their current state of disrepair. Laid out below is such a plan for preventing this, controlling the process, reducing the breakdown frequency and removing error moving forward.

[bookmark: _Toc386307100]8.2.1 Weekly maintenance checks 

Once returned to good condition, weekly checks should be carried out to prevent the machine returning to a poor condition and the faults that come with this. 
Supervisors and team leaders should ensure all personnel on the line know they must carry these tasks as part of their normal working duties.
Checks should follow a schedule to ensure important areas of the machine are not missed. Below is a sample of such a schedule.


The machine must be shut down for cleaning activities. 
1. Stop automatic cycle.
2. Stop the grinding wheels.  
3. De-swarf work area.
4. Clean all switches (part present, work-driver engaged, footstock advanced etc.).
5. Clean tailstock & footstock centres, work-driver and workrests.
6. Clean finger gauges & tips.
7. Clean sliding door.
8. Clean HMI.

This schedule would take around 20-30 minutes of machine down time, per machine and could be carried out by any member of the IMT; IMS, ECS or MMC.

Further to the cleaning schedule an ECS or MMC should carry out weekly checks on the major mechanical and electrical components. 

For MMC:

1. Ensure sildes & ballscrews are sufficiently lubed and free of debris.
2. Check hydraulic systems for any signs of leaking.
3. Listen for air leaks in pneumatic components.
4. Check for backlash in ballscrews.

For ECS:

1. Check all cables for signs of fatigue.
2. Check proximity switches are functioning correctly and brackets are tight.
3. Check Indramat motors and drives for signs of overheating.
4. Check finger gauges are clean and reading correctly. If not calibrate. 
5. Check contactors for signings of overheating. 

[bookmark: _Toc386307101]8.2.2 Grinding wheel wear checks

Once per week the grinding wheels should be checked for signs of wear and damage, which can lead to taper, form and roundness issues.












[bookmark: _Toc386307102]8.2.3 OP60 Fenn gauge maintenance checks 

The OP60 Fenn gauges are the error proofing for OP50, ensuring any scrap made by them does not make it to subsequent operations resulting in wasted production.
This operation should have a daily start up procedure to be carried out by whatever member of the team is running this operation. Checks to be carried out listed below:

1. Clean all transducer tips.
2. Clean centres.
3. Clean master.
4. Delete calibration data.
5. Run calibration cycle.
6. Ensure results are in acceptable range.

Further to the daily checks, weekly checks should be carried out by an ECS & MMC to check all mechanical and electrical components are in good working order. Checks listed below:

For MMC:

1. Check all pneumatic components for air leaks.
2. Check transducers for air leaks.
3. Check transducer tip movement for signs of fatigue.
4. Check centre tightness.

For ECS:

1. Check calibration data is correct.
2. Check all proximity switches for cleanliness and function.
3. Check cables for signs of fatigue. 











[bookmark: _Toc386307103]8.3 Challenges of implementation

Kurt Lewin (1951), a German-American psychologist interested in social psychology within organizations, wrote about the theory of changing behaviour in his Force-Field theory, stating that when introducing change to a group there will be driving forces and resisting forces. Operators and tradesmen who are set in their ways will produce resisting forces when their working practices change, possibly resisting that they must do more work or learn new equipment/processes. 
Schein (1996) states, “For change to occur, this force field has to be altered under complex psychological conditions because…just adding driving force toward change often produced an immediate counterforce to maintain the equilibrium.”
Figure 8-2 shows a Force-Field diagram applied to implementing the improvement and control measures suggested.

Resisting forces
Driving forces
Employees set in their ways may fear working on new unknown equipment
Questions over the security of currently held positions
Operators and tradespersons have more work to do
Improving practices will sustain good performance
Better performing machines and scrap reducing measures result in profits and savings for the plant and company 
Scrap produced reflects poorly on plant as a whole
A better performing plant looks good to the company and may result in future work
Management wanting time to be dedicated to production only
Cost of implementation may not seem worthwhile to management


Figure 8-2 – Force-Field diagram for implementing suggested changes

To overcome resistance Lewin suggested you must ‘Unfreeze current behaviour, implementing the change and refreezing the new behaviours’. For the suggestions here the workforce must have good communication with management and reassurance that they are serious about making the changes successful with proper training and a less production focused attitude giving the workforce time to carry out the tasks detailed.
[bookmark: _Toc386307104]8.4 Summary of Improve

Through a more proactive and preventive approach as apposed to a reactive, production-only focused approach, the process can sustain good performance, rather than slowly deteriorating.

[bookmark: _Toc386307105]8.4.1 Consideration of cost 

Figure 8-3 below shows the asset book for Sigma Camshaft Machining. Highlighted are the values for the OP50s (valued January 2017). 
[image: Macintosh HD:Users:gregphillips:Desktop:Screen Shot 2018-04-21 at 16.20.59.png]The purchase cost of one OP50 was £491,736. The depreciation over its lifetime is £489,070.76, meaning that to BEP, the OP50s have a Net Book Value (NBV) of just £2,665.24, which is likely only scrap value. 

Figure 8-3 – Asset value speadsheet for Sigma Camshaft Machining (Griffiths, 2017)

Any work carried out on the OP50s would be further investment. As the line is due to finish production (31/3/18), this is not an option management would take. However, if this were a new machine, the preventative maintenance and control measures set out above would be worthy investment in order to keep the machines at peak performance. 




[bookmark: _Toc386307106]9.0 Conclusions

The aim of the project was to use the Six Sigma DMAIC methodology in order to expose the underperforming machinery on Sigma Camshaft Machining in the OP50s, and to understand the effect this has on the line production. 
The define stage of the project highlighted the fact that due to issues with the line, the must-be CTQ of parts being delivered on time was sometimes not met. This is bad for business, especially with an external customer in St. Petersburg Assembly plant, as it reflects poorly on BEP and its workforce.
The data collected confirmed that, despite the line being restricted by the OP20s, the OP50s were still the worst performing operation on the line for that timeframe and further reduced capacity, resulting in a bottleneck at the OP50s. 
Upon analysing the data and considering the possible causes it was surmised that an amalgamation of issues had led to the problems being experienced with the OP50s, these were:
· A lack of any preventive maintenance being carried out during the machines lifetime
· Breakdown maintenance only
· Production focused attitude 
· Poor training practices for new workers to the line
· On-the-job training only with no schedule or records 
· Operator errors
· The combination of poor training and no operator aids, like those suggested, mean operator errors can occur easily

Despite Sigma Camshaft Machining having finished production at the time of writing this conclusion, it is the opinion of the author that implementing the suggested improvement plan detailed in this report would have meant avoiding the many problems suffered by the machines. 
The actionable plan laid out would tackle the current issues, prevent further issues and with the closed loop feedback system in place, could virtually eliminate scrap from the process.
The results of this would be increased availability of the operation, resulting in higher production. This combined with the reduction of scrap could result in huge savings for the company, versus the current practices.

[bookmark: _Toc386307107]10.0 Evaluation & Recommendations for further work
[bookmark: _Toc386307108]10.1 Critical analysis of project – what could have been done differently?
[bookmark: _Toc386307109]10.1.1 Time restrictions and management 

Due to the line ending production during the project, there was a heavy focus from managers and supervisors to run machines at all possible times. Also because of the problems being experienced, the author - who is an ECS on the line - had maintenance work to carry out consistently. This meant that the data collection period had to be kept short at 3 weeks. If this could have been extended, a better picture of the line performance as a whole could have been gained.
Due to the author being tasked with running the OP50s for the duration of the project, other operations were overlooked. Focus was solely on production during this time, meaning time could not be spent implementing any of the suggestions put forward. 
If the project were to be carried out again with more opportunity for physical work, it may have been possible to implement some or all of the improvement measures. After this, another period of data collection could have taken place in order to see what performance improvements came about from the strategies. 
[bookmark: _Toc386307110]10.1.2 Savings for the company

With access to more monetary information, such as the purchase price of orders to Russia or the profits gained at assembly, the improvements suggested could have been translated into increased profits/savings for the company. 
In doing this, the project could have been put forward to management as a realistic strategy to be implemented. 
However the author could not access this information.










[bookmark: _Toc386307111]10.2 What went well

In carrying out this project the author has gained valuable experience and knowledge on Six Sigma, specifically the DMAIC improvement strategy that will be useful in the future.
The DMAIC project detailed was successful in exposing the problems with the OP50s, analysing them and coming to root causes of the problems.
Along with this it is the authors belief that the improvements suggested would result in improved performance of machinery of any kind and improved practices in any manufacturing situation. 
Preventive maintenance, operator aids and overhauling machines in poor repair can be costly to implement in the short term, but this is outweighed by the benefits to the company and their business.























[bookmark: _Toc386307112]10.3 Future work
[bookmark: _Toc386307113]10.3.1 Increasing capacity using improvement strategy

If this line were to continue running, the author would recommend the same plan (tailored to each machine) be implemented for each operation on the line, starting with the bottleneck operations. 
As the OP20s restrict the line to a potential 103 JPH, with 91.7 recorded during the data collection period, this would be the first operation to overhaul. 2 OP20s running increases the potential JPH to 206 JPH.
Table 10-1 below shows the number of machines at each operation and adjacent is the JPH possible of that operation if all machines were running to full capacity. Highlighted is OP43, which has a JPH of 171. As there is only one machine at OP43, this is the ultimate bottleneck that could not be increased and therefore the highest possible throughput for the line. 

Table 10-1 Highest possible JPH of each operation 

	Operation
	Number of machines in operation currently
	Machine JPH
	Current potential JPH
	Number of potential machines
	Potential JPH

	OP20
	1
	103
	103
	3
	309

	OP30
	1
	240
	240
	2
	480

	OP40
	4
	51
	204
	6
	306

	OP43
	1
	171
	171
	1
	171

	OP50
	2
	77
	154
	4
	308

	OP60
	2
	155
	310
	2
	310

	OP70
	6
	25
	150
	12
	300

	OP80
	1
	155
	155
	2
	310

	OP90
	3
	103
	309
	3
	309

	OP100
	2
	77
	154
	4
	308

	OP110
	1
	340
	340
	1
	340

	OP120
	2
	155
	310
	2
	310

	OP135
	1
	200
	200
	1
	200






[bookmark: _Toc386307114]10.3.2 Decreasing scrap using control measures

The suggested measures put forward, closed loop feedback systems and operator aids, are in place for newer equipment on newer lines. 
If this project had a plant-wide scope it could be investigated how successful these measures are in reducing scrap, and in doing so gather evidence for them to be implemented on older equipment.

Another recommendation for future work would be to enforce a preventive maintenance strategy for each and every machine in plant. This could be carried out by a dedicated preventive maintenance team and would prevent other machines ever reaching the poor condition of those on Sigma Camshaft Machining. 
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Appendix B
Table 13-2 – OP90 average JPH for data collection period


Table 13-1 – OP80 average JPH for data collection period


	OP80 average JPH – STD JPH/machine = 155

	Date of shift
	OP80A

	4/12/17
	55

	5/12/17
	100

	6/12/17
	92

	7/12/17
	85

	8/12/17
	88

	11/12/17
	52

	12/12/17
	90

	13/12/17
	93

	14/12/17
	82

	15/12/17
	103

	18/12/17
	61

	19/12/17
	93

	20/12/17
	100

	21/12/17
	30

	22/12/17
	75

	Total average JPH for data collection period /OP
	79.9


	OP90 average JPH – STD JPH/machine = 25

	Date of shift
	OP90A
	OP90B
	OP90C

	4/12/17
	18
	18
	19

	5/12/17
	35
	33
	32

	6/12/17
	31
	30
	31

	7/12/17
	28
	27
	30

	8/12/17
	31
	29
	28

	11/12/17
	17
	18
	17

	12/12/17
	29
	31
	30

	13/12/17
	31
	31
	31

	14/12/17
	27
	28
	27

	15/12/17
	35
	33
	35

	18/12/17
	21
	20
	20

	19/12/17
	33
	31
	29

	20/12/17
	34
	32
	34

	21/12/17
	9
	10
	11

	22/12/17
	27
	24
	24
	Total average JPH OP90

	Total average JPH for data collection period
	27
	26.3
	26.5
	79.8


















Table 13-3 – OP100 average JPH for data collection period
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	OP100 average JPH – STD JPH/machine = 77

	Date of shift
	OP100A
	OP100B

	4/12/17
	26
	29

	5/12/17
	52
	48

	6/12/17
	49
	43

	7/12/17
	42
	43

	8/12/17
	43
	45

	11/12/17
	27
	25

	12/12/17
	42
	48

	13/12/17
	51
	42

	14/12/17
	41
	41

	15/12/17
	50
	53

	18/12/17
	30
	31

	19/12/17
	43
	50

	20/12/17
	52
	48

	21/12/17
	15
	15

	22/12/17
	37
	38
	Total average JPH OP100

	Total average JPH for data collection period /OP
	40
	39.9
	79.9










Table 13-5 – OP120 average JPH for data collection period


Table 13-4 – OP110 average JPH for data collection period


	OP110 average JPH – STD JPH/machine = 340

	Date of shift
	OP110

	4/12/17
	55

	5/12/17
	100

	6/12/17
	92

	7/12/17
	85

	8/12/17
	88

	11/12/17
	52

	12/12/17
	90

	13/12/17
	93

	14/12/17
	82

	15/12/17
	103

	18/12/17
	61

	19/12/17
	93

	20/12/17
	100

	21/12/17
	30

	22/12/17
	75

	Total average JPH for data collection period /OP
	79.9


	OP120 average JPH – STD JPH/machine = 155

	Date of shift
	OP120A 
	OP120B

	4/12/17
	26
	29

	5/12/17
	52
	48

	6/12/17
	49
	43

	7/12/17
	42
	43

	8/12/17
	43
	45

	11/12/17
	27
	25

	12/12/17
	42
	48

	13/12/17
	51
	42

	14/12/17
	41
	41

	15/12/17
	50
	53

	18/12/17
	30
	31

	19/12/17
	43
	50

	20/12/17
	52
	48

	21/12/17
	15
	15

	22/12/17
	37
	38

	Total average JPH for data collection period /OP
	40
	39.9




















































Table 13-6 – OP135 average JPH for data collection period





	OP135 average JPH – STD JPH/machine = 200

	Date of shift
	OP135

	4/12/17
	55

	5/12/17
	100

	6/12/17
	92

	7/12/17
	85

	8/12/17
	88

	11/12/17
	52

	12/12/17
	90

	13/12/17
	93

	14/12/17
	82

	15/12/17
	103

	18/12/17
	61

	19/12/17
	93

	20/12/17
	100

	21/12/17
	30

	22/12/17
	75

	Total average JPH for data collection period /OP
	79.9
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Part is cut out-of-tolerance 


Information is fed back to machine using remote I/O


0.008mm taper is put into 'Dress parameters', for Journals B & E -0.01mm put into finger gauge for Journal A


Machine completes dress cycle


Part is measured by Fenn gauge - e.g. 0.008mm taper on Journals B & E, oversize on Journal A by 0.01mm


Next part is cut on-size















Scrap data bar graph - Week 1
B - intake 	OP20	OP30	OP40	OP43	OP50	OP70	OP100	OP120	1.0	0.0	6.0	2.0	23.0	4.0	0.0	0.0	J - exhaust	OP20	OP30	OP40	OP43	OP50	OP70	OP100	OP120	3.0	0.0	9.0	3.0	16.0	1.0	0.0	2.0	Number of scraped camshafts


Scrap data bar graph - Week 2
B - intake 	OP20	OP30	OP40	OP43	OP50	OP70	OP100	OP120	2.0	0.0	2.0	0.0	35.0	5.0	0.0	5.0	J - exhaust	OP20	OP30	OP40	OP43	OP50	OP70	OP100	OP120	4.0	0.0	6.0	0.0	29.0	7.0	0.0	4.0	Number of scrapped camshafts


Scrap data bar graph - Week 3
B - intake 	OP20	OP30	OP40	OP43	OP50	OP70	OP100	OP120	5.0	0.0	2.0	0.0	13.0	4.0	0.0	4.0	J - exhaust	OP20	OP30	OP40	OP43	OP50	OP70	OP100	OP120	1.0	0.0	5.0	0.0	16.0	6.0	0.0	8.0	Number of scrapped camshafts


Total scrap for each operation during data collection period
OP20	OP30	OP40	OP43	OP50	OP70	OP100	OP120	16.0	0.0	30.0	5.0	132.0	27.0	0.0	23.0	Operation

Number of scrapped camshafts

Pareto chart for 3 week scrap data
Total scrap	OP50	OP40	OP70	OP120	OP20	OP43	OP30	OP100	132.0	30.0	27.0	23.0	16.0	5.0	0.0	0.0	Cumulative %	OP50	OP40	OP70	OP120	OP20	OP43	OP30	OP100	0.566523605150215	0.695278969957081	0.811158798283262	0.909871244635193	0.978540772532189	1.0	1.0	1.0	OP number
Number of scrapped camshafts
Cumulative percentage of total scrap 

OP50A cycle times trend chart 
Week 1	37-45	46-54	55-63	64-72	>	73	340.0	352.0	1013.0	91.0	0.0	Week 2	37-45	46-54	55-63	64-72	>	73	322.0	630.0	1435.0	175.0	0.0	Week 3	37-45	46-54	55-63	64-72	>	73	272.0	790.0	1598.0	169.0	1.0	Cycle time range in seconds

Number of cycles


OP50C cycle times trend chart
Week 1	37-45	46-54	55-63	64-72	>	73	266.0	494.0	1439.0	0.0	0.0	Week 2	37-45	46-54	55-63	64-72	>	73	317.0	521.0	1527.0	2.0	0.0	Week 3	37-45	46-54	55-63	64-72	>	73	303.0	451.0	1336.0	1.0	0.0	Cycle time range in seconds

Number of cycles


Bar chart of average JPH
Average JPH	OP20	OP30	OP40	OP43	OP50	OP60	OP70	OP80	OP90	OP100	OP110	OP120	OP135	91.7	91.7	91.7	91.7	79.9	79.9	79.5	79.9	79.8	79.9	79.9	79.9	79.9	Operation

Average JPH over data collection period

Breakdown & stoppage mode and frequency bar chart
Work driver not engaged	Fenn Gauge measured 3 parts out-of-tolerance	Taper compensator max out	Hydraulic oil (HV15) level low	Ways lube (SL68) level low	Indramat DDS drive fault/failure	24v DC ripple trip	Footstock not advanced	Component near or undersize at load	Gantry related issues	Coolant not present	Finger gauge giving incorrect reading	Pneumatic system failure	Part not present	Electrical cabinet over temperature	42.0	38.0	19.0	10.0	8.0	4.0	4.0	3.0	3.0	3.0	2.0	2.0	1.0	1.0	1.0	Breakdown/stoppage mode

Number of occurences
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