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Abstract
The purpose of this report is to focus on cost saving exercises on the Ford SIGMA Engine build process and establish any further areas of waste that these cost saving exercises are creating. The ideology of implementing a lean mentality is to ensure waste is not only reduced but profit and costs are therefore improved too. The initial area this report challenges is the reduction of production shifts and the resulting downtime which results in difficulties on start-up shifts regularly. Reductions in maintenance overtime for scheduled maintenance (SMS) prior to these shifts and the impacts of downtime running into production hours will be assessed and potential recommendations for improvements made. The research for this report was a balance of both academic and online resources while also using the experience and knowledge of colleagues and engineers working on the Sigma engine process.
Ford Motor Company (FMC) currently make a profit of one thousand and forty-six GBP on every engine assembled on its Sigma line at its Bridgend Engine Plant (BEP) with a current build rate of 920 units per day. The wastes highlighted in this report are a direct cost to FMC and reduce this profit margin and increase the workload required to correct the issues and therefore costs too. Once highlighted, the report addresses and identifies suitable solutions and tools that can be used to implement a lean manufacturing approach and improve the process to create more value for the manufacturer and the customer. Any solutions identified that create potential problems will be looked at and ways to overcome such issues will be discussed. 
For waste to be highlighted and reduced it is paramount to obtain the Voice of the Customer (VOC) to understand what presents value to them and what areas of the process are worth improving accordingly to reduce those costs and increase value. 
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[bookmark: _Toc40956928]1. Introduction
Companies are continuously looking for ways to improve their production processes to ensure they remain competitive. However, in June of 2019 Ford Motor Company confirmed that its engine manufacturing plant in Bridgend, South Wales was to close. The proposed date for closure was September 2020 so therefore production was still to continue through until the closure date remaining both reliable and competitive in its operations.
It is paramount within any manufacturing environment that production costs are reduced, productivity is maximised, operations are consistent, and that quality is not affected as a result. Ford Motor Company (FMC) are currently in a position of managing these objectives while phasing out its current SIGMA engine line gradually at Bridgend Engine Plant. FMC is under contract to supply engine’s to numerous vehicle assembly plants around the world including Central and Eastern Europe, and North America. In circumstances where these build orders are not met, the fines imposed upon BEP are large which coexistent with a damage in reputation for the plant too.
FMC are a data driven organisation which plays into the approach of a Six-Sigma mentality when making operational decisions. According to Krishnan and Prasath (2013) Six-Sigma is an industry accepted and proven methodology statistically measuring variation which can be used for business improvement whereby processes are streamlined.
Ford Motor Company currently produces its 1.5/1.6L GTDI SIGMA engine at Bridgend Engine Plant, South Wales. The engine line is currently in decline, due to newer, more technologically advanced forms of powertrain replacing it slowly. Therefore, at the time of the dates in this report, the target build for the SIGMA engine is 920 units per day on an operator two shift pattern consisting of day and afternoon shifts. Before Bridgend Engine Plant (BEP) summer shutdown which finished August 12th 2019, production ran a three-shift pattern including night shifts without stopping on Friday with a target build of 650 units per day, 270 units short of today’s targets however operating with 8 hours more of production time per day.
The current production hours are different to twelve months ago whereby production ran often 24 hours a day, 7 days a week due to factors such as a constant high demand, or downtime throughout the week resulting in further production being required to meet demand of which investment into overtime and increased scheduled maintenance was given. Due to the decline of the SIGMA engine in Bridgend Engine Plant, investment into the line is at an all-time minimum. Production hours are also at the lowest they have ever been.
Operator and maintenance overtime have been removed entirely as a cost saving exercise and new challenges are appearing as a result. With production now ceasing at 22:00 every evening, and not running again until 06:00 the following day with a longer period of downtime from 22:00 Friday until 06:00 Monday, the aging machinery is beginning to show signs of struggle upon starting back up particularly at 06:00 Monday morning.
Likely causes are that once the machines have cooled down during downtime hours, combined with the reduced scheduled maintenance (SMS) hour’s, the result is the machinery being in a poor condition and requiring attention to get back up and running reliably, resulting in costly downtime. 
In order to consistently hit build targets for its customers, Bridgend Engine Plant (BEP) has followed the lean principles of the Ford Production System (FPS) and utilised DMAIC strategies to combat any issues relating to loss of production or quality matters.
Therefore, any continuous improvements made within the manufacturing lines within BEP will enable customer demands to be met with minimal disruption to the steady supply chain and reduce the cost implications of downtime, damaged machinery and failure to meet those customer orders.
[image: ]This project is aimed at applying and utilising Six Sigma, specifically the DMAIC methodology, in evaluating the amount of downtime experienced during production start-up shifts and suggest improvements where downtime resulting in waste, higher costs and loss of production are identified. Due to the time constraints imposed due to the nature of BEP closing, following through with the Control stage of the DMAIC methodology will not be possible with this project however is still acknowledged as an important part of a DMAIC led roadmap within the literature of this project.[bookmark: _Toc40719905]Figure 1 - Completed SIGMA 1.5L Combustion Engine at the End of the Assembly Line





[bookmark: _Toc40956929]1.1 Background of the Study
Ford Motor Company are of the stance that a reduction in shift patterns on the SIGMA assembly line will not impact meeting the projected build targets for customer orders. Dispute about the change in motion comes from the reduced maintenance and operation time that will now be present on the line. A reduction of production hours will allow machines to cool down and maintenance hours will be reduced therefore any issues resulting from the inactivity of machinery over a sustained period of time is being highlighted as a reasoning against the shift pattern change from the workforce and Union.
[bookmark: _Toc40956930]1.2 Problem Statement
Highlighting the relationship between poor production uptime and machine breakdowns with a reduction in production hours. Problems stem from machine inactivity, lack of scheduled maintenance, increased build numbers during production hours and time constraints for maintenance to correct issues encountered during the start-up of production hours. With a target of 920 units a day over a total of 836 minutes of production time, it is essential for the assembly line to maintain a minimum of production rate of one unit per 54 seconds, meaning that even a 10% reduction in production time due to start-up related issues totalling 83.6 minutes will increase the required production rate to one unit per 49 seconds. This quantitative study will examine if patterns occur within the weekly cycle of start-up shifts or more specifically, Monday morning production due to long periods of downtime over the weekend when everything is on hold and if there are any patterns where improvements are possible.



[bookmark: _Toc40956931]1.3 Aims and Objectives
My aims for this project are to establish if the current cost saving activities implemented by management are enabling the plant to stay on target or in the long term costing it further expense due to the knock-on effect of the decisions that have been made. I aim to utilise and implement Six-Sigma in order to discover potential improvements, primarily a DMAIC approach where I will:
1) Define the reasons for machinery delays during start-ups and if there is any correlation between certain maintenance or operator shifts. This may be due to available labour varying across the shifts or a lack of experience which results in slower start up procedures being implemented.
2) Measure the data available to me using in house data collection software such as POSMON and QLSCM.
3) Analyse and apply stratification to the data gathered in order to establish accurate readings, patterns and understanding of the problems facing the SIGMA Assembly Line and any correlation that may be present. i.e. shifts, engine count, maintenance teams or machine (M/C) faults.
4) Suggested improvements that can be implemented, whether that be the possibility of different operating patterns or hours, or improvements that can be implemented alongside the current business objectives and operating procedures.
5) Highlight how any improvements can be controlled in order to review future data to establish if the current cost saving procedures are working or if the improvements made can reduce downtime and therefore costs to the company while increasing engine counts per day which improve profit. 

[bookmark: _Toc40956932]1.4 Limitations
Potential constraints for my research during this project may come internally or externally. Internally if Ford Motor Company makes the decision to change the build amount on the SIGMA assembly line sooner than previously set out, this may skew the data gathered after any improvements have been made. Alternatively, external sources of research such as books, studies, reports and journals may provide broader literary evidence of which is not directly linked to my area of study or may be similar but from a study case not associated with a manufacturing line similar to SIGMA. It will be essential to extract the relevant information from my research to provide an accurate and reliable study.

[bookmark: _Toc40956933]2. Literature Review
[bookmark: _Toc40956934]2.1 Six-Sigma
Six Sigma is defined by many different variations each specifically targeting certain aspects of its overall purpose to achieve “near-perfection meeting customer requirements” (Pande, et al., 2000). Using facts and data, Six Sigma is a statistical process in which the range between the mean of a process quality measurement and the nearest specification limit is at least six times the standard deviation (Chahal & Singh, 2013). It focuses on the customer in order to deliver effective solutions and is regarded as a successful method to manage a business (Pande, et al., 2001). Six Sigma and Lean systems both primarily have the same end goal according to Villanova University (2019), to eliminate waste within a process and tailor that process to become the most efficient it can be, however both systems take different approaches to reach such goals by identifying the root cause of waste differently.
Six Sigma is a quality improvement methodology which was invented by Motorola (Shanmuganathari, 2010) and aims to streamline and improve all processes while gathering measurable data driven results for companies to analyse. Shanmuganathari states that Six Sigma is a statistical term which measures how far a given process deviates from the desired result, referred to as “perfection”. This process allows a quality measure to be quantified and therefore becomes comparable data. Lean is also used to streamline manufacturing processes however focuses on removing unnecessary areas of the production cycle that are commonly seen as wasteful steps that add no value to the final product. It is due to the success of both these strategy improvements that the creation of Lean Six Sigma came about. Lean Six Sigma eliminates waste in processes using the lean manufacturing tools which in tandem enhances the value in Six Sigma implementation further by improving speed and removing non-value-added (NVA) steps. It is highlighted by Vivekananthamoorthy and Shanmuganathan (2014) that the implementation of a Lean Six Sigma project requires structural method such as the DMAIC approach. DMAIC stands for Define, Measure, Analyse, Improve and Control.
When considering Six Sigma in the work place, complete buy in on all levels can be considered paramount as it is considered by Breyfogle et al. (2001) to be “a team-based approach to problem solving and process improvement”. Breyfogle et al (2001) expands on their findings to explain how in a Six Sigma organisation, special titles are given to employees involved in projects depending on their roles. Gupta (2005) believes this to be crucial as all employees of an organisation should have an awareness of Six Sigma and ideally trained to a Yellow Belt standard to create a Six Sigma culture throughout.
The Six Sigma DMAIC methodology can be thought of as a roadmap for problem solving and process improvement (Krishnan & Prasath, 2013).
[bookmark: _Toc40956935]2.1.2 DMAIC
In order to measure if a production process is operating at the highest level in the Six Sigma methodology, Motorola developed a five-phase process often referred to as ‘DMAIC’. The highest level of Six Sigma allows for 3.4 defects per million parts produced (Chahal & Singh, 2013).
[bookmark: _Toc40956936]2.1.2.1 Define
The term ‘define’ according to Collins Dictionary (2019) is to show, describe or state clearly what it is and what its limits are, considering this case study it refers to the problem present on start up. The define stage within a Six Sigma DMAIC approach according to Shanmuganathari (2010) establishes the process goals using key parameters such as critical to quality (CTQ) or critical to production (CTP) determined by customer requirements highlighted using the VOC. CTQ statements identify customer needs while poor quality requires recognition such as warranty, labour, overheads and any other internal/external factors. According to Shankar (2009) this stage should define “the problem and scope the work effort of the project team” whereby the any description about the problem should highlight the “pain” felt by the customer. These problems should be systematic and part of an existing steady-state problem which has occurred over numerous production cycles. A problem statement should illustrate the need for the project and what potential benefit it could have and may be included/consist as a project charter.
In FMC the FPS metrics SQDCMPE (Safety, Quality, Delivery, Cost, Maintenance, People and Environment) are used to establish the classification and area that the project resides in this stage.
[bookmark: _Toc40956937]2.1.2.2 Measure
The measure phase focuses on selecting which factors are to be improved (Omachonu & Ross, 2004). It is designed to avoid costs by identifying unnecessary tasks and eliminating them from the project by studying the processes and establishing a baseline of current performance levels (Wasiloff, 2008). For a measure stage to be effective, Stamatis (2004) states it must provide a structure to evaluate current performance while comparing and monitoring any improvements and the capabilities of the production cycle after the improvements have been implemented. In order to establish a baseline, a defect or failure needs to be defined in the define stage. Valid and reliable metrics established help monitor progress towards a goal. Utilising additional tools such as mapping out a cause and effect diagram, process flow diagrams and process behaviour charts (SPC) can support any statistical evidence gathered during the measurement phase (Pyzdek & Keller, 2018). 
[bookmark: _Toc40956938]2.1.2.3 Analyse
The analysis stage should deem whether enough reliable and consistent data has been gathered in the measurement phase in order to assess and establish confidence in improvements for the issues highlighted in the define stage. It is crucial to understand why the problems have originated and prioritise the improvements which can implemented for process betterment (Adams, et al., 2003). Engineering metrics such as Failure Mode Effect Analysis (FMEA), any other graphical analysis, and relatable key input/output process variables (KIPV/KOPV) that support the problem and any improvements should be documented and evidenced. Innovative concepts should create value for the customer specific to their needs. In order to implement improvements, this stage is critical for establishing the root cause of problems such as defects or downtime (Omachonu & Ross, 2004). The analyse phase should find the root causes by identifying influence factors in detail and enhance understanding of the process and the problem (Phruksaphanrat & Tipmanee, 2017). 
[bookmark: _Toc40956939]2.1.2.4 Improve
The improvement stage ensures a solution is implemented whereby it directly aligns the results and the desired output while reducing variation in the process. In order to support that an improvement works, statistical evidence is required. The improvement should be explained and documented for all associated staff to understand and a functional work plan in place. Functional Planning manages the work of the department defining the tasks assigned to individuals related to the improved process, clearly defined output expectations and internal tracking for future defects in the process with both recommended actions should the process be successful or not (Chocron & Steigerwald, 2018). A response plan can narrow down the results required to pass the process on each cycle leading to a continued process refinement (Go Lean Six Sigma, 2012).
[bookmark: _Toc40956940]2.1.2.5 Control
During the control phase, the improvements made are monitored statistically with supporting evidence to establish if the improved process is reliable over a longer period of time and sustainable. In order for an improvement to be deemed as sustainable, the reduced variation target must be consistent, and the entire process remain under control. In order for this to be achieved, the changes implemented to the process must be upheld and engineering tools such as visual factory and preventative maintenance of the new system utilised to their full potential in order to eliminate the original problem permanently to continually pursue “perfection” within the process (Go Lean Six Sigma, 2012).
It is to be noted that due to the time constraints associated with this project and the proposed closure of BEP, the control phase has not been allocated as a part of this project but is recognised within the DMAIC methodology.

[bookmark: _Toc40956941]2.2 Lean Manufacturing
The birth of Lean was in Japan within Toyota in the 1940s. The Toyota Production System (TPS) stemmed from a desire to achieve continuous flow without relying on long production runs to become an efficient process. Essentially, it focused on recognising that only a small amount of the total production time was adding value to the customer. Taiichi Ohno of Toyota was the brain behind the initiative, he recognised the materials resource planning (MRP) used within the Western world in its Mass Production System (MPS) established by Henry Ford had its benefits and limitations. This MRP resulted in large high-volume production not only becoming possible but was standardised to supply long production runs with lower costs to the customers, reducing variation present in the manufacturing process however likewise reducing variation possibilities for the customer within the design stage.
Ohno continued the development of Lean into the late 1980s (Melton, 2005). As time progressed and manufacturing technological advancements continued, mass production benefited from computer capabilities to further enhance MRP systems. Toyota however a decade prior to this, had established their supply base as ‘Lean’, leading them to establish their distribution base too by the 1980s.
In the 1990s, two publications in particular are now considered as landmarks within spreading the versatility and implication requirements for a Lean environment. 
The Machine that Changed the World (Womack, et al., 1990) compared and contrasted the differences between the MPS used in the Western world and Lean Production established in Japan by Toyota and Taiichi Ohno in the automotive industry. The main comparisons made by Womack et al. (1990) are displayed in Table 1. 
[image: ][bookmark: _Toc40719963]Table 1 – Comparison of MPS and Lean Production (Womack, et al., 1990)


[image: ]It is evident that Lean production to Ohno was striving to achieve the high volumes of production possibilities in relation to the customer order requirement, with perfection being obtained in quality, waste reduction and employee capabilities.[bookmark: _Toc40719906]Figure 2 - Objectives of Lean Manufacturing Process (Dave, et al., 2015)


Waste in terms of industry is defined as “anything that does not add any value to the end product from customer’s perspective” (Dave, et al., 2015). Singh continues to explain how there are two types of waste that generate, waste that can be seen or calculated and waste that cannot (2015). It is stated that there are ‘9 wastes in an organisation’. Waste can be;
· Defects – Goods that need to be either reworked or scrapped add cost. Cost is calculated based on goods going through the process once, any rework or unsellable stock will increase costs further in an area that is hard to see or calculate.
· Overproduction – Common type of waste in industry and considered the worst, producing goods before they are required when Lean Manufacturing runs on a pulling process not a pushing.
· Waiting – Studies show that up to 90% of the time goods are waiting to be processed, every minute lost in waiting cannot be recovered.
· Non-Value Added (NVA) processes – Processes that do not add value to the customer at the end of the process.
· Transportation – Does not add to the value of the end product. Transportation is often cause by poor workplace organisation.
· Inventory – The storage of goods, components and other stock which take sup space and therefore the associated costs. Overproduction can increase the amount of inventory required. 
· Motion of Goods – In industry more often than not, time and process is spent on transportation between workstations, estimated only 5% motion is useful for processing work (Dave, et al., 2015)
· Employees – Knowledge, Skills and Abilities not utilised, i.e. making changes to shop floor without operators’ input can result in redundant changes/backlash.
· Energy and Environment – The energy used to process parts is a cost that comes from the end product profit and therefore a waste, hard to calculate per unit due to process times, waiting times etc which are not visible data.

Ohno did not want to overproduce and have waste, but instead achieve larger customer orders and produce the amount required, quickly. FMC operate with this mindset, however for waste there are repair bays on their assembly lines. The basis of these repair bays is to rework failed produce in order to put it back into the system corrected and therefore reduce waste, however this process does not remove all waste due to the time and cost involved with reworking produce. Deming, who made his reputation within manufacturing and the Japanese economy starting in the 1940s, took his management method to FMC after and was quoted as saying that “Defects are not free” (Deming, 1986) highlighting the need to remove the amount of reworks being placed into repair bays at Ford. In order to achieve this, his method of improving quality on a first time through (FTT) basis was essential.

[bookmark: _Toc40956942]2.2.1 Process Improvement
The foundation to Lean Manufacturing is Standardisation. Standardised work is the process of developing and implementing standards which are the best, safest and easiest way to achieve and maintain a defined quality level (Kaizen Institute India, 2013).

Establishing precise procedures for each operator’s work in a manufacturing process is based on three elements;
· Takt Time – The rate at which products must be made in a process in order to meet customer demand
· A precise work sequence in which an operator performs tasks within takt time
· The amount of inventory required to keep the process operating smoothly.

2.2.1.1 Takt Time
Takt time is a conceptual part of lean production. It is the desired time that it takes to make one unit of production output (Ducharme & Ruddick, 2004), effectively production is paced by takt time (Linck & Cochran, 2017). Linck & Cochran state the term ‘Takt’ is a German derived word which refers to rhythm and time in a piece of music (2017), therefore comparisons have been drawn between Takt time and the rhythm or heartbeat at which an organisation should operate (Ducharme & Ruddick, 2004). It is customer driven controlled by demand. Takt time implementation requires management to utilise the 5 P’s of OM based on the resistance from workforce that can be experienced from being told what speed to work at.
[image: ]Takt time involves all products being produced at the same rate which eliminates products waiting on the manufacturing line. Figure 3 shows how Product A and Product B can be unlevelledd or levelled to Takt time in order to maximise efficiency. [bookmark: _Toc40719907]Figure 3 - TAKT Time Levelling (Ducharme & Ruddick, 2004)

[bookmark: _Toc14282430]
2.2.1.2 Kaizen
Kaizen is;
“A Japanese term that means continuous improvement, taken from words 'Kai', which means continuous and 'zen' which means improvement. Some translate 'Kai' to mean change and 'zen' to mean good, or for the better”
(University of Ottawa, 2008)
The idea of continuous improvement is for management to create standards which employees must follow to perform a specific process or task. When these standards are met, should they be correct, then observable improvement in the output of the process highlighted will be visible. Once improved, Kaizen sets about improving the process over again for greater results once more. As innovation in industry improves and is implemented into processes, Kaizen works with it to exhaust all benefits until the next large step forward in [image: Image result for kaizen process circle]innovation takes place, this is a never-ending cycle.
[bookmark: _Toc40719908]Figure 4 - Continuous Improvement Cycle (PDCA) (Planview, 2020)

[bookmark: _Toc14282431]2.2.1.3 Jidoka (Poka-Yoke)
A Japanese technique which means mistake proofing (Dave, et al., 2015). Developed by Mr. Shingo in Japan, it provides 100% product quality as parts can only be fitted or used in the desired way. A technique used for both manufacturing and assembly processes, some machined parts are designed so that they can only be fitted one way and on assembly lines a Poka-Yoke device eliminates operator error that may come from complacency or inaccuracy. 
[bookmark: _Toc14282432]2.2.1.4 Just-In-Time (JIT)
A philosophy of continuous improvement, Just-In-Time manufacturing places emphasis on preventing future issues rather than correcting them once they occur. As with all Lean manufacturing tools, it requires a companywide focus on quality. In the competitive world, the industries need to seek competitive advantage by emphasising on performance factors such as flexibility, quick response, cost, efficiency, quality, reliability and service (Wakode, et al., 2015). OM approach is required in order to implement this philosophy and the 5 P’s will all need to be addressed. 
Just-In-Time ensures that production levels are based on demand, rather than predicting future customer orders which can lead to overproduction or underproduction, both sources of waste. JIT focuses on three central themes;
· Simplicity
· Quality
· Elimination of Waste
Focusing on the elimination of waste, JIT organises the production process so that parts are only available when they are needed, reducing inventory waste of goods sitting on the shop floor or in a store’s facility. This method of continual reduction in waste can be implemented on all OP’s in the manufacturing process.
JIT systems are designed to optimise quality and cost, minimise waste of resources and to be responsive to customer needs. Being able to respond quickly to changing demand ensures that should the customers idea of value vary, the product produced can vary with it to ensure the customer’s idea of value in the product remains. 

[bookmark: _Toc14282433]2.2.1.5 Supplier Management
For JIT to be effective, supplier management is essential. When goods are received is paramount to reducing inventory waste and avoiding shortage of supply. 
[bookmark: _Toc14282434]Pull Scheduling
Pull scheduling is a flexible system where stock is ordered when more is required therefore maintaining a balance with the flow of resources. It is set by customer demand rather than set quantities for a given amount of time. This means that should demand drop unexpectedly, less stock is ordered and therefore eliminating further inventory waste, handling, over production waste and transport costs.
A pull system utilises the Kanban methodology. The Kanban system maximises the productivity of a unit and this is done by reducing the idle time of a process. The Kanban system focuses on the reduction of waste in all informs over-production, unnecessary motion, defects, over-processing & waiting (Wakode, et al., 2015). 
[bookmark: _Toc14282435]Push Scheduling
Push scheduling is a traditional method of ordering stock. It controls stock levels by predicting future demand and ordering set quantities based off that predicted level. This can lead to increased inventory usage, or even shortages should demand spike suddenly. 

[bookmark: _Toc40956943]2.2.2 Quality Management
Achieving quality and productivity is a fine balance of which Total Quality Management (TQM) relies on. Deming was one of the major proponents of quality management and was among those given credit for contributing to the rapid revitalization of the Japanese economy after World War II (Fisher, et al., 2011). Deming created 14 points based on achieving quality management success in order to help people understand and implement his way of thinking, all of which are based on what he told the Japanese in 1950, and can be implemented by companies to achieve both quality and productivity (Neave, 1987).
Deming’s methods are however the topic of many discussions as his work according to Tamimi et al. (1995) depends on “the ability of managers to interpret and measure” his 14 points, but also because Deming’s literature “offered little specific guidance on how to implement them” although Tamimi et al. (1995) concluded most proposed measures were reliable and valid.
Quality can be measured with many different qualitative and quantitative metrics. Expectations of quality are customer specific. The degree to which products or services meet specifications and expectations is influenced by the capability of the process (Wild, 2004). According to Hsueh et. al (2008) a quantitative approach is proposed to measure the effectiveness of the quality improvement using data for a supportive argument. However, Bergman and Coxon (2005) describes a qualitative approach to quality as collecting data which is evaluated in relation to a specifically desired quality criteria, such as observations, interviews and questionnaires, documents and researchers impressions that may relate to specific targets such as the interpretation of surface finish. 
In BEP, there are many different quality assurance processes in place on the SIGMA Assembly line to ensure that standards are met and maintained, and any defects are detected at the earliest possible point in the assembly process. The SIGMA line benefits from laser measurement, camera scanners, surface tolerance checks, equipment function testing and flow control sensors, all of which aid with quality assurance. In order to maintain meeting build production targets, analytical tools such as Six Sigma can support each quality measure put in place so that cycle time is not affected in the process. 
The importance of quality to any company, is not only to reduce waste. Failed quality results in future implications. This may be warranty repairs resulting in complete engine changes at an estimated cost to the business of $8745 per engine (Ford Motor Company, 2007), further damages such as failure of goods creating other potential issues i.e. thermal events. The cost of poor quality (COPQ) can also damage brand reputation and ultimately lead to the possibility of reduced sales in future. It is therefore of paramount importance to FMC and BEP to produce a high quality, reliable and consistent supply of SIGMA engines for all its customers.

[bookmark: _Toc40956944]2.2.2.1 Cost of Poor Quality (COPQ)
The cost of quality (COQ) is typically split into two parts, conformance and non-conformance.
· Conformance – Price paid for prevention of poor quality
· Non-Conformance – COPQ (Product or service failure, including; Reworks and returns)
According to his book, Quality is Free, Crosby (1979) supports that the total COQ consists of the cost of good quality, conformance, and COPQ, non-conformance. Later in his published studies, Crosby (1983) states that no other area has received more attention from quality professionals over the years than COQ, highlighting its importance to any business. Crosby believed that the requirement for quality to be measured was to develop the ‘quality thinking’ within an entire organisation (Dobrin & Stanciuic, 2013). 
Where possible, estimating the COQ in monetary terms allows an organisation to evaluate the extent to which its resources are being utilised to mitigate the adverse effects of poor processes says Retnari et al (2010). Furthermore, poor processes may consist of poor-quality produce or poor process speed and accuracy. Both of those potential outcomes will result in an increase in reworks, repairs and also costs.

[bookmark: _Toc40956945]2.2.2.2 The Hidden Factory
Throughout the SIGMA engine assembly process, repair bays are located around the line in order to allow operators to manually access and correct failed processes, the cost of doing so contributes to what is often referred to as ‘The Hidden Factory’. Campanella (1990) explains how originally, accounting departments were designed to identify mathematically the benefits to the company based on the number of units produced and the cost per unit, resulting in what was considered profit. This explains why hidden factory costs have remained in the background for so long. Feigenbaum (1977) describes that this ‘hidden’ area could be considered a small factory in itself, reworking and repairing defects, and if the quality initially could be improved then ‘The Hidden Factory’ would be available for increased productivity. 
By measuring COQ, it quantifies a problem into a recognisable language to upper level management. This in theory, helps to identify opportunities for cost reduction and customer satisfaction (Raddatz & Klemme, 2006) which when referring to the SIGMA assembly process, ensures that all customer orders are met with minimal disruptions to process times by increasing FTT, and reducing costs.

[bookmark: _Toc40956946]2.2.3 Ford Production System (FPS)
Ford Motor Company took notice that Toyota was utilising its TPS in order to improve every area of its manufacturing business. FMC set out to build their own production system which they felt was improved from TPS and better suited their needs. 
According to Ford’s internal website, FPS is;

"The vision of FPS is a lean, flexible and disciplined common production system, defined by a set of principles and processes, that employs groups of capable and empowered people, learning and working safely together, in the production and delivery of products that consistently exceed customers' expectations in quality, cost and time. The Ford Production System is a manufacturing strategic approach that includes the right Leadership Behaviours, Operating Systems and Key Unifying Processes supported by an Aligned and Capable Organisation to deliver Best in World Results.”
(Ford Motor Company, 2019)

FMC (2013) and the FPS ultimately has a goal that involves standardising existing processes while reducing variability, ultimately a Six Sigma approach, including the aim of achieving zero defects for one hundred percent of its manufacturing throughput. 
FMC created seven metrics of which its FPS would be centralised around. They abbreviated the metrics to SQDCMPE, which represent:
· Safety
· Quality
· Delivery
· Cost
· Maintenance
· People
· [image: Image result for lean manufacturing system fps]Environment[bookmark: _Toc40719909]Figure 5 - Ford Production System Umbrella (Ford Motor Company, 2013)


Quality is vital to any manufacture. The ability to produce higher quantities to supply customers while aiming to achieve and successfully in doing so, zero defects within one hundred percent of parts. This level of ‘perfection’ ensures the business is maximising its profit and productivity by reducing its waste entirely.
The Quality metric is focused on the customer needs but is directly affected by the People metric. If FMC can increase the knowledge and abilities of its workforce to complete and sustain new robust processes that improve quality, then the manufacturing process will encounter less errors (Melton, 2005). In order to achieve this, FMC introduced single point lessons (SPL) which is an operator friendly document communicating new processes and procedures that have been implemented highlighting the importance of safety, quality work and the flow of work expected from the operator (Ford Motor Company, 2013). The process may change, but the standardised operations will ultimately achieve the same output from the operation while notifying the operator of any failures in the process to look out for.
FPS aims to reduce variability and standardise the manufacturing process by setting a baseline of which continuous improvement can be compared against. The removal of all fatalities or injuries in the Safety metric is paramount to FMC protecting its employee’s welfare and achieving the ultimate objective of a perfect health and safety working environment for all. Henry Ford’s vision for FMC has always highlighted the importance of such a mindset as he stated “The two most important things in any company do not appear in its balance sheet; its reputation and its people” (Ford Motor Company, 2013), supporting that the Safety metric is the most important one in SQDCMPE. 

[bookmark: _Toc40956947]2.3 Overall Equipment Effectiveness (OEE)
Overall equipment effectiveness (OEE) is a performance metric of a specific machine or process that provides information which enables the user to monitor and interpret the actual situation of that machine or process compared against the ideal situation (Perumal, et al., 2019).
[image: The Six Big Losses Vs. OEE]OEE is introduced by Nakajima when he created the Total Preventative Maintenance (TPM) philosophy in the 1960s. OEE is useful as eliminating losses is an important part to reducing failure rates and increasing resource utilisation. OEE can be used individually as well, it measures performance and identifies inefficiencies which helps to highlight six big losses that are available in equipment. This approach allows the user to quantify waste within the planned production time and the six big losses (Table 2) directly correlate to the components of OEE.[bookmark: _Toc40719964]Table 2 – Six Big Losses (OEE) (Seebo, 2020)


1. Unplanned Stops – Stops which last a considerable amount of time when equipment is scheduled to be in operation but has unexpectedly stopped.
2. Planned Stops – Stops in production when machinery is supposed to be running but the decision has been made to correct or change something which requires downtime. On multiple product lines, the time between ceasing production of a previous product and starting a new one, is classified as a planned stop.
3. Small Stops – Often clarified as a stop which lasts for a short period of time, typically 1-2 minutes (Vorne, 2015), often resolved by an operator. Although stoppages are small, they are regularly chronic as they are familiar issues that occur daily.
4. Reduced Speed/Slow Cycles – When machinery runs slower than the optimal cycle time due to such factors as lack of operating experience, worn equipment, environmental conditions such as temperature.
5. Production Rejects – Defective parts are produced while production is in a stable condition. Parts that are scrapped or reworked are both included. Quality is measured according to First Pass Yield (FPY) within OEE (Seebo, 2020).
6. Startup Rejects – Any defective parts produced prior to normal production resuming, often when machinery requires multiple cycles to reach optimal production conditions.

Establishing the six big losses in OEE will help accurately identify the root causes of lost production time, aid the ability to make more informative decisions and increase production time without sacrificing quality. Nakajima (1988) states that “preventative maintenance, scheduled maintenance, off-shifts, holidays and break times” are not to be included when calculating planned production time, a theory supported by Smith and Hawkins (2004), who argue that planned maintenance is to be excluded from the OEE equation as it is assumed to be unavoidable and cannot be reduced so is left out. That has however been debated by Jeong and Philips (2001) who state that whenever a machine is stopped that it should be considered as a loss and included in the OEE calculation. Jeong and Philips were later supported by Wong et al. (2013), who state that poor scheduling of preventative maintenance will increase the risk of disturbing production. 




[bookmark: _Toc40956948]2.3.1 OEE Calculation
The OEE calculation consists of three factors;
· Availability
· Performance
· Quality
To calculate the percentage of availability, the operating is divided by the planned production time. Operating time consists of what is left after breakdowns and setup time is removed from the total planned production time. Total planned production time is the remaining amount left after planned downtime has been removed.
Therefore;


The performance and quality metrics indicate how the machine performs when in cycle. Ideal cycle time expresses the expected amount of time required to produce a part by the machine or operation under investigation. Good pieces then highlight how many of those produced parts can move forward to the next process in the production cycle without any rework requirements. Therefore;



The calculation of OEE can then be shown as;

The OEE percentage is used to identify which areas require focus. The factor which contributes to the largest reduction in the OEE percentage is targeted and the scope of improvement can be recognised and consideration for improvements can be implemented. 

[bookmark: _Toc40956949]3. Problem Scope
This project is to reduce/eliminate the downtime experienced during start up shifts on the main process operations (OPs) which compromise both the ability to meet customer expectations and monetary savings for the Organisation. A shift report from each start-up shift will record all OPs issues where downtime is experienced, and a record of each machine’s performance will be collated. 
The project will remove unwanted downtime when production begins ensuring that customer build expectations can be met and delivered on time for vehicle assembly. 
Due to the reduction in production shifts on the line, it is critical to ensure build numbers remain on track and consistent. The impact of late deliveries/failed orders to the Organisation are both financially and loss of customer satisfaction which is crucial to a business being successful (Pande, et al., 2000). 
Assumptions are present in every project; they are considerations which are highly predictable and not expected to change for the project duration. In this project, it is assumed that;
1. A fully staffed maintenance shift, and operator shift, is present on all start up shifts.
2. The shift reports collated by Supervisors are accurate.
3. All operators/Team Leaders are of equal ability to initiate start-up procedures.
4. All tasks associated with each Op remain unchanged for the data collection period

Potential constraints of this project consist of;
1. The availability of replacement parts being readily available.
2. Simultaneous downtime issues which can only be dealt with one at a time.
3. Inexperienced new labour on the line unaware of how to recover M/C when break downs occur.
4.  Time constraints for any future implementation due to production rate targets taking priority.

[bookmark: _Toc40956950]3.1 High Level Cause and Effect Diagram
A cause and effect diagram display factors which pose a risk of becoming sources of variation within a process. A diagram was created for the SIGMA engine process (Fig. 6)[image: ]


[bookmark: _Toc40719910]Figure 6 - High Level Cause and Effect Diagram of SIGMA GTDi Line


[bookmark: _Toc40956951]3.1.2 High Level Effect Statement
The start-up process on the SIGMA engine assembly line experiences delays when idle machinery powers up after increased periods of inactivity. Delays with the start-up of production result in shortages on engine build targets and failure to meet customer orders with large costs to the business for doing so. 














[bookmark: _Toc40956952]3.2 Project Charter
[bookmark: _Toc40719965]Table 3 – Project Charter
	Project Title: Evaluating the Impact Start-Up Shifts Have on the Ford SIGMA Engine Assembly Line and Potential Improvements to Reduce Loss of Production Time and Costs Using a DMAIC Strategy.

	Background and Reasons for Selecting the Project: Loss of production time heavily damaging build schedule being reached, ultimately maintaining good relationships with the customer and reducing costs per unit to as low as possible.

	Project Objective: To identify three Operator stations with the largest downtime on start-up shifts and reduce/eliminate the downtime associated with them after applying a Six Sigma methodology using the DMAIC approach.

	Voice of the Customer (VOC):
	Reliable supply of SIGMA Engine of expected quality

	Project Boundaries:	
	Identifying top 3 bottlenecks on start-up shifts and targeting their improvement

	Project Members:
	Line Manager, Maintenance Foreman, Supervisors, Experienced Maintenance Shift, Experienced Operators

	Expected Financial Benefits:
	Considerable savings due to reduction of downtime resulting in increased production

	Expected Customer Benefits:
	Receiving the product on time consistently at the expected quality

	Constraints:
	Varying Production Requirements, Part Availability, Consistent Data Accuracy, Operator Resource Reliability




[bookmark: _Toc14282411][bookmark: _Toc40956953]3.2.1 Business Objective
Reduction in machine downtime, consistent JPH performance in line with customer order expectations, while maintaining quality expectations and sustaining reliability in the process. 

[bookmark: _Toc40956954]3.3 Identifying Processes with High Waste
During the manufacturing and assembly process is when value is added. The starting goods are machined and assembled to create a valuable product that can be sold to a customer for a profit. During its process from start to finish, waste occurs which directly reduces the amount of profit gained from each unit sold. 
A critical method of implementing a successful Lean approach is Basic Operations Management (OM) (Thorn, 2019). Kenton states that this is an administration of business practices to ensure efficiencies within an organisation are at their highest (2019). OM requires management of the “five P’s which are;
· People
· Plants
· Parts
· Processes
· Planning and Control Systems
The part of the process being analysed is the SIGMA Engine Assembly Line. The five P’s will be analysed throughout the process to identify the largest areas of waste and what can be done about them. The input to the SIGMA Assembly process consists of machined cast aluminium engine block and heads and many smaller additional components such as crank, camshafts, conrods and pistons. Throughout the process, operators will attach, fix and validate the next component or step in the sequence. This ensures the engine can pass through the process maintaining high quality and accuracy while keeping throughput as high as possible. Throughput is different to output. Throughput only accounts for the parts that are successfully delivered and accepted by the customer, whereas output is total production including scrap, rejections and stockpiled goods (Steel, 2016). 

[bookmark: _Toc40956955]3.4 Evidence Sources
For this project the aim is to utilise similar studies which cover both line downtime, maintenance restrictions and a lack of investment into manufacturing lines. Research of the work on Lean Manufacturing, Six-Sigma and Lean Six-Sigma Pioneer’s and expert’s such as Taiichi Ohno, James P. Womack and Jeffrey Liker of which an understanding was established along with deeper knowledge from previous assignments and studies. The aim is to further the understanding into applying Lean Six-Sigma techniques on a manufacturing line and its surrounding factors that may influence production efficiencies such as targeting stock issues, storage, value-added changes and steps to ensure throughput is improved consistently. 
Further evidence for data gathering and stratification of that quantitative data will be obtained via the internal POSMON and QLSCM systems Ford Motor Company use. These programmes provide live feedback from every M/C in the assembly line and record any faults they may encounter. The total number of engine throughput at every stage, the bottlenecks of the assembly line and the timings at which downtime occurs are also recorded and can be assessed for any common trends requiring further attention to improve the systems capabilities.
[bookmark: _Toc40956956]3.5 Further Support
Alongside my studies are my lecturers who can provide potential literary sources or direction for where to target improvements.
I can also work alongside the engineers, trades personnel and operators on the SIGMA assembly line to provide feedback or suggestions for areas of concern to ensure all considerations are taken to maximise the improvements gained.
I have access to IMechE library both online and at their main building on Birdcage Walk, London. This is due to my scholarship award; this privilege also enables me to reach out to other engineers linked with the organisation for networking and further information of guidance when required.











[bookmark: _Toc40956957]4. Research Methodology
The most common research practice for projects are quantitative and qualitative research. Most methodological commentaries agree that two distinct paradigms exist however that both treat data very differently. A quantitative researcher will often isolate and define variables that exist in the scope. A qualitative researcher on the other hand will define very generic concepts which mutate as research progresses and in affect changes their definitions. Quantitative based research is associated with enumerative induction. Enumerative induction is where the data collected amounts to a basic diagram of the structure (Martin & Osherson, 2001). The purpose of quantitative according to Brannen (1992) is to discover how many, what kind and how frequently the same occurrence happens within the same sample population. According to Capella University (2015) qualitative research focuses in on examining the project in question using human behaviours, belief systems and cultural phenomena to gain further understanding into people’s thoughts and beliefs around a specific subject. ‘In other words, quantitative work surveys the terrain, qualitative work mines it’ (McCracken, 1988).
In this project, the Six Sigma DMAIC methodology was identified as the most suited application for identifying the root causes for an existing problem currently faced on the production line and enabled improvements to be proposed of which can lead to significant improvements for the business using both qualitative and quantitative forms. 
A triangulation approach was adopted for data collection in this case study, a method which can collect qualitative and quantitative data through a variety of sources or methods. A triangulation approach is beneficial in a case study such as this due to each data collection method having its strengths and weaknesses (Antony, et al., 2012). This case study identifies potential issues and collates such data using both the supervisor shift reports and POSMON, a qualitative and quantitative data recording programme that records what faults each machine encounters, and the time and duration of which faults are present.
The data collection method used on this project was initially established by the supervisor shift report, a report which gathers qualitative data from maintenance and operators providing feedback for what the root cause and windows of downtime experienced were. This was then further supported by FMC live data system, POSMON. POSMON as a quantitative data system will support or provide further feedback for faults which may support or enhance the supervisors shift report record. POSMON will record a failure reason, the amount of times that a specific failure has happened and the time of shift the failure occurred, however, there are incidents where an incorrect fault code can be recorded due to an associated problem that prevented the operation from completing its cycle and therefore the supervisor shift report may provide a more accurate fault origin.
Using the supervisor shift report a frequency table highlighting every OP that failed during start-up was recorded to establish feedback and thus providing evidence for which OP’s were more commonly attributing to the start-up downtime recorded. Once established, POSMON can provide the reason for each OP’s failure to start-up and therefore the project can identify if the frequent failures are a similar issue reoccurring or a variety of issues to consider. 







[bookmark: _Toc40956958]5. Data Collection
Using the supervisor shift report, BUY-OFF log and POSMON, the project utilised the collated data to;
1. Establish a baseline of performance for when production ran continuously on a three-shift pattern through the week.
2. Record production performance since dropping down from three, to two shifts.
3. Analyse if any changes have been experienced in downtime during a start-up shifts, identifying any correlations and the impact of that on production numbers/cost to the Company.
4. Establish sufficient amounts of data to identify and target root causes for any production impacts witnessed during data collection.

[bookmark: _Toc40956959]5.1 Establishing a Baseline
Data was collected prior to BEP summer shutdown 2019 (July 22nd – Aug 11th) between the dates of April 8th – July 21st to establish a baseline measure of performance on the SIGMA engine assembly line. Further data was collated post summer shutdown between the dates of Aug 12th – Dec 22nd, when winter shutdown begins. The summer shutdown period highlights the point in time at which operators and maintenance on the line dropped from a three-shift to a two-shift pattern. This resulted in machines sitting in stand-by during the hours 22:00-06:00 Monday to Friday, and from 22:00 Friday until 06:00 Monday.
In this instance, POSMON records the tag number of every engine on the production line and continues to monitor and record its progress. Once at the end of the line, referred to as the BUY-OFF, where the engines are loaded onto shipping crates, POSMON will record and feedback whether each engine has successfully passed FTT or failed any part of the process during the build. Due to the nature of the operation system on the SIGMA line, operators will start to remove engines at the BUY-OFF once the line is up and running, resulting in delays when starting up the production process and loss of production time. If an OP prior to the BUY-OFF fails to initiate and start upon the beginning of a 06:00 shift, zero engines will be brought off until the block is removed from the OP that is down. Using POSMON and its user-friendly interface, it is this data that has been compartmentalised into weekly segments and relevant areas extracted for further analysis, chronologically shown in Tables 4-18.
Each weekly segment of data indicates the timing of the first engine leaving the BUY-OFF each start up shift. The tables state the amount of engine failures and a net total of successful builds for the entire shift. The financial implications of meeting build targets are shown by multiplying the completed build numbers by the profit made from BEP supplying their customers with the builds. Referring to the data obtained from the week commencing 08/04/19 in Table 4, the profit made solely from builds is calculated at £1,351,432. Furthermore, the bottom half of the table calculates the number of seconds of downtime present at the start of the shift. The build target at the time of the data collection was 1380 units over the total three shifts per day. The projected weekly build target equates to 6900, or 66.83 jobs per hour (JPH). Using this figure, the total amount of downtime was divided by the cycle time required to produce one unit, to establish the number of engines that could have been produced if downtime was removed from the system. Table 4 identifies that start-up downtime resulted in losing a total of 39 units, and further financial loss of £41,387.31 which was then used to adjust the total made from the weeks build.





[bookmark: _Toc40956960]5.1.1 Pre-Shutdown Performance Data (08/04/2019 – 21/07/2019)







 
08/04/2019
09/04/2019
10/04/2019
11/04/2019
12/04/2019
First Completed Build Time
06:10:31
06:08:37
06:04:21
06:08:28
06:03:29
Total Completed Builds
1682
1126
1840
1920
1840
Failures
52
34
28
69
33
Total Weekly Failures
216
Net Build
1630
1092
1812
1851
1807
Start-Up Shift
A
A
A
B
B
Weekly Target
6900




Weekly Build
8192




Target +/-
1292




Target +/- (£)
£1,351,432.00










Start-Up Downtime (s)
631
517
261
508
209
Total Start-Up Downtime (s)
2126




Total Start-Up Downtime (hr)
0.590555556




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
39.57




Profit Lost from Downtime
£41,387.31










Net Profit After Downtime Loss
£1,310,044.69















[bookmark: _Toc40719966]Table 4 - Build Data for SIGMA engine line at BEP (08/04/19-12/04/19)
























 
15/04/2019
16/04/2019
17/04/2019
18/04/2019
19/04/2019
First Completed Build Time
06:04:11
06:02:17
06:03:44
06:07:23
06:04:18
Total Completed Builds
1667
1869
1974
1792
1243
Failures
18
63
71
41
36
Total Weekly Failures
229
Net Build
1649
1806
1903
1751
1207
Start-Up Shift
B
B
B
A
A
Weekly Target
6900




Weekly Build
8316




Target +/-
1416




Target +/- (£)
£1,481,136.00










Start-Up Downtime (s)
251
137
224
443
258
Total Start-Up Downtime (s)
1313




Total Start-Up Downtime (hr)
0.364722222




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
24.44




Profit Lost from Downtime
£25,560.46










Net Profit After Downtime Loss
£1,455,575.54

















[bookmark: _Toc40719967]Table 5 - Build Data for SIGMA engine line at BEP (15/04/19-19/04/19)




























 
22/04/2019
23/04/2019
24/04/2019
25/04/2019
26/04/2019
First Completed Build Time
 
 
06:29:19
06:05:28
06:09:18
Total Completed Builds
 
 
1767
1631
1629
Failures
 
 
111
63
40
Total Weekly Failures
214
Net Build
 
 
1656
1568
1589
Start-Up Shift
A
A
A
B
B
Weekly Target
4140




Weekly Build
4813




Target +/-
673




Target +/- (£)
£703,958.00










Start-Up Downtime (s)
 
 
1759
328
558
Total Start-Up Downtime (s)
2645




Total Start-Up Downtime (hr)
0.734722222




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
49.23




Profit Lost from Downtime
£51,490.80










Net Profit After Downtime Loss
£652,467.20

















[bookmark: _Toc40719968]Table 6 - Build Data for SIGMA engine line at BEP (22/04/19-26/04/19)



























 
29/04/2019
30/04/2019
01/05/2019
02/05/2019
03/05/2019
First Completed Build Time
06:03:32
06:04:50
06:05:58
06:04:49
06:10:26
Total Completed Builds
1911
1910
1931
1929
1319
Failures
52
46
64
44
36
Total Weekly Failures
242
Net Build
1859
1864
1867
1885
1283
Start-Up Shift
B
B
B
A
A
Weekly Target
6900




Weekly Build
8758




Target +/-
1858




Target +/- (£)
£1,943,468.00










Start-Up Downtime (s)
212
290
358
289
626
Total Start-Up Downtime (s)
1775




Total Start-Up Downtime (hr)
0.493055556




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
33.03




Profit Lost from Downtime
£34,554.32










Net Profit After Downtime Loss
£1,908,913.68


















[bookmark: _Toc40719969]Table 7 - Build Data for SIGMA engine line at BEP (29/04/19-03/05/19)



























 
06/05/2019
07/05/2019
08/05/2019
09/05/2019
10/05/2019
First Completed Build Time
 
06:43:44
06:03:49
06:05:53
06:03:51
Total Completed Builds
 
1550
1614
1725
1806
Failures
 
41
95
89
44
Total Weekly Failures
269
Net Build
 
1509
1519
1636
1762
Start-Up Shift
A
A
A
B
B
Weekly Target
5520




Weekly Build
6426




Target +/-
906




Target +/- (£)
£947,676.00










Start-Up Downtime (s)
 
2624
229
353
231
Total Start-Up Downtime (s)
3437




Total Start-Up Downtime (hr)
0.954722222




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
63.97




Profit Lost from Downtime
£66,908.84










Net Profit After Downtime Loss
£880,767.16


















[bookmark: _Toc40719970]Table 8 - Build Data for SIGMA engine line at BEP (07/05/19-10/05/19)


























 
13/05/2019
14/05/2019
15/05/2019
16/05/2019
17/05/2019
First Completed Build Time
06:05:20
06:03:58
06:04:48
06:00:40
06:05:42
Total Completed Builds
1215
1811
1902
1882
1781
Failures
41
55
58
58
54
Total Weekly Failures
266
Net Build
1174
1756
1844
1824
1727
Start-Up Shift
B
B
B
A
A
Weekly Target
6900




Weekly Build
8325




Target +/-
1425




Target +/- (£)
£1,490,550.00










Start-Up Downtime (s)
320
238
288
40
342
Total Start-Up Downtime (s)
1228




Total Start-Up Downtime (hr)
0.341111111




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
22.85




Profit Lost from Downtime
£23,905.75










Net Profit After Downtime Loss
£1,466,644.25



















[bookmark: _Toc40719971]Table 9 - Build Data for SIGMA engine line at BEP (13/05/19-17/05/19)


























 
20/05/2019
21/05/2019
22/05/2019
23/05/2019
24/05/2019
First Build Complete Time
06:09:18
06:05:57
06:07:38
06:06:31
06:04:02
Total Completed Builds
1940
1932
1769
1510
1698
Failures
74
67
63
41
39
Total Weekly Failures
284
Net Build
1866
1865
1706
1469
1659
Start-Up Shift
A
A
A
B
B
Weekly Target
6900




Weekly Build
8565




Target +/-
1665




Target +/- (£)
£1,741,590.00










Start-Up Downtime (s)
558
357
458
391
242
Total Start-Up Downtime (s)
2006




Total Start-Up Downtime (hr)
0.557222222




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
37.33




Profit Lost from Downtime
£39,051.25










Net Profit After Downtime Loss
£1,702,538.75



















[bookmark: _Toc40719972]Table 10 - Build Data for SIGMA engine line at BEP (20/05/19-24/05/19)




























 
27/05/2019
28/05/2019
29/05/2019
30/05/2019
31/05/2019
First Build Complete Time
 
06:15:13
06:03:23
06:04:42
06:09:29
Total Completed Builds
 
1297
1851
1676
1726
Failures
 
65
98
67
56
Total Weekly Failures
286
Net Build
 
1232
1753
1609
1670
Start-Up Shift
B
B
B
A
A
Weekly Target
5520




Weekly Build
6264




Target +/-
744




Target +/- (£)
£778,224.00










Start-Up Downtime (s)
 
913
203
282
569
Total Start-Up Downtime (s)
1967




Total Start-Up Downtime (hr)
0.546388889




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
36.61




Profit Lost from Downtime
£38,292.03










Net Profit After Downtime Loss
£739,931.97

















[bookmark: _Toc40719973]Table 11 - Build Data for SIGMA engine line at BEP (27/05/19-31/05/19)




























 
03/06/2019
04/06/2019
05/06/2019
06/06/2019
07/06/2019
First Build Complete Time
06:14:34
06:13:26
06:13:13
06:01:16
 
Total Completed Builds
1260
1449
1228
297
 
Failures
51
55
30
7
 
Total Weekly Failures
143
Net Build
1209
1394
1198
290
0
Start-Up Shift
A
A
A
B
B
Weekly Target
5520




Weekly Build
4091




Target +/-
-1429




Target +/- (£)
-£1,494,734.00










Start-Up Downtime (s)
874
806
793
76
0
Total Start-Up Downtime (s)
2549




Total Start-Up Downtime (hr)
0.708055556




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
47.44




Profit Lost from Downtime
£49,621.95










Net Profit After Downtime Loss
-£1,544,355.95

















[bookmark: _Toc40719974]Table 12 - Build Data for SIGMA engine line at BEP (03/06/19-07/06/19)



























 
10/06/2019
11/06/2019
12/06/2019
13/06/2019
14/06/2019
First Build Complete Time
06:19:46
06:19:37
06:04:28
12:55:09
06:20:07
Total Completed Builds
896
1157
1183
1306
815
Failures
34
36
51
60
31
Total Weekly Failures
212
Net Build
862
1121
1132
1246
784
Start-Up Shift
B
B
B
A
A
Weekly Target
6900




Weekly Build
4283




Target +/-
-2617




Target +/- (£)
-£2,737,382.00










Start-Up Downtime (s)
1186
1177
268
24909
1207
Total Start-Up Downtime (s)
28747




Total Start-Up Downtime (hr)
7.985277778




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
535.01




Profit Lost from Downtime
£559,624.24










Net Profit After Downtime Loss
-£3,297,006.24


















[bookmark: _Toc40719975]Table 13 - Build Data for SIGMA engine line at BEP (10/06/19-14/06/19)



























 
17/06/2019
18/06/2019
19/06/2019
20/06/2019
21/06/2019
First Build Complete Time
06:34:58
06:09:08
06:04:18
06:02:40
06:01:37
Total Completed Builds
1272
1578
1370
1423
1238
Failures
50
68
57
63
38
Total Weekly Failures
276
Net Build
1222
1510
1313
1360
1200
Start-Up Shift
A
A
A
B
B
Weekly Target
6900




Weekly Build
6605




Target +/-
-295




Target +/- (£)
-£308,570.00










Start-Up Downtime (s)
2098
548
258
160
97
Total Start-Up Downtime (s)
3161




Total Start-Up Downtime (hr)
0.878055556




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
58.83




Profit Lost from Downtime
£61,535.89










Net Profit After Downtime Loss
-£370,105.89


















[bookmark: _Toc40719976]Table 14 - Build Data for SIGMA engine line at BEP (17/06/19-21/06/19)




























 
24/06/2019
25/06/2019
26/06/2019
27/06/2019
28/06/2019
First Build Complete Time
06:15:52
06:14:53
06:17:39
06:02:39
06:08:28
Total Completed Builds
1428
1270
1429
1201
1153
Failures
65
51
37
32
33
Total Weekly Failures
218
Net Build
1363
1219
1392
1169
1120
Start-Up Shift
B
B
B
A
A
Weekly Target
6900




Weekly Build
6263




Target +/-
-637




Target +/- (£)
-£666,302.00










Start-Up Downtime (s)
952
893
1059
159
508
Total Start-Up Downtime (s)
3571




Total Start-Up Downtime (hr)
0.991944444




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
66.46




Profit Lost from Downtime
£69,517.45










Net Profit After Downtime Loss
-£735,819.45

















[bookmark: _Toc40719977]Table 15 - Build Data for SIGMA engine line at BEP (24/06/19-28/06/19)





























 
01/07/2019
02/07/2019
03/07/2019
04/07/2019
05/07/2019
First Build Complete Time
07:11:58
06:02:06
06:03:34
10:20:10
14:11:49
Total Completed Builds
1142
1339
1318
1287
883
Failures
52
90
38
48
51
Total Weekly Failures
279
Net Build
1090
1249
1280
1239
832
Start-Up Shift
A
A
A
B
B
Weekly Target
6900




Weekly Build
5690




Target +/-
-1210




Target +/- (£)
-£1,265,660.00










Start-Up Downtime (s)
4318
126
214
15610
29509
Total Start-Up Downtime (s)
49777




Total Start-Up Downtime (hr)
13.82694444




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
926.41




Profit Lost from Downtime
£969,019.92










Net Profit After Downtime Loss
-£2,234,679.92
















[bookmark: _Toc40719978]Table 16 - Build Data for SIGMA engine line at BEP (01/07/19-05/07/19)



























 
08/07/2019
09/07/2019
10/07/2019
11/07/2019
12/07/2019
First Build Complete Time
06:16:31
06:03:32
06:06:49
06:06:16
06:07:15
Total Completed Builds
1195
1181
1337
1379
1074
Failures
86
87
93
95
51
Total Weekly Failures
412
Net Build
1109
1094
1244
1284
1023
Start-Up Shift
B
B
B
A
A
Weekly Target
6900




Weekly Build
5754




Target +/-
-1146




Target +/- (£)
-£1,198,716.00










Start-Up Downtime (s)
991
212
409
376
435
Total Start-Up Downtime (s)
2423




Total Start-Up Downtime (hr)
0.673055556




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
45.09




Profit Lost from Downtime
£47,169.08










Net Profit After Downtime Loss
-£1,245,885.08


















[bookmark: _Toc40719979]Table 17 - Build Data for SIGMA engine line at BEP (08/07/19-12/07/19)



























 
15/07/2019
16/07/2019
17/07/2019
18/07/2019
19/07/2019
First Build Complete Time
11:46:19
08:47:38
10:52:55
06:02:24
06:18:39
Total Completed Builds
1293
1370
1303
681
775
Failures
61
97
124
41
65
Total Weekly Failures
388
Net Build
1232
1273
1179
640
710
Start-Up Shift
A
A
A
B
B
Weekly Target
6900




Weekly Build
5034




Target +/-
-1866




Target +/- (£)
-£1,951,836.00










Start-Up Downtime (s)
20779
10058
17575
144
1119
Total Start-Up Downtime (s)
49675




Total Start-Up Downtime (hr)
13.79861111




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
924.51




Profit Lost from Downtime
£967,034.26










Net Profit After Downtime Loss
-£2,918,870.26


















[bookmark: _Toc40719980]Table 18 - Build Data for SIGMA engine line at BEP (15/07/19-19/07/19)

















[bookmark: _Toc40956961]5.1.2 Baseline Examined Further
The amount of downtime experienced was compartmentalised into a daily split. The results show small amounts of variation throughout the week (Fig 7). Although downtime occurrence is spread across the week, it is identified that Thursdays incur the largest downtime during start-up. During this period the machines are run consistently 24 hours a day therefore further consideration is required for why Thursday’s result is higher. [bookmark: _Toc40719981]Table 19 - Baseline Accumulated Downtime per Day
Total Downtime Accumulated by Day (hrs)
Monday
Tuesday
Wednesday
Thursday
Friday
9.21
5.25
6.77
12.24
9.98

[bookmark: _Toc40719911]Figure 7 - Downtime Accumulated by Day Across Data Collection Period (Tables 4-18)


A Pareto Chart is a combination of a bar graph and a line graph. It can indicate the frequency of failures and their cumulative impact. Pareto Charts are quality tools to analyse and enable prioritisation in order to concentrate on the issues which will result in the largest overall improvement. The height of the bar graphs represents the frequency of the problem, and the line graph represents the cumulative percentage of the problem by adding the percentage of frequency each bar graph has prior to the point in question. For example, Thursday accounts for 28.2% of all occurrences, and Friday for 23%, therefore the cumulative percentage indicates that if all Thursday and Friday downtime was removed, then 51.2% of total downtime occurrences could be corrected. A Pareto Chart was created for the dates 22nd Apr – 21st July (Fig. 8) on the SIGMA line.   
[bookmark: _Toc40719912]Figure 8 - Pareto Chart for Data Collected from 22/04/19-21/07/19


Further consideration was given to the accumulation of downtime on start-up, specifically separated by shift to identify if any trends exist. The downtime that Shift A experienced (Fig. 9) totalled 3.93 hours, with Monday the highest day, equating to 1.92 hours, or 48.9% of the total downtime across this period.[bookmark: _Toc40719913]Figure 9 - Total Downtime for Shift A per Day


The downtime that Shift B experienced (Fig. 10) totalled 36.08 hours, with Thursday the highest day, equating to 11.59 hours, or 32.1% of the total downtime across this period.[bookmark: _Toc40719914]Figure 10 - Total Downtime for Shift B per Day



The downtime that Shift C experienced (Fig. 11) totalled 3.44 hours, with Tuesday the highest day, equating to 1.23 hours, or 35.84% of the total downtime across this period.[bookmark: _Toc40719915]Figure 11 - Total Downtime for Shift C per Day


The cost of missing build targets at BEP can be extremely high. Potential orders that cannot be met result in loss of profits and damage to FMC reputation. Furthermore, fines can be imposed by the customer for failure to meet their agreed order requirements. Excluding all costs passed on to FMC and focusing solely on the financial gains or losses from production each week, accounting for the lost time associated with starting up with the reduction of downtime costs witnessed, a balance sheet (Table 20) was created. [bookmark: _Toc40719982]Table 20 - Running Profit/Loss Totals, Baseline

Running Profit/Loss Total


Week 1
£1,310,044.69


Week 2
£2,765,620.23
£1,455,575.54
Week 3
£3,418,087.43
£652,467.20
Week 4
£5,327,001.11
£1,908,913.68
Week 5
£6,207,768.27
£880,767.16
Week 6
£7,674,412.52
£1,466,644.25
Week 7
£9,376,951.27
£1,702,538.75
Week 8
£10,116,883.24
£739,931.97
Week 9
£8,572,527.29
-£1,544,355.95
Week 10
£5,275,521.05
-£3,297,006.24
Week 11
£4,905,415.16
-£370,105.89
Week 12
£4,169,595.71
-£735,819.45
Week 13
£1,934,915.79
-£2,234,679.92
Week 14
£689,030.71
-£1,245,885.08
Week 15
-£2,229,839.55
-£2,918,870.26
Total
-£2,229,839.55





The balance sheet shows after 15 weeks of production that the company suffered potential losses of £2,229,839.55. These figures consider weeks whereby production numbers were over the projected weekly target and those engines resulted in increased profit and likewise for weeks that fell short and lost potential profit. Assuming the same desired production conditions, the amount of downtime was then accounted for over the 15-week period and the financial impact the company could be hit by as a result, shown in Table 21. This calculation assumes that downtime could be eliminated entirely at the start of a production shift, representing an ‘ideal’ situation for the company. Downtime was divided by the cycle time required to remove a fully assembled engine from the BUY-OFF and therefore predicting the loss of engines the shift had to absorb while attaching a financial implication to such. [bookmark: _Toc40719983]Table 21 - Running Profit/Loss Balance for Downtime

Running Loss Total - Downtime Only


Week 1
-£41,387.31


Week 2
-£66,947.77
-£25,560.46
Week 3
-£118,438.57
-£51,490.80
Week 4
-£152,992.89
-£34,554.32
Week 5
-£219,901.73
-£66,908.84
Week 6
-£243,807.48
-£23,905.75
Week 7
-£282,858.73
-£39,051.25
Week 8
-£321,150.76
-£38,292.03
Week 9
-£370,772.71
-£49,621.95
Week 10
-£930,396.95
-£559,624.24
Week 11
-£991,932.84
-£61,535.89
Week 12
-£1,061,450.29
-£69,517.45
Week 13
-£2,030,470.21
-£969,019.92
Week 14
-£2,077,639.29
-£47,169.08
Week 15
-£3,044,673.55
-£967,034.26
Total
-£3,044,673.55








Accounting for the conditions stated the balance sheet highlights a potential loss of £3,044,673.55 was absorbed by the business as a result of downtime impacting the production process at the beginning of a shift. Therefore, when considering the overall losses from Table 21, a potential solution to removing downtime, if established, could offset production losses resulting from failure to meet build targets, as shown below;



By offsetting the losses incurred by missing production targets by removing start-up downtime, the potential benefits from the data gathered show a possible net profit of £814,834, protecting the business against the losses associated with negative build numbers seen in some weeks or production. When these potential results are added to the removal of further waste such as wages, energy supply, time and fines while the production line is not producing engines, it would seem logical that the financial gains to the business would improve further.
[bookmark: _Toc40956962]5.1.3 Defect per Million Opportunities (DPMO)
[image: ]Six sigma categorises any measurement outside of its limits as a defect (Setijono, 2009). DPMO is the sum of those defects outside of the upper and lower limits and is generally based on output. By calculating the DPMO of a process, a Sigma level (Fig. 12) can be determined, this is useful for comparing baseline performance and current performance to see what effect a change to the process, such as a system improvement, has had.[bookmark: _Toc40719916]Figure 12 - DPMO Sigma Level Conversion Table (Devan, 2020)


Every organisation aims for business excellence with a six-sigma goal of 3.4 ppm, though this is highly unlikely in a mass production business (Ravichandran, 2006). The engines that fail on the SIGMA engine line will all be similar in respect that they would have fallen either above or below the limits set by the organisation, thus, these have been grouped together as “fails”. The DPMO calculation for the SIGMA line during the 15-week period stretching between April 8th – July 21st indicates that the company suffered 3934 failures within a sample build size of 97478 engines. Calculating the DPMO to establish a six-sigma level of baseline performance is as follows;




[image: ]The number of defect opportunities considered for this report was one, this was due to the data recording either a pass or a fail with build and failure totals from the whole process. The DPMO result of 40,358 falls within a Six Sigma level of 3.2 (Fig. 13)
[bookmark: _Toc40719917]Figure 13 - Baseline Six Sigma Level (Devan, 2020)









[bookmark: _Toc40956963]5.1.4 Pre-Shutdown Overall Equipment Effectiveness (OEE)
The OEE for SIGMA assembly line was established prior to shut down to generate where the line was currently situated. The data (Table 22) shows each week’s performance relating to the availability of machines from the first day of each working week, i.e. Monday or otherwise in the instance of Bank Holiday’s, the next available working day.
The availability data accounts solely for time lost due to start-up issues and not for future breakdowns during the rest of the production day. For example, on 08/04/2019 the availability of machinery was 99.15%, indicating that 0.85% of planned production time was lost due to start-up related issues. 
The performance metric examines the completed number of builds for that production day against the target amount. The data for 08/04/2019 highlights that performance from that start-up day finished at 121.88%, indicating the line successfully reached and exceeded its target for the day. Overbuilds can be stock piled to compensate for any future production losses to avoid missing future customer orders.
Quality analyses how many of the completed builds were acceptable to be moved on to the customer. The data shows that on 08/04/2019 the amount of completed builds sat at a quality rating of 96.91%, therefore 3.09% of the days production was either reworked or scrapped, increasing the lines total waste.

SIGMA Assembly Overall Equipment Effectiveness
Date
Availability
Performance
Quality
OEE
08/04/2019
99.15%
121.88%
96.91%
117.11%
15/04/2019
99.66%
120.80%
98.92%
119.09%
24/04/2019
97.63%
128.04%
93.72%
117.16%
29/04/2019
99.71%
138.48%
97.28%
134.33%
07/05/2019
96.47%
112.32%
97.35%
105.49%
13/05/2019
99.57%
88.04%
96.63%
84.71%
20/05/2019
99.25%
140.58%
96.19%
134.20%
28/05/2019
98.77%
93.99%
94.99%
88.18%
03/06/2019
98.82%
91.30%
95.95%
86.58%
10/06/2019
98.40%
64.93%
96.21%
61.47%
17/06/2019
97.18%
92.17%
96.07%
86.05%
24/06/2019
98.72%
103.48%
95.45%
97.50%
01/07/2019
94.19%
82.75%
95.45%
74.40%
08/07/2019
98.67%
86.59%
92.80%
79.29%
15/07/2019
72.05%
93.70%
95.28%
64.32%
Average
96.55%
103.94%
95.95%
96.66%

[bookmark: _Toc40719984]Table 22 - SIGMA GTDi Assembly OEE Pre-Shift Change



















[bookmark: _Toc40956964]5.1.5 First Time-Through (FTT)
The data collected for the date range 08/04/2019 - 19/07/2019 identified that OP400 was the largest bottleneck on the line for FTT % (Fig 14 and 15). Highlighted in light blue are the FTT % performance figures for the previous two stations before OP400, yellow indicates the performance of OP400 FTT %. 
[image: ][bookmark: _Toc40719918]Figure 14 - FTT % SIGMA GTDi Assembly Line (Ford Motor Company, 2019)

[image: ][bookmark: _Toc40719919]Figure 15 - FTT % SIGMA GTDi Assembly Line (Ford Motor Company, 2019)







[bookmark: _Toc40956965]5.2 Post-Shutdown Performance Data (12/08/2019 – 22/12/2019)







 
12/08/2019
13/08/2019
14/08/2019
15/08/2019
16/08/2019
First Completed Build Time
13:29:16
06:54:33
06:30:57
06:22:41
06:20:54
Total Completed Builds
52
715
666
1001
1007
Failures
9
45
36
56
56
Total Weekly Failures
202
Net Build
43
670
630
945
951
Start-Up Shift
A
A
A
B
B
Weekly Target
4600




Weekly Build
3239




Target +/-
-1361




Target +/- (£)
-£1,423,606.00










Start-Up Downtime (s)
26956
3273
1857
1361
1254
Total Start-Up Downtime (s)
34701




Total Start-Up Downtime (hr)
9.639166667




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
645.82




Profit Lost from Downtime
£675,532.08










Net Profit After Downtime Loss
-£2,099,138.08















[bookmark: _Toc40719985]Table 23 - Build Data for SIGMA engine line at BEP (12/08/19-16/08/19)




















 
19/08/2019
20/08/2019
21/08/2019
22/08/2019
23/08/2019
First Completed Build Time
07:35:38
06:04:05
06:21:31
06:12:14
06:07:22
Total Completed Builds
1012
1196
1294
1078
987
Failures
76
69
71
41
48
Total Weekly Failures
305
Net Build
936
1127
1223
1037
939
Start-Up Shift
B
B
B
A
A
Weekly Target
4600




Weekly Build
5262




Target +/-
662




Target +/- (£)
£692,452.00










Start-Up Downtime (s)
5738
245
1291
734
442
Total Start-Up Downtime (s)
8450




Total Start-Up Downtime (hr)
2.347222222




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
157.26




Profit Lost from Downtime
£164,498.03










Net Profit After Downtime Loss
£527,953.97















[bookmark: _Toc40719986]Table 24 - Build Data for SIGMA engine line at BEP (19/08/19-23/08/19)



















 
26/08/2019
27/08/2019
28/08/2019
29/08/2019
30/08/2019
First Completed Build Time
 
06:08:20
06:03:05
06:02:40
06:07:29
Total Completed Builds
 
1041
1079
1180
345
Failures
 
24
62
109
12
Total Weekly Failures
207
Net Build
 
1017
1017
1071
333
Start-Up Shift
 
A
A
B
B
Weekly Target
3680




Weekly Build
3438




Target +/-
-242




Target +/- (£)
-£253,132.00










Start-Up Downtime (s)
0
500
185
160
449
Total Start-Up Downtime (s)
1294




Total Start-Up Downtime (hr)
0.359444444




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
24.08




Profit Lost from Downtime
£25,190.59










Net Profit After Downtime Loss
-£278,322.59
















[bookmark: _Toc40719987]Table 25 - Build Data for SIGMA engine line at BEP (24/08/19-30/08/19)




















 
02/09/2019
03/09/2019
04/09/2019
05/09/2019
06/09/2019
First Completed Build Time
06:43:40
06:04:57
06:02:55
06:07:13
06:09:55
Total Completed Builds
1028
1042
461
657
547
Failures
41
51
30
51
38
Total Weekly Failures
211
Net Build
987
991
431
606
509
Start-Up Shift
B
B
B
A
A
Weekly Target
4600




Weekly Build
3524




Target +/-
-1076




Target +/- (£)
-£1,125,496.00










Start-Up Downtime (s)
2620
297
175
433
595
Total Start-Up Downtime (s)
4120




Total Start-Up Downtime (hr)
1.144444444




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
76.68




Profit Lost from Downtime
£80,204.96










Net Profit After Downtime Loss
-£1,205,700.96















[bookmark: _Toc40719988]Table 26 - Build Data for SIGMA engine line at BEP (02/09/19-06/09/19)



















 
09/09/2019
10/09/2019
11/09/2019
12/09/2019
13/09/2019
First Completed Build Time
06:39:47
06:04:32
06:23:30
06:00:58
06:01:24
Total Completed Builds
747
726
680
541
712
Failures
48
42
29
18
33
Total Weekly Failures
170
Net Build
699
684
651
523
679
Start-Up Shift
A
A
A
B
B
Weekly Target
4600




Weekly Build
3236




Target +/-
-1364




Target +/- (£)
-£1,426,744.00










Start-Up Downtime (s)
2387
272
1410
58
84
Total Start-Up Downtime (s)
4211




Total Start-Up Downtime (hr)
1.169722222




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
78.37




Profit Lost from Downtime
£81,976.47










Net Profit After Downtime Loss
-£1,508,720.47
















[bookmark: _Toc40719989]Table 27 - Build Data for SIGMA engine line at BEP (09/09/19-13/09/19)



















 
16/09/2019
17/09/2019
18/09/2019
19/09/2019
20/09/2019
First Completed Build Time
06:04:18
06:06:23
06:11:33
06:02:27
06:02:51
Total Completed Builds
999
877
576
1261
753
Failures
56
38
23
72
54
Total Weekly Failures
243
Net Build
943
839
553
1189
699
Start-Up Shift
B
B
B
A
A
Weekly Target
4600




Weekly Build
4223




Target +/-
-377




Target +/- (£)
-£394,342.00










Start-Up Downtime (s)
258
383
693
147
171
Total Start-Up Downtime (s)
1652




Total Start-Up Downtime (hr)
0.458888889




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
30.75




Profit Lost from Downtime
£32,159.85










Net Profit After Downtime Loss
-£426,501.85
















[bookmark: _Toc40719990]Table 28 - Build Data for SIGMA engine line at BEP (16/09/19-20/09/19)



















 
23/09/2019
24/09/2019
25/09/2019
26/09/2019
27/09/2019
First Build Complete Time
06:05:45
06:06:56
06:05:12
06:13:20
00:00:00
Total Completed Builds
811
1119
738
396
0
Failures
29
54
22
47
0
Total Weekly Failures
152
Net Build
782
1065
716
349
0
Start-Up Shift
A
A
A
B
B
Weekly Target
4600




Weekly Build
2912




Target +/-
-1688




Target +/- (£)
-£1,765,648.00










Start-Up Downtime (s)
345
416
312
800
49560
Total Start-Up Downtime (s)
51433




Total Start-Up Downtime (hr)
14.28694444




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
957.23




Profit Lost from Downtime
£1,001,257.64










Net Profit After Downtime Loss
-£2,766,905.64
















[bookmark: _Toc40719991]Table 29 - Build Data for SIGMA engine line at BEP (23/09/19-27/09/19)



















 
30/09/2019
01/10/2019
02/10/2019
03/10/2019
04/10/2019
First Build Complete Time
17:03:09
06:05:39
06:05:38
06:11:32
06:12:32
Total Completed Builds
18
1045
944
1002
739
Failures
2
86
76
40
64
Total Weekly Failures
268
Net Build
16
959
868
962
675
Start-Up Shift
B
B
B
A
A
Weekly Target
4600




Weekly Build
3480




Target +/-
-1120




Target +/- (£)
-£1,171,520.00










Start-Up Downtime (s)
39789
339
338
692
752
Total Start-Up Downtime (s)
41910




Total Start-Up Downtime (hr)
11.64166667




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
779.99




Profit Lost from Downtime
£815,871.28










Net Profit After Downtime Loss
-£1,987,391.28
















[bookmark: _Toc40719992]Table 30 - Build Data for SIGMA engine line at BEP (30/09/19-04/10/19)


















 
07/10/2019
08/10/2019
09/10/2019
10/10/2019
11/10/2019
First Build Complete Time
06:11:29
06:03:21
06:08:23
06:02:31
06:04:40
Total Completed Builds
935
1037
1152
936
721
Failures
38
26
48
49
39
Total Weekly Failures
200
Net Build
897
1011
1104
887
682
Start-Up Shift
A
A
A
B
B
Weekly Target
4600




Weekly Build
4581




Target +/-
-19




Target +/- (£)
-£19,874.00










Start-Up Downtime (s)
689
201
503
151
280
Total Start-Up Downtime (s)
1824




Total Start-Up Downtime (hr)
0.506666667




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
33.95




Profit Lost from Downtime
£35,508.21










Net Profit After Downtime Loss
-£55,382.21

















[bookmark: _Toc40719993]Table 31 - Build Data for SIGMA engine line at BEP (07/10/19-11/10/19)

















 
14/10/2019
15/10/2019
16/10/2019
17/10/2019
18/10/2019
First Build Complete Time
06:06:17
06:09:23
06:07:11
06:04:10
06:06:08
Total Completed Builds
491
784
726
908
668
Failures
25
32
36
90
58
Total Weekly Failures
241
Net Build
466
752
690
818
610
Start-Up Shift
B
B
B
A
A
Weekly Target
4600




Weekly Build
2870




Target +/-
-1730




Target +/- (£)
-£1,809,580.00










Start-Up Downtime (s)
377
563
431
250
368
Total Start-Up Downtime (s)
1989




Total Start-Up Downtime (hr)
0.5525




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
37.02




Profit Lost from Downtime
£38,720.31










Net Profit After Downtime Loss
-£1,848,300.31


















[bookmark: _Toc40719994]Table 32 - Build Data for SIGMA engine line at BEP (14/10/19-18/10/19)



















 
21/10/2019
22/10/2019
23/10/2019
24/10/2019
25/10/2019
First Build Complete Time
06:08:04
13:04:58
06:03:21
06:09:00
06:08:01
Total Completed Builds
724
585
739
888
750
Failures
48
34
37
52
39
Total Weekly Failures
210
Net Build
676
551
702
836
711
Start-Up Shift
A
A
A
B
B
Weekly Target
4600




Weekly Build
3476




Target +/-
-1124




Target +/- (£)
-£1,175,704.00










Start-Up Downtime (s)
484
25498
201
540
481
Total Start-Up Downtime (s)
27204




Total Start-Up Downtime (hr)
7.556666667




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
506.30




Profit Lost from Downtime
£529,586.31










Net Profit After Downtime Loss
-£1,705,290.31
















[bookmark: _Toc40719995]Table 33 - Build Data for SIGMA engine line at BEP (21/10/19-25/10/19)



















 
28/10/2019
29/10/2019
30/10/2019
31/10/2019
01/11/2019
First Build Complete Time
07:17:27
06:06:50
06:01:38
06:19:30
05:59:23
Total Completed Builds
800
933
679
956
700
Failures
40
25
20
69
38
Total Weekly Failures
192
Net Build
760
908
659
887
662
Start-Up Shift
B
B
B
A
A
Weekly Target
4600




Weekly Build
3876




Target +/-
-724




Target +/- (£)
-£757,304.00










Start-Up Downtime (s)
4647
410
98
1170
-37
Total Start-Up Downtime (s)
6288




Total Start-Up Downtime (hr)
1.746666667




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
117.03




Profit Lost from Downtime
£122,409.89










Net Profit After Downtime Loss
-£879,713.89
















[bookmark: _Toc40719996]Table 34 - Build Data for SIGMA engine line at BEP (28/10/19-01/11/19)



















 
04/11/2019
05/11/2019
06/11/2019
07/11/2019
08/11/2019
First Build Complete Time
06:14:23
06:07:14
06:11:55
06:04:29
06:31:51
Total Completed Builds
877
1007
1086
710
756
Failures
43
96
49
47
43
Total Weekly Failures
278
Net Build
834
911
1037
663
713
Start-Up Shift
A
A
A
B
B
Weekly Target
4600




Weekly Build
4158




Target +/-
-442




Target +/- (£)
-£462,332.00










Start-Up Downtime (s)
863
434
715
269
1911
Total Start-Up Downtime (s)
4192




Total Start-Up Downtime (hr)
1.164444444




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
78.02




Profit Lost from Downtime
£81,606.60










Net Profit After Downtime Loss
-£543,938.60
















[bookmark: _Toc40719997]Table 35 - Build Data for SIGMA engine line at BEP (04/11/19-08/11/19)




















 
11/11/2019
12/11/2019
13/11/2019
14/11/2019
15/11/2019
First Build Complete Time
06:02:16
06:05:28
06:26:51
06:10:47
06:04:45
Total Completed Builds
951
868
788
923
387
Failures
80
29
35
39
22
Total Weekly Failures
205
Net Build
871
839
753
884
365
Start-Up Shift
B
B
B
A
A
Weekly Target
4600




Weekly Build
3712




Target +/-
-888




Target +/- (£)
-£928,848.00










Start-Up Downtime (s)
136
328
1611
647
285
Total Start-Up Downtime (s)
3007




Total Start-Up Downtime (hr)
0.835277778




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
55.96




Profit Lost from Downtime
£58,537.94










Net Profit After Downtime Loss
-£987,385.94















[bookmark: _Toc40719998]Table 36 - Build Data for SIGMA engine line at BEP (11/11/19-15/11/19)



















 
18/11/2019
19/11/2019
20/11/2019
21/11/2019
22/11/2019
First Build Complete Time
06:07:59
06:06:54
06:05:31
06:07:14
06:06:35
Total Completed Builds
775
694
882
842
958
Failures
43
36
45
30
45
Total Weekly Failures
199
Net Build
732
658
837
812
913
Start-Up Shift
A
A
A
B
B
Weekly Target
4600




Weekly Build
3952




Target +/-
-648




Target +/- (£)
-£677,808.00










Start-Up Downtime (s)
479
414
331
434
395
Total Start-Up Downtime (s)
2053




Total Start-Up Downtime (hr)
0.570277778




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
38.21




Profit Lost from Downtime
£39,966.21










Net Profit After Downtime Loss
-£717,774.21
















[bookmark: _Toc40719999]Table 37 - Build Data for SIGMA engine line at BEP (18/11/19-22/11/19)



















 
25/11/2019
26/11/2019
27/11/2019
28/11/2019
29/11/2019
First Build Complete Time
06:06:15
06:05:18
06:04:25
06:03:54
06:03:47
Total Completed Builds
869
989
916
1184
801
Failures
33
55
38
71
22
Total Weekly Failures
219
Net Build
836
934
878
1113
779
Start-Up Shift
B
B
B
A
A
Weekly Target
4600




Weekly Build
4540




Target +/-
-60




Target +/- (£)
-£62,760.00










Start-Up Downtime (s)
375
318
265
234
227
Total Start-Up Downtime (s)
1419




Total Start-Up Downtime (hr)
0.394166667




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
26.41




Profit Lost from Downtime
£27,623.99










Net Profit After Downtime Loss
-£90,383.99
















[bookmark: _Toc40720000]Table 38 - Build Data for SIGMA engine line at BEP (25/11/19-29/11/19)



















 
02/12/2019
03/12/2019
04/12/2019
05/12/2019
06/12/2019
First Build Complete Time
06:10:34
06:04:18
06:03:17
06:05:26
06:06:13
Total Completed Builds
971
968
974
765
486
Failures
46
34
34
35
15
Total Weekly Failures
164
Net Build
925
934
940
730
471
Start-Up Shift
A
A
A
B
B
Weekly Target
4600




Weekly Build
4000




Target +/-
-600




Target +/- (£)
-£627,600.00










Start-Up Downtime (s)
634
258
197
326
373
Total Start-Up Downtime (s)
1788




Total Start-Up Downtime (hr)
0.496666667




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
33.28




Profit Lost from Downtime
£34,807.39










Net Profit After Downtime Loss
-£662,407.39
















[bookmark: _Toc40720001]Table 39 - Build Data for SIGMA engine line at BEP (02/12/19-06/12/19)



















 
09/12/2019
10/12/2019
11/12/2019
12/12/2019
13/12/2019
First Build Complete Time
06:33:42
06:05:42
06:03:35
06:07:03
06:04:18
Total Completed Builds
1023
709
745
606
507
Failures
53
14
43
29
14
Total Weekly Failures
153
Net Build
970
695
702
577
493
Start-Up Shift
B
B
B
A
A
Weekly Target
4600




Weekly Build
3437




Target +/-
-1163




Target +/- (£)
-£1,216,498.00










Start-Up Downtime (s)
2022
342
215
423
258
Total Start-Up Downtime (s)
3260




Total Start-Up Downtime (hr)
0.905555556




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
60.67




Profit Lost from Downtime
£63,463.14










Net Profit After Downtime Loss
-£1,279,961.14
















[bookmark: _Toc40720002]Table 40 - Build Data for SIGMA engine line at BEP (09/12/19-13/12/19)



















 
16/12/2019
17/12/2019
18/12/2019
19/12/2019
20/12/2019
First Build Complete Time
06:07:06
06:06:51
06:13:00
06:11:22
06:02:25
Total Completed Builds
873
750
1036
863
500
Failures
53
28
81
33
23
Total Weekly Failures
218
Net Build
820
722
955
830
477
Start-Up Shift
A
A
A
B
B
Weekly Target
4600




Weekly Build
3804




Target +/-
-796




Target +/- (£)
-£832,616.00










Start-Up Downtime (s)
426
411
780
682
145
Total Start-Up Downtime (s)
2444




Total Start-Up Downtime (hr)
0.678888889




Required JPH
67
66.83 > 67



Parts lost to Start-Up Downtime
45.49




Profit Lost from Downtime
£47,577.89










Net Profit After Downtime Loss
-£880,193.89
















[bookmark: _Toc40720003]Table 41 - Build Data for SIGMA engine line at BEP (16/12/19-20/12/19)












[bookmark: _Toc40956966]5.2.1 Post-Shutdown Expanded
The amount of downtime experienced was compartmentalised into a daily split. The results show a large amount of variation when comparing both Monday and Friday with the rest of the working week (Fig 16). Although downtime occurrence is more concentrated on these days, it is identified that the overall amount of downtime increased by 29.9% post shutdown and that Monday witnessed the largest amount of start-up downtime during this period. The machines are run consistently 16 hours a day during this period and therefore further consideration is required for why this result is higher. [bookmark: _Toc40720004]Table 42 - Downtime Accumulated Post-Shift Change Period per Day
Total Downtime Accumulated by Day (hrs)
Monday
Tuesday
Wednesday
Thursday
Friday
24.78472222
9.695
3.224444444
2.641944444
16.10916667


[bookmark: _Toc40719920]Figure 16 - Downtime Accumulated by Day Across Data Collection Period (Tables 23-41)

The Pareto Chart for the period of August 12th – December 22nd (Fig. 17) portrays the dominance at which Monday specifically, but also Friday, contributes towards the overall frequency of downtime occurrences. These are the days that evidently require consideration as areas of improvement for process reliability.
[bookmark: _Toc40719921]Figure 17 - Pareto Chart for Data Collected from 12/08/19-22/12/19


Further consideration was once again given to the accumulation of downtime on start-up, specifically separated by shift to identify if any trends exist. The downtime that Shift A experienced (Fig. 18) totalled 34.43 hours, with Friday, due to September 27th anomaly, being the highest day with 15.26hrs. Without September 27th, Monday would be the highest contributor with 9.24hrs combined total downtime across this period.[bookmark: _Toc40719922]Figure 18 – Total Downtime for Shift A per Day (12/08/19-22/12/19)



The downtime that Shift B experienced (Fig. 19) totalled 20.03 hours, with Monday considerably higher than any other day, at 15.5 hours, or 77.6% of the total downtime across this period.[bookmark: _Toc40719923]Figure 19 - TOTAL DOWNTIME FOR SHIFT B PER DAY (12/08/19-22/12/19)


There is a noticeable correlation between both shifts when looking at downtime. Excluding September 27th once more, Monday is the highest non-productive day for both, further indication towards start-up problems after long periods of machine inactivity over the weekend break. It can be confirmed too that both shifts therefore experienced a similar amount of downtime across the 19-week period, although Shift A did work one more week due to the shift pattern in place.
As stated, the cost of missing build targets at BEP can be extremely high. Excluding all costs passed on to FMC and focusing solely on the financial gains or losses from the production count each week, accounting for the lost time associated with starting up with the reduction of downtime costs witnessed, a balance sheet (Table 43) was created. 

[bookmark: _Toc40720005]Table 43 - Running Profit/Loss Balance FOR Downtime Post-Shift Change

Running Profit/Loss Total


Week 1
-£2,099,138.08


Week 2
-£1,571,184.11
£527,953.97
Week 3
-£1,849,506.70
-£278,322.59
Week 4
-£3,055,207.66
-£1,205,700.96
Week 5
-£4,563,928.13
-£1,508,720.47
Week 6
-£4,990,429.98
-£426,501.85
Week 7
-£7,757,335.62
-£2,766,905.64
Week 8
-£9,744,726.90
-£1,987,391.28
Week 9
-£9,800,109.11
-£55,382.21
Week 10
-£11,648,409.42
-£1,848,300.31
Week 11
-£13,353,699.73
-£1,705,290.31
Week 12
-£14,233,413.62
-£879,713.89
Week 13
-£14,777,352.22
-£543,938.60
Week 14
-£15,764,739.16
-£987,386.94
Week 15
-£16,482,513.37
-£717,774.21
Week 16
-£16,572,897.36
-90383.99
Week 17
-£17,235,304.75
-662407.39
Week 18
-£18,515,265.89
-1279961.14
Week 19
-£19,395,459.78
-880193.89
Total
-£19,395,459.78




The balance sheet shows after 19 weeks of production that the company suffered potential losses of £19,395,459.78. These figures are calculated under the same circumstance as the period prior to shut down previously in this report. Assuming the same desired production conditions, the amount of downtime was then accounted for over the 19-week period and the financial impact the company could be hit by as a result, shown in Table 44. This calculation includes Friday 27th September, as although it does not indicate a specific high day over a sustained period, it does still have a financial impact when considering the start-up of production after an 8 hour lay off overnight on the new shift pattern implemented. It is also worth noting that although the post summer shutdown period is 4 weeks less than the prior range of data, the results are substantially worse still, magnifying an apparent production issue. 
Accounting for the conditions stated the balance sheet highlights a potential loss of £4,596,522.65 was absorbed by the business because of downtime impacting the production process at the beginning of a shift. Comparing this to prior summer shutdown data, this is an increase of £1,551,849.10 however over a 4-week longer period of data collection. This however is still a large increase when averaging the pre-shutdown data and accounting for 4 further weeks of potential downtime data collection;
Running Loss Total - Downtime Only


Week 1
-£675,532.08


Week 2
-£840,030.11
-£164,498.03
Week 3
-£865,220.70
-£25,190.59
Week 4
-£945,425.66
-£80,204.96
Week 5
-£1,027,402.13
-£81,976.47
Week 6
-£1,059,561.98
-£32,159.85
Week 7
-£2,060,819.62
-£1,001,257.64
Week 8
-£2,876,690.90
-£815,871.28
Week 9
-£2,915,411.21
-£38,720.31
Week 10
-£3,444,997.52
-£529,586.31
Week 11
-£3,567,407.41
-£122,409.89
Week 12
-£3,649,014.01
-£81,606.60
Week 13
-£3,707,551.95
-£58,537.94
Week 14
-£3,747,518.16
-£39,966.21
Week 15
-£3,775,142.15
-£27,623.99
Week 16
-£3,809,949.54
-£34,807.39
Week 17
-£3,873,412.68
-£63,463.14
Week 18
-£3,920,990.57
-£47,577.89
Week 19
-£4,596,522.65
-£675,532.08
Total
-£4,596,522.65



[bookmark: _Toc40720006]Table 44 - Running Profit/Loss Balance For Downtime Post Shift Change (Downtime Only)

 



When considering the overall losses from Table 43, a potential solution to removing downtime post summer shutdown, if established, could help reduce production losses resulting from failure to meet build targets, as shown;

14,798,937.13

By offsetting the losses incurred by missing production targets by removing start-up downtime, the data gathered shows a possible reduction of losses to £14,798,937.13 which is still a large loss over a 19-week period. These potential results exclude further waste such as wages, energy supply, time and fines while the production line is not producing engines, so further consideration as to why losses are significantly higher is required.
Maintenance reduction impacting start-up times, arguably has a direct impact on increased periods of downtime throughout the shift which would damage the possibilities of meeting build targets during shifts. Maintenance has been removed at this time from night shifts every day, along with weekends when most large maintenance tasks were implemented outside of production hours to not affect projected numbers. 




[bookmark: _Toc40956967]5.2.2 Defect per Million Opportunities (DPMO)
The DPMO calculation for the SIGMA line during the 19-week period (August 12th – December 22nd) indicates that the company suffered 4037 failures within a sample build size of 67,426 engines. Calculating the DPMO to establish a six-sigma level of baseline performance is as follows;



[image: ]The number of defect opportunities considered for this report was one, this was due to the data recording either a pass or a fail with build and failure totals from the whole process. The DPMO result of 59,879 falls within a Six Sigma level of 3 (Fig. 20) showing higher defect levels highlighting the reduced ability of the line to manufacture output within specification. 
[bookmark: _Toc40719924]Figure 20 – Post Shutdown Six Sigma Level (Devan, 2020)








[bookmark: _Toc40956968]5.2.3 Post-Shutdown Overall Equipment Effectiveness (OEE)
The OEE post-shutdown expresses a very different view from the pre-shutdown data. Focusing on the average collection of data from each table, availability, production and quality have all decreased since before shutdown. This has resulted in an average OEE of 78.81%, far lower than that of 96.66% prior to the changes made to shift patterns and maintenance levels during shutdown.
[bookmark: _Toc40720007]Table 45 - SIGMA GTDi Assembly OEE Post-Shift Change

SIGMA Assembly Overall Equipment Effectiveness
Date
Availability
Performance
Quality
OEE
12/08/2019
45.61%
5.65%
82.69%
2.13%
19/08/2019
88.42%
110.00%
92.49%
89.96%
27/08/2019
98.99%
113.15%
97.69%
109.43%
02/09/2019
94.71%
111.74%
96.01%
101.61%
09/09/2019
95.18%
81.20%
93.57%
72.32%
16/09/2019
99.48%
108.59%
94.39%
101.97%
23/09/2019
99.30%
88.15%
96.42%
84.41%
30/09/2019
19.72%
1.96%
88.89%
0.34%
07/10/2019
98.61%
101.63%
95.94%
96.14%
14/10/2019
99.24%
53.37%
94.91%
50.27%
21/10/2019
99.02%
78.70%
93.37%
72.76%
28/10/2019
90.62%
86.96%
95.00%
74.86%
04/11/2019
98.26%
95.33%
95.10%
89.07%
11/11/2019
99.73%
103.37%
91.59%
94.41%
18/11/2019
99.03%
84.24%
94.45%
78.80%
25/11/2019
99.24%
94.46%
96.20%
90.18%
02/12/2019
98.72%
105.54%
95.26%
99.26%
09/12/2019
95.92%
111.20%
94.82%
101.13%
16/12/2019
99.14%
94.89%
93.93%
88.36%
Average
90.47%
85.80%
93.83%
78.81%
















[bookmark: _Toc40956969]5.2.4 First Time-Through (FTT)
[image: ]The data collected for the date range 12/08/2019 - 22/12/2019 identified that OP400 remained the largest bottleneck on the line for FTT % (Fig 21 and 22). A bottleneck according to Panicker (2014) is the stage of a process which dictates the output of a process. Highlighted in light blue are the FTT % weekly average performance figures for the previous two stations before OP400, yellow indicates the performance of OP400 FTT %. [bookmark: _Toc40719925]Figure 21 - FTT % SIGMA GTDI ASSEMBLY LINE, 12/08/19-22/12/19 (Ford Motor Company, 2019)

[image: ][bookmark: _Toc40719926]Figure 22 - FTT % SIGMA GTDI ASSEMBLY LINE, 12/08/19-22/12/19 (Ford Motor Company, 2019)




The data for OP400 was isolated to produce Fig.23 whereby the data was expanded to show how OP400 had performed over the last 2 annuum’s. The weeks in question post shutdown 2019, are weeks number 34-49.[bookmark: _Toc40719927]Figure 23 - Weekly FTT % For OP400 2018/19


[bookmark: _Toc40956970]5.2.5 Blocked and Starved Data
[image: ]Due to OP400 being unable to accommodate POSMON unlike OP415, it is the blocked rate prior to OP400, at OP385, and the starvation rate at OP415 which will help to highlight to what extent OP400 is creating a bottleneck, identifying OP400 as the weak leak to maintaining a continuous flow at this stage of the production line. Due to the establishment of OP400 being a bottleneck on the SIGMA assembly line, the blocked and starved diagrams were produced to provide an indication of how the line is affected by this. Blocking occurs when a specific stage of the process must stop because there is no room ahead to deposit the item once it is completed, whereas starving occurs when a specific stage of the process must stop because there isn’t enough work being supplied to the station ahead (Panicker, 2014). The collection of data for the period prior to shut down (08/04/2019-19/07/2019) is shown in Fig.24 and the data for the period after shut down (12/08/2019-22/12/19) likewise in Fig.25. [bookmark: _Toc40719928]Figure 24 - Blocked And Starved Data for OP400 08/04/19-19/07/19 (Ford Motor Company, 2019)





[image: ][bookmark: _Toc40719929]Figure 25 – Blocked/Starved Data For OP400 12/08/19-22/12/19 (Ford Motor Company, 2019)




















[bookmark: _Toc40956971]5.3 Establishing Areas of Improvement
In order to provide recommended improvements to address start-up downtime related issues across the entire SIGMA assembly line, the measurement phase enabled this report to narrow the resultant data to single out the three highest contributing machine OP’s, using a Pareto mindset, in order to highlight where the more severe root causes are and suggest potential improvements to combat and remove the greater contributors. Records were made (Tables 46-55) to establish the highest offenders for start-up downtime both prior and after the summer shutdown at BEP using Supervisor shift reports. The focus will be on post shutdown data, due to that being the most recent representation of the assembly line, however pre-shutdown was created to use as a comparable to support an increase in machine downtime since the shift change was implemented. The two shift changes that were made were;
1. 4-shift maintenance pattern whereby maintenance worked Sunday evening to start assembly line up prior to Monday production, ceased on week commencing June 3rd, 2019.
2. Production operators and maintenance all aligned to work a 2-shift pattern post-shutdown whereby production ceased Friday 22:00, began Monday 06:00, line is on stop entirely during that period.






[bookmark: _Toc40956972]5.3.1 Pre-Shutdown Supervisor Shift Report Machine Failure Record
Start-Up Machine Failure on A1, A2 and A3 on SIGMA assembly (08/04/19 – 07/05/19)
Table 46 - Supervisor Shift Report for Machine Failure on Start-Up
 
08/04/2019
15/04/2019
24/04/2019
29/04/2019
07/05/2019
Op 18
 
 
 
 
 
Op 25
 
 
 
 
 
Op 30
 
 
 
 
 
Op 32
 
 
 
 
 
Op 40C
 
 
 
 
 
Op 80
 
 
 
 
 
Op 82
 
 
 
 
 
Op 85
 
 
 
 
 
Op 90
 
 
 
 
 
Op 100
 
 
 
 
 
Op 127
 
 
 
 
 
Op 131
 
 
 
 
 
Op 155
 
 
 
 
 
Op 160
 
 
 
 
 
Op 195
 
 
 
 
 
Op 215
 
 
 
 
 
Op 220
 
 
 
 
 
Op 222
 
 
 
 
 
Op 230
 
 
 
 
 
Op 235
 
 
 
 
 
Op 245
 
 
 
 
 
Op 255
 
 
 
 
 
Op 270
 
 
 
 
 
Op 275
 
 
 
 
 
Op 295
 
 
 
 
 
Op 300
 
 
 
 
 
Op 320
 
 
 
 
 
Op 350
 
 
 
 
 
Op 380
 
 
 
 
 
Op 385
 
 
 
 
 
Op 400A
 
 
 
 
 
Op 400B
 
 
 
 
 
Op 400C
 
 
 
 
 
Op 412
 
 
 
 
 
Op 413
 
 
 
 
 
Op 415
 
 
 
 
 
Op 420
 
 
 
 
 
Op 432
 
 
 
 
 
Op 435
 
 
 
 
 
Op 725
 
 
 
 
 
Op 780
 
 
 
 
 





















Start-Up Machine Failure on A4, X-Loop and Headline on SIGMA assembly (08/04/19 – 07/05/19)
Table 47 - Supervisor Shift Report for Machine Failure on Start-Up
 
08/04/2019
15/04/2019
24/04/2019
29/04/2019
07/05/2019
Op 800A
 
 
 
 
 
Op 800B
 
 
 
 
 
Op 902
 
 
 
 
 
Op 917
 
 
 
 
 
Op 923
 
 
 
 
 
Op 931
 
 
 
 
 
Op 942
 
 
 
 
 
Op 965
 
 
 
 
 
X10
 
 
 
 
 
X30
 
 
 
 
 
X40
 
 
 
 
 
X50
 
 
 
 
 
X60
 
 
 
 
 
X80
 
 
 
 
 
X90
 
 
 
 
 
X95
 
 
 
 
 
X180
 
 
 
 
 
X190
 
 
 
 
 
X410
 
 
 
 
 
X415
 
 
 
 
 
X678
 
 
 
 
 
X718
 
 
 
 
 
X740
 
 
 
 
 
X780
 
 
 
 
 
X920A
 
 
 
 
 
X930
 
 
 
 
 
X1010
 
 
 
 
 
Op 1140
 
 
 
 
 
Op 2005
 
 
 
 
 
Op 2035
 
 
 
 
 
Op 2040
 
 
 
 
 
Op 2044
 
 
 
 
 
Op 2050
 
 
 
 
 
Op 2070
 
 
 
 
 
Op 2080
 
 
 
 
 
Op 2090
 
 
 
 
 
Op 2100
 
 
 
 
 
Op 2110
 
 
 
 
 
Op 2140
 
 
 
 
 
Op 2150
 
 
 
 
 
Op 2160
 
 
 
 
 
Op 2190
 
 
 
 
 


























Start-Up Machine Failure on A1, A2 and A3 on SIGMA assembly (13/05/19 – 10/06/19)
Table 48 - Supervisor Shift Report for Machine Failure on Start-Up
 
13/05/2019
20/05/2019
28/05/2019
03/06/2019
10/06/2019
Op 18
 
 
 
 
 
Op 25
 
 
 
 
 
Op 30
 
 
 
 
 
Op 32
 
 
 
 
 
Op 40C
 
 
 
 
 
Op 80
 
 
 
 
 
Op 82
 
 
 
 
 
Op 85
 
 
 
 
 
Op 90
 
 
 
 
 
Op 100
 
 
 
 
 
Op 127
 
 
 
 
 
Op 131
 
 
 
 
 
Op 155
 
 
 
 
 
Op 160
 
 
 
 
 
Op 195
 
 
 
 
 
Op 215
 
 
 
 
 
Op 220
 
 
 
 
 
Op 222
 
 
 
 
 
Op 230
 
 
 
 
 
Op 235
 
 
 
 
 
Op 245
 
 
 
 
 
Op 255
 
 
 
 
 
Op 270
 
 
 
 
 
Op 275
 
 
 
 
 
Op 295
 
 
 
 
 
Op 300
 
 
 
 
 
Op 320
 
 
 
 
 
Op 350
 
 
 
 
 
Op 380
 
 
 
 
 
Op 385
 
 
 
 
 
Op 400A
 
 
 
 
 
Op 400B
 
 
 
 
 
Op 400C
 
 
 
 
 
Op 412
 
 
 
 
 
Op 413
 
 
 
 
 
Op 415
 
 
 
 
 
Op 420
 
 
 
 
 
Op 432
 
 
 
 
 
Op 435
 
 
 
 
 
Op 725
 
 
 
 
 
Op 780
 
 
 
 
 





























Start-Up Machine Failure on A4, X-Loop and Headline on SIGMA assembly (13/05/19 – 10/06/19)
Table 49 - Supervisor Shift Report for Machine Failure on Start-Up
 
13/05/2019
20/05/2019
28/05/2019
03/06/2019
10/06/2019
Op 800A
 
 
 
 
 
Op 800B
 
 
 
 
 
Op 902
 
 
 
 
 
Op 917
 
 
 
 
 
Op 923
 
 
 
 
 
Op 931
 
 
 
 
 
Op 942
 
 
 
 
 
Op 965
 
 
 
 
 
X10
 
 
 
 
 
X30
 
 
 
 
 
X40
 
 
 
 
 
X50
 
 
 
 
 
X60
 
 
 
 
 
X80
 
 
 
 
 
X90
 
 
 
 
 
X95
 
 
 
 
 
X180
 
 
 
 
 
X190
 
 
 
 
 
X410
 
 
 
 
 
X415
 
 
 
 
 
X678
 
 
 
 
 
X718
 
 
 
 
 
X740
 
 
 
 
 
X780
 
 
 
 
 
X920A
 
 
 
 
 
X930
 
 
 
 
 
X1010
 
 
 
 
 
Op 1140
 
 
 
 
 
Op 2005
 
 
 
 
 
Op 2035
 
 
 
 
 
Op 2040
 
 
 
 
 
Op 2044
 
 
 
 
 
Op 2050
 
 
 
 
 
Op 2070
 
 
 
 
 
Op 2080
 
 
 
 
 
Op 2090
 
 
 
 
 
Op 2100
 
 
 
 
 
Op 2110
 
 
 
 
 
Op 2140
 
 
 
 
 
Op 2150
 
 
 
 
 
Op 2160
 
 
 
 
 
Op 2190
 
 
 
 
 
































Start-Up Machine Failure on A1, A2 and A3 on SIGMA assembly (17/06/19 – 15/07/19)
Table 50 - Supervisor Shift Report for Machine Failure on Start-Up
 
17/06/2019
24/06/2019
01/07/2019
08/07/2019
15/07/2019
Op 18
ALL A1  DOWN
 
 
 
 
Op 25

 
 
 
 
Op 30

 
 
 
 
Op 32

 
 
 
 
Op 40C

 
 
 
 
Op 80

 
 
 
 
Op 82

 
 
 
 
Op 85

 
 
 
 
Op 90

 
 
 
 
Op 100
 
 
 
 
 
Op 127
ALL A2 DOWN
 
 
ALL A2 DOWN
 
Op 131

 
 

 
Op 155

 
 

 
Op 160

 
 

 
Op 195

 
 

 
Op 215

 
 

 
Op 220

 
 

 
Op 222

 
 

 
Op 230

 
 

 
Op 235

 
 

 
Op 245

 
 

 
Op 255

 
 

 
Op 270

 
 

 
Op 275

 
 

 
Op 295

 
 

 
Op 300
 
 
 
 
ALL A3 DOWN
Op 320
 
 
 
 

Op 350
 
 
 
 

Op 380
 
 
 
 

Op 385
 
 
 
 

Op 400A
 
 
 
 

Op 400B
 
 
 
 

Op 400C
 
 
 
 

Op 412
 
 
 
 

Op 413
 
 
 
 

Op 415
 
 
 
 

Op 420
 
 
 
 

Op 432
 
 
 
 

Op 435
 
 
 
 

Op 725
 
 
 
 

Op 780
 
 
 
 
































Start-Up Machine Failure on A4, X-Loop and Headline on SIGMA assembly (17/06/19 – 15/07/19)
Table 51 - Supervisor Shift Report for Machine Failure on Start-Up
 
17/06/2019
24/06/2019
01/07/2019
08/07/2019
15/07/2019
Op 800A
 
 
 
 
 
Op 800B
 
 
 
 
 
Op 902
 
 
 
 
 
Op 917
 
 
 
 
 
Op 923
 
 
 
 
 
Op 931
 
 
 
 
 
Op 942
 
 
 
 
 
Op 965
 
 
 
 
 
X10
 
 
 
 
 
X30
 
 
 
 
 
X40
 
 
 
 
 
X50
 
 
 
 
 
X60
 
 
 
 
 
X80
 
 
 
 
 
X90
 
 
 
 
 
X95
 
 
 
 
 
X180
 
 
 
 
 
X190
 
 
 
 
 
X410
 
 
 
 
 
X415
 
 
 
 
 
X678
 
 
 
 
 
X718
 
 
 
 
 
X740
 
 
 
 
 
X780
 
 
 
 
 
X920A
 
 
 
 
 
X930
 
 
 
 
 
X1010
 
 
 
 
 
Op 1140
 
 
 
 
 
Op 2005
 
 
 
 
 
Op 2035
 
 
 
 
 
Op 2040
 
 
 
 
 
Op 2044
 
 
 
 
 
Op 2050
 
 
 
 
 
Op 2070
 
 
 
 
 
Op 2080
 
 
 
 
 
Op 2090
 
 
 
 
 
Op 2100
 
 
 
 
 
Op 2110
 
 
 
 
 
Op 2140
 
 
 
 
 
Op 2150
 
 
 
 
 
Op 2160
 
 
 
 
 
Op 2190
 
 
 
 
 







[bookmark: _Toc40956973]5.3.2 Post-Shutdown Supervisor Shift Report Machine Failure RecordStart-Up Machine Failure on A1, A2, A3, A4 and X-Loop on SIGMA assembly (12/08/19 – 16/09/19)
Table 52 - Supervisor Shift Report for Machine Failure on Start-Up
 
12/08/2019
19/08/2019
27/08/2019
02/09/2019
09/09/2019
16/09/2019
Op 18
 
 
 
 
 
 
Op 32
 
 
 
 
 
 
Op 40C
 
 
 
 
 
 
Op 82
 
 
 
 
 
 
Op 85
 
 
 
 
 
 
Op 127
 
 
 
 
 
 
Op 131
 
 
 
 
 
 
Op 195
 
 
 
 
 
 
Op 215
 
 
 
 
 
 
Op 230
 
 
 
 
 
 
Op 235
 
 
 
 
 
 
Op 245
 
 
 
 
 
 
Op 255
 
 
 
 
 
 
Op 270
 
 
 
 
 
 
Op 295
 
 
 
 
 
 
Op 350
 
 
 
 
 
 
Op 380
 
 
 
 
 
 
Op 400A
 
 
 
 
 
 
Op 400B
 
 
 
 
 
 
Op 400C
 
 
 
 
 
 
Op 420
 
 
 
 
 
 
Op 432
 
 
 
 
 
 
Op 435
 
 
 
 
 
 
Op 725
 
 
 
 
 
 
Op 780
 
 
 
 
 
 
Op 800B
 
 
 
 
 
 
Op 902
 
 
 
 
 
 
Op 917
 
 
 
 
 
 
Op 923
 
 
 
 
 
 
Op 942
 
 
 
 
 
 
Op 965
 
 
 
 
 
 
X10
 
 
 
 
 
 
X60
 
 
 
 
 
 
X80
 
 
 
 
 
 
X90
 
 
 
 
 
 
X95
 
 
 
 
 
 
X180
 
 
 
 
 
 
X410
 
 
 
 
 
 
X415
 
 
 
 
 
 
X780
 
 
 
 
 
 
X920A
 
 
 
 
 
 
X930
 
 
 
 
 
 



Start-Up Machine Failure on A1, A2, A3, A4 and X-Loop on SIGMA assembly (23/09/19 – 28/10/19)
Table 53 - Supervisor Shift Report for Machine Failure on Start-Up
 
23/09/2019
30/09/2019
07/10/2019
14/10/2019
21/10/2019
28/10/2019
Op 18
 
 
 
 
 
 
Op 32
 
 
 
 
 
 
Op 40C
 
 
 
 
 
 
Op 82
 
 
 
 
 
 
Op 85
 
 
 
 
 
 
Op 127
 
ALL OF A2 AREA DOWN
 
 
 
 
Op 131
 

 
 
 
 
Op 195
 

 
 
 
 
Op 215
 

 
 
 
 
Op 230
 

 
 
 
 
Op 235
 

 
 
 
 
Op 245
 

 
 
 
 
Op 255
 

 
 
 
 
Op 270
 

 
 
 
 
Op 295
 

 
 
 
 
Op 350
 
 
 
ALL A3 DOWN, 400C HAD OWN PROBLEM TOO
 
 
Op 380
 
 
 

 
 
Op 400A
 
 
 

 
 
Op 400B
 
 
 

 
 
Op 400C
 
 
 

 
 
Op 420
 
 
 

 
 
Op 432
 
 
 

 
 
Op 435
 
 
 

 
 
Op 725
 
 
 

 
 
Op 780
 
 
 

 
 
Op 800B
 
 
 
 
ALL A4 DOWN
 
Op 902
 
 
 
 

 
Op 917
 
 
 
 

 
Op 923
 
 
 
 

 
Op 942
 
 
 
 

 
Op 965
 
 
 
 

 
X10
 
 
 
X LOOP TRACK DOWN, ALL Ops DOWN
 
 
X60
 
 
 

 
 
X80
 
 
 

 
 
X90
 
 
 

 
 
X95
 
 
 

 
 
X180
 
 
 

 
 
X410
 
 
 

 
 
X415
 
 
 

 
 
X780
 
 
 

 
 
X920A
 
 
 

 
 
X930
 
 
 

 
 



Start-Up Machine Failure on A1, A2, A3, A4 and X-Loop on SIGMA assembly
(04/11/19 – 16/12/19)
Table 54 - Supervisor Shift Report for Machine Failure on Start-Up
 
04/11/2019
11/11/2019
18/11/2019
25/11/2019
02/12/2019
09/12/2019
16/12/2019
Op 18
 
 
 
 
 
 
 
Op 32
 
 
 
 
 
 
 
Op 40C
 
 
 
 
 
 
 
Op 82
 
 
 
 
 
 
 
Op 85
 
 
 
 
 
 
 
Op 127
 
 
ALL OF A2 AREA DOWN
 
 
 
 
Op 131
 
 

 
 
 
 
Op 195
 
 

 
 
 
 
Op 215
 
 

 
 
 
 
Op 230
 
 

 
 
 
 
Op 235
 
 

 
 
 
 
Op 245
 
 

 
 
 
 
Op 255
 
 

 
 
 
 
Op 270
 
 

 
 
 
 
Op 295
 
 

 
 
 
 
Op 350
 
 
 
 
 
 
 
Op 380
 
 
 
 
 
 
 
Op 400A
 
 
 
 
 
 
 
Op 400B
 
 
 
 
 
 
 
Op 400C
 
 
 
 
 
 
 
Op 420
 
 
 
 
 
 
 
Op 432
 
 
 
 
 
 
 
Op 435
 
 
 
 
 
 
 
Op 725
 
 
 
 
 
 
 
Op 780
 
 
 
 
 
 
 
Op 800B
ALL A4 DOWN
ALL A4 DOWN
 
 
 
 
 
Op 902


 
 
 
 
 
Op 917


 
 
 
 
 
Op 923


 
 
 
 
 
Op 942


 
 
 
 
 
Op 965


 
 
 
 
 
X10
 
 
 
 
 
 
 
X60
 
 
 
 
 
 
 
X80
 
 
 
 
 
 
 
X90
 
 
 
 
 
 
 
X95
 
 
 
 
 
 
 
X180
 
 
 
 
 
 
 
X410
 
 
 
 
 
 
 
X415
 
 
 
 
 
 
 
X780
 
 
 
 
 
 
 
X920A
 
 
 
 
 
 
 
X930
 
 
 
 
 
 
 


Start-Up Machine Failure on Engine Headline on SIGMA assembly
(12/08/19 – 16/12/19)
Table 55 - Supervisor Shift Report for Machine Failure on Start-Up on Headline
 
12/08/2019
19/08/2019
27/08/2019
02/09/2019
09/09/2019
16/09/2019
23/09/2019
30/09/2019
07/10/2019
14/10/2019
Op 1140
 
 
 
 
 
 
 
 
 
 
Op 2005
 
 
 
 
 
 
 
 
 
 
Op 2035
 
 
 
 
 
 
 
 
 
 
Op 2040
 
 
 
 
 
 
 
 
 
 
Op 2044
 
 
 
 
 
 
 
 
 
 
Op 2050
 
 
 
 
 
 
 
 
 
 
Op 2070
 
 
 
 
 
 
 
 
 
 
Op 2080
 
 
 
 
 
 
 
 
 
 
Op 2090
 
 
 
 
 
 
 
 
 
 
Op 2100
 
 
 
 
 
 
 
 
 
 
Op 2110
 
 
 
 
 
 
 
 
 
 
Op 2140
 
 
 
 
 
 
 
 
 
 
Op 2150
 
 
 
 
 
 
 
 
 
 
Op 2190
 
 
 
 
 
 
 
 
 
 

 
21/10/2019
28/10/2019
04/11/2019
11/11/2019
18/11/2019
25/11/2019
02/12/2019
09/12/2019
16/12/2019
Op 1140
 
 
 
 
 
 
 
 
 
Op 2005
 
 
 
 
 
 
 
 
 
Op 2035
 
 
 
 
 
 
 
 
 
Op 2040
 
 
 
 
 
 
 
 
 
Op 2044
 
 
 
 
 
 
 
 
 
Op 2050
 
 
 
 
 
 
 
 
 
Op 2070
 
 
 
 
 
 
 
 
 
Op 2080
 
 
 
 
 
 
 
 
 
Op 2090
 
 
 
 
 
 
 
 
 
Op 2100
 
 
 
 
 
 
 
 
 
Op 2110
 
 
 
 
 
 
 
 
 
Op 2140
 
 
 
 
 
 
 
 
 
Op 2150
 
 
 
 
 
 
 
 
 
Op 2190
 
 
 
 
 
 
 
 
 


[bookmark: _Toc40956974]6. Data Analysis
The importance of the analysis phase within the DMAIC model is to help identify problems in the production process which can result in increased waste such as defect parts (Six Sigma Daily, 2014). There are several tools that are utilised in the Analysis phase, such as cause and effect diagrams and process maps, to help the project team determine if problems that are identified are contributing or creating the root cause.
The data that was collected provided an insight into the downfalls of the line in its entirety while highlighting the top three machine contributors. This information provides a solid foundation for targeted improvement on SIGMA GTDi assembly and how to implement those improvements to drive the data towards the targets set. 
To begin this phase, it is critical that the correct data is extracted and analysed in accordance with the project purpose. Data must be correct, specific to the time window being considered while allowing equal reasoning for why the data may portray certain outlooks and what that inevitably means to the business.  
[bookmark: _Toc40956975]6.1 Line Analysis
The data collected for the whole line was broken down to identify where potential root causes are located. This allowed not only the indication of where problems exist but also the scale at which they are impacting the line by using higher performing OP’s as a direct comparison. This allows the scale of the problem to also create a baseline at which can be compared during the improvement stage with the new results on line performance to see if any further impact has happened to the higher performing OP’s as a result of the poorer machines being improved.
[bookmark: _Toc40956976]6.1.1 Pareto Chart Analysis
The Pareto charts in the measurement phase identified some issues. During the data collection range pre-shutdown, it became evident that Thursday accounted for 28.2% of all occurrences, and Friday for 23%, therefore the cumulative percentage indicates that if all Thursday and Friday downtime was removed, then 51.2% of total downtime occurrences could be corrected.
One potential reason for this result is people, more specifically operators. On the three-shift pattern being worked at the time of the result in question, operators complied by a ‘double-back’ shift change between Wednesday and Thursday. Operators who worked 14:00-22:00 on a Wednesday, would be returning to work 06:00 Thursday morning. With such a small turnaround, and taking into consideration commuting times for employees, lack of sleep is often unavoidable. It is stated by Keller (2009) that fatigue is one of the most common side-effects related to shift work. Although fatigue is difficult to quantify due to it being individually subjective and personal, it has been proven that symptoms of fatigue according to Richardson et al. (2007) are those such as lethargy, inability to think clearly, lack of concentration, reduced cognitive functions, anxiety and exhaustion. Furthermore, the average age of the workforce at BEP at the time of this report is 45.14 years (Ford Motor Company, 2019), consisting of 438 employees between the ages of 55-65. It has been stated that an older worker will tend to have less stamina, decreased speed of circadian adaptation to shift changes, increased risk of sleep disorders and pose a threat to safety in work environments designed for younger employees (Letvak, 2005). With low levels of rest between this shift change and being the fourth working day in a row, it can be argued that fatigue may pay a part in the speed at which downtime is overcome during the start-up on Thursdays. 
Post-shutdown the Pareto chart created during the measurement phase portrays a different situation compared to pre-shutdown data. Between August 12th - December 22nd, Monday accounts for 43.9% of all occurrences, and Friday for 28.5%, therefore the cumulative percentage indicates that if all Monday and Friday downtime was to be removed, then 72.4% of total downtime occurrences could be corrected. Considering the possibility that Monday and Friday remained on average downtime to the rest of the week, at 5.19 hrs per day, the reduction would still result in 54% less downtime, financially resulting in a potential further uptime of 2044 more engine builds, or a £2,138,201.82 increase in profit from production alone.
The results dictate that Monday requires addressing further to clarify an understanding as to why the downtime is higher. The shift change experienced on the SIGMA engine line was implemented after a three-week shutdown. Furthermore, weekends now had no maintenance on shift due to their shifts realigning with production and becoming two shifts, removing cover from Sunday evenings. The removal of Sunday evening cover means no machine maintenance or operation takes place after 22:00hrs Friday. Machines and associated equipment usually struggle to pick up production after enough of a stoppage that allows a cool down to take place (Lush, 2017). The shutting down of machinery for a temporary period requires planning to ensure they are left in the best possible condition for starting up again, a practice not widely used in FMC BEP. Often after examining operator behaviour at the end of a Friday shift, the machines will be left unattended to run themselves out until every machine becomes starved due to a delay at manual stations where operators have finished their shift and left their working position. Machines will therefore remain at their initial position, with zero cycles, for 56 hours, where full cool down takes place. Lubrication will cool down and naturally increase its viscosity resulting in some machinery struggling to overcome that consistently, making proxy switches within movement time limits to upkeep production cycles. Some machines on the assembly line have time-out functions, where a safety precaution will shut the machine down after a delayed period of inactivity to prevent any potential further damage or risk to equipment or personnel. These time-out functions require electrically skilled maintenance to reset the programmable logic controllers (PLC) before production can restart. Upon start up, a maximum of 5 electrically skilled craftsman are on shift at any given time to cover in excess of 400 OP’s, often meaning downtime periods are delayed further until all machines can be attended. 
Due to the nature of the plants position currently with potential closure ahead and an ageing workforce, voluntary redundancy (VR) and retirements are high. The plants workforce and utility of labour agreement with the Union means that head count can be maintained through the plant, however many experienced operators and team leaders have left the company. Often, breakdown or start-up issues that do not require mechanical or electrical skilled trade can be corrected and overcome by operators resulting in a much faster start-up period at busy times such as Monday morning. The company operates specific months whereby workers can leave under the VR and retirement packages, the previous period of contract separation was July, prior to shut down. Therefore, naturally as a result of this the workforce returning from shutdown will have less experience, be working in new areas and the main consistency amongst each shift is the maintenance team, who no longer work the weekend to maintain machine activity and proactive maintenance schedules to ensure a smooth start-up occurs at 06:00 Monday. 
Fridays according to the data are also experience large downtime periods. On the 27th September, a Friday, it was recorded that production was not able to start-up for the entire day. This resulted in an isolated event equalling a total of 49,560 seconds, or 13.77hrs, or production time lost. The total result for Friday’s downtime was 16.11hrs so therefore, although carrying an impacting effect on production and profit, removing this occasion leaves Friday with a total downtime over the period of only 2.34hrs. Given the average of Tuesday, Wednesday and Thursday’s downtime is 5.19hrs, Friday does not require specific attention for being recognised as a common culprit for higher amounts of downtime, isolating Monday further. 
[bookmark: _Toc40956977]6.1.2 Shift Analysis
When considering shift variations, there were no correlations between downtime or the shift that was present. Each shift has a different high day with a large variation between the amount of downtime. Shift B saw the most downtime, witnessing more downtime on Monday’s and Tuesday’s than Shift A and C had respectively on their highest days, indicating a potential underlying problem with the employees on Shift B rather than production-based issues relating to machinery or process failures.
[bookmark: _Toc40956978]6.1.3 FTT % Analysis
It is clear from the data that OP400 is continuously recording the lowest FTT % performance on the SIGMA assembly line. In manufacturing a product may fail a process due to errors, omissions, failures, damages, machine breakdowns, poor maintenance practices or poor-quality management (Ezeanyim, et al., 2015). When a product fails to travel through the entire production line first time of asking, referred to as first-time-through (FTT), it costs the business more as the associated costs with that product are only accounted for it passing through the system once, excluding any repeated production steps.
Prior to shut down, OP400 was demonstrating an average FTT % of 94.64%. Compared to OP380 behind OP400, which was operating at 99.6%, demonstrating OP400 as a bottle neck, also when compared to the rest of the line it has the lowest FTT % of any operational station. 
Post shut down, OP400 was operating with a 90.02% FTT %, a decrease of 4.62% from the baseline data. Whereas, OP380 was operating at 99.51% which was only a marginal decrease of 0.09%.
The decrease of 4.62% with FTT at OP400 equates to a further 41 engines per day that incur further costs to production at one OP alone.







[bookmark: _Toc40956979]6.2 Machine and Root Cause Analysis
The data recorded for which machine OP failed on start-up shifts (Figs. 46-55 ) for the first working day back after a weekend on stop, identified that the three most common OP’s liable for failure were;
1. OP 400 – Tappet insertion machine
2. OP 2035 – Avdel insertion - Engine head
3. OP 2190 – VCT Bridge removed, vacuum cap, de-gas pipe fitted
The data highlights that following the first shift change which removed maintenance from a Sunday evening shift, the failure rate for machines on start-up increases. This then becomes evident that the increase in failure rate is sustained throughout the time the data was collected for both prior and post-shutdown periods. 
Due to the increase in failure rates for the top three machines on the line, further consideration was given in order to establish why failures were occurring more often and move on to develop methods of improving the situation locally, resulting in an increase across the assembly line efficiencies at BEP.


[bookmark: _Toc40956980]6.2.1 OP400
[image: ]OP400 is a tappet insertion station located in the cylinder head. Tappets within an internal combustion engine are a mechanical part which reciprocates to transmit motion i.e. it performs the transmission of motion from the camshaft to the push rods, or valves. The tappet (Fig. 26) sits in the bore and ensures the pushrod does not bend when in use. The tappet will also provide zero-clearance between the cam and valve to maintain a smooth and uninterrupted cycle. Tappets for internal combustion engines come in a variety of thicknesses in order to accommodate any machining tolerance variation in the camshaft.[bookmark: _Toc40719930]Figure 26 - OP400 Tappet Tray (Ford Motor Company, 2019)



The camshafts will be measured at a previous station prior to OP400 and that will determine which size tappet is designated to which valve. OP400 runs with 3 robots, robot A, B and C. The robots will share the workload out in order to maintain cycle times. For example, robot A may place seven tappets into the loading pallet, release the pallet to robot B where four further tappets will be placed into position. Robot B will then release the pallet to robot C’s which will pick up the remaining five tappets. This varies, depending on the availability and requirement of the tappets being fitted and which robot is best suited to fitting them determined by the machines programme. 
OP400 was identified as the most frequently problematic OP on start-up. It encountered eighteen breakdowns over a total of nineteen start-up shifts (94.7%), over the initial three-month period post-shutdown. The most common breakdown causes established during data collection using Ford confidential records kept by the SIGMA engineering team were:
1. Incorrect actions deviating from standardised procedures by operators resulting in the machine losing its position, resulting in machine inability to match specific tappets to the designated engine via the tag matching system in place.
2. Tappet tray failure to locate into position when machine removes empty tray and requests a new pre-filled one.
3. Timing out on OP 400 pre-stop which engages precautionary measures of shutting down the track, requiring a manual reset.





[bookmark: _Toc40956981]6.2.1.1 OP400 Process Mapping
To understand the operations that OP400 goes through in a cycle, an in-depth step sequence process map is used. The point of mapping these steps is to make a process visible. Understanding the sequence and identifying the reasons for failure, enables a further understanding of what improvements can be targeted. A process map according to Parry et al. (2010) is used extensively throughout manufacturing industries to facilitate organisational improvement. Deming (1986) emphasised its importance by stating that “if you can’t describe your work as a process, you don’t know what you are doing”, and therefore if you do not understand the process it is highly unlikely the root cause can be accurately located. 
[image: Image result for process map symbols]Process maps use specific shapes (Fig. 27) to identify what function each step represents. Adopting a universal code ensures consistency throughout industry.[bookmark: _Toc40719931]Figure 27 - Process Mapping Symbols (Berry, 2018)


A process map for OP400 is shown in Figure 28.


[image: ]OP400 Process Map
[bookmark: _Toc40719932]Figure 28 - Process Map for OP400

The process map for OP400 was developed using self-knowledge with the machine, observation and working closely with engineering personal whilst the machine operates during normal production hours. At the time of this process map development, SIGMA engine assembly line operated a two-shift pattern running from 6am-10pm, Monday to Friday. Due to shift variations between manning on the line, the process was observed over a variation of different shifts and therefore during all possible working conditions. Due to maintenance providing attention to OP 400 during production and non-production hours, an in-depth process understanding is crucial to the role in order to ensure the machine is operating correctly when production test runs are not viable during the 10pm-6am window. This method of gathering data secured as much information as was possibly accessible in order to cover every aspect of OP 400 and its process.












[bookmark: _Toc40956982]6.2.1.2 OP400 Blocked and Starved Comparison
OP415 is a short action manually operated process which has a much smaller cycle time than OP400 and therefore can remain starved for long periods during downtime occurrences on OP400. It is assumed that due to OP410 and OP412 being manually operated stations with continuous monitoring from operators, that these can be removed from the consideration of downtime contribution as they are used primarily as checking stations.
The blocked and starved comparison between OP385 and OP415 is shown again in Fig. 29 for the period between 08/04/2019-19/07/2019. The blocked data clearly identifies that after OP385 (25.61 JPH) the amount of production lost to machine blockages at OP415 dramatically reduces (0.01 JPH). This data supports that once an engine reaches OP400, the flow of production is slower either due to increased cycle times or machine breakdowns. To support this further, the starvation rate as expected is significantly higher at OP415 than OP385, due to OP400 being the bottle neck in the process and unable to supply OP415 at a rate of which it is capable of and therefore losing the JPH potential of this stage in the process, slowing the entire process down as a result. 
[image: ][bookmark: _Toc40719933]Figure 29 - Blocked and Starved Comparison for OP385 and OP415 Between 08/04/2019-19/07/2019 (Ford Motor Company, 2019)


The blocked and starved comparison between OP385 and OP415 for the period between 12/08/2019-22/12/19 is shown again in Fig. 30. The blocked data follows the same trend as the data collected prior to shut-down (Fig. 29) however OP385 now only accounts for 7.83 JPH losses and OP415 for zero. 
[image: ][bookmark: _Toc40719934]Figure 30 – BLOCKED/STARVED COMPARISON FOR OP385 AND OP415 BETWEEN 12/08/19-22/12/19 (Ford Motor Company, 2019)


This data supports once again that when an engine reaches OP400, the flow of production is reduced, to establish this issue as a consistent trend, the starvation rate once again is significantly higher at OP415 (65.72 JPH) than OP385 (22.75 JPH), due to OP400 being the bottle neck in the process. The main variation in the starvation data is the amount of production lost at OP385 post shutdown. Prior, OP385 was starved at a rate of losing 48.55 JPH, whereas post-shutdown this reduces by 53.15% to 22.75 JPH which indicates that OP385 was receiving less JPH from the OP prior to that, which is a clear reduction in production rates earlier in the line.
In order to support this, a time scale for blockage and starvation witnessed by OP 385 and OP415 was created in the form of a bar chart alongside the block and starvation crossover chart. This indicates that OP415 witnessed 6.22 minutes of blocking between the whole data collection period from 08/04/2019 - 22/12/2019, compared to 84,922.50 minutes of starvation due to OP400 creating the bottleneck effect.
[image: ][bookmark: _Toc40719935]Figure 31 - Time Lost on OP385 and OP415 due to Blocked/Starved Between 08/04/2019 - 22/12/2019 (Ford Motor Company, 2019)


Furthermore, considering the scale of the problem from OP400 blocking and starving the line, consideration was given to OP425, further down the line than OP415, and how the implications to OP415 directly affect it. OP415 (Loctite seal on engine head) has a cycle time of 32 seconds, whereas OP425 (cam cap and cam placement station) has a cycle time of 36 seconds (Ford Motor Company, 2007). Shown in Fig. 32 is the same blocked and starved crossover data however comparing OP385 and OP425 for the same period. OP425, as a direct result of OP415 being starved by OP400, has the same starvation issues. OP425, has witnessed a total of 124,770.08 minutes of starvation, this furthermore supports that the process line is restrained by its slowest OP and on SIGMA assembly that is OP400. It is worth mentioning that OP425 has a slower cycle time than OP415 so in a perfect manufacturing environment, should never witness starvation due to OP415 having a lower cycle time to provide work required.
[image: ][bookmark: _Toc40719936]Figure 32 - Blocked/Starved Rate at OP385 and OP425 (Ford Motor Company, 2019)


Availability within a manufacturing line is defined as “the percentage measure of the degree to which machinery and equipment is in an operable and committable state at the point in time when it is needed” (Katukoori, 1995). The ideal amount of machine availability in a production system is determined by the lines requirements, resource and cost saving. The purchase and implementation of more equipment can increase the amount of completed processes and JPH however this increases stress on maintenance, cost and machines ahead in the process cycle which may become a bottleneck. Floor space will limit increased machine number possibilities too. Therefore, depending on the Operation Manager’s decision, the choice of configuration will ultimately result in a trade-off between equipment costs and system availability (Cesarotti, et al., 2015). 
A production line manufacturing consistently and at regular demand quantities operates more efficiently when machine availability is also consistently steady. This will ensure that when production is running as it should, the optimum process rate for that specific line, that predictability for line improvements surrounding the removal of bottlenecks or depicting where increased machine demand could be utilised, is far more reliable as operations with large variations are easily identified. The data for OP 385 and OP415 shows this clearly (Fig. 33) whereby the machine availability of OP415 is an average of 77.49% between 08/04/19 – 22/12/2019, 24.57% more than OP385. Therefore, improvements towards reducing the starvation witnessed at OP415 due to OP400 issues will result in a reduction of machine availability due to the increased amount of work it will be provided with. This would increase the OEE of this specific area of the manufacturing process as well as the line as a whole as increased supply speed to future OP’s after OP400 will increase JPH, reducing time and waste related costs.
[image: ][bookmark: _Toc40719937]Figure 33 - OP Availability for OP385 and OP415 (Ford Motor Company, 2019)







[bookmark: _Toc40956983]6.2.2 OP 2035
OP 2035 is designed to insert and secure 11mm Avdel fittings into the cylinder head. The purpose of an Avdel fitting (Fig 34) is to fill a void created in the side of the cylinder head during the machining stage. The Avdel’s are designed like a pop rivet and the stem is sat inside the cap. When removed, the stem pulls on and shortens the cap before separating and the material increases the Avdel head diameter, filling the void in the process.
[bookmark: _Toc40719938]Figure 34 - Avdel Sample on SIGMA GTDi Head Line
Avdel Stem
Avdel Cap Head






The requirement to drill these holes during machining is to create the oil cavities (Fig 35) required deep into the cylinder head, a manufacturing necessity which cannot be achieved without removing outside wall material and therefore leaving a void in the process.[bookmark: _Toc40719939]Figure 35 - Avdel Insertion Location in Engine Head

Oil cavities drilled
Avdel’s fitted








OP 2035 was identified in the top three frequently problematic OPs on start-up. It encountered twelve breakdowns over a total of nineteen start-up shifts (63.2%) over a three-month period post-shutdown. The most common breakdown causes established during data collection were:
1. Avdel gripper jaws failing
2. Contamination inside the gripper and on the jaws
3. Avdel’s becoming stuck in transition
The Avdel’s are transported from the hopper via a blow-over unit through plastic pipes (Fig 36) and into the clamp for the firing gun to receive them. The Avdel’s pass through plastic tubes following the same path each time, increasing wear on the outside face of the inners. Over time the harder aluminium Avdel’s create inconsistencies and high spots in the pipe and can become lodged or travel too far from a proxy fitted on the pipe, which no longer recognises that the Avdel has passed, causing the machine to time out and stop.[bookmark: _Toc40719940]Figure 36 - Avdel Blow-Over Pipes
Avdel blow-over pipes










The Avdel gun where the grippers are located (Fig 37) consist of three identical internal jaws. They are sat inside the gripper opening on a seat, which is pressed against a spring to keep tension on the jaws during operation. Due to the dust particles created when the stems separate from the head of the Avdel, along with the oil coating to prevent rust on the Avdel, combines to create a fine paste-like substance inside the teeth of the jaws and contaminating the spring compartment as the stem passes through the spring when transported to the bin. The dust eventually compacts against the spring and it gradually losses its freedom to move. The teeth of the jaws fill, thus creating a shallower lip on each tooth by which the thread on the Avdel steam sits in. This then pushes the steam further away from the teeth of the jaws causing increased wear on the pitch of the tooth. The jaws wear and eventually no longer grip the Avdel stem sufficiently. 
. Opening of jaws
Avdel stem
Spring Housing
Avdel separation particles








[bookmark: _Toc40719941]Figure 37 - Loading Station for Avdel's Into Grippers Prior to Insertion

[bookmark: _Toc40956984][image: ]6.2.2.1 OP 2035 Process Mapping[bookmark: _Toc40719942]Figure 38 - OP2035 Process Map
OP 2035 Process Map

[bookmark: _Toc40956985]6.2.3 OP 2190
OP2190 was identified in the top three most frequently problematic OPs on start-up. It encountered fourteen breakdowns over a total of nineteen start-up shifts (73.7%) over a three-month period post-shutdown. The most common breakdown causes established during data collection were:
1. De-gas pipe loading device becoming jammed   
2. Loctite application process failure
OP2190 is the final process that the engine head passes through before being paired up to a block. The OP runs through three separate processes involving three relatively small components, often resulting in machine process complications requiring attention from operators or maintenance. 










The engine head will arrive at OP2190 with the Variable Camshaft Timing (VCT) bridge cap located on the platen next to the engine head and will be fitted into position (Fig 39) using Gripper 1 (Fig 40).[bookmark: _Toc40719943]Figure 39 - VCT Bridge Cap for SIGMA GTDi Engine
VCT Bridge Cap










Run Down Spindle to Secure VCT Bridge Cap to Head
Gripper Jaws to Secure VCT Bridge Cap









[bookmark: _Toc40719944]Figure 40 - Rundown Spindle to Fasten VCT Bridge Cap to Engine Head

Once the VCT bridge cap is fitted, Gripper 2 (Fig. 42) will then locate, clamp and transport the vacuum pump from the platen, and fit it via one bolt to the top face of the head (Fig. 41). The purpose of Gripper 2 in this operation is solely to fasten the vacuum pump securely to the head during its transportation to head and block pairing assembly. The vacuum pump is later removed by the next OP where the camshafts are fitted.
Vacuum Pump
Gripper 2






	


[bookmark: _Toc40719946]Figure 41 - Gripper for Vacuum Pump Transition
[bookmark: _Toc40719945]Figure 42 - Vacuum Pump Located on Head for Transition Prior to Final Fitting







[image: E:\Memory Stick\Dissertation\Photos\OP2190\thumbnail_image9.jpg]The final process OP2190 carried out is the fitting of an exhaust purge device (Fig. 43), referred to by FMC as a de-gas pipe. The purpose of a de-gas pipe within the internal combustion engine is to discharge non-combusted gas accumulating inside to prevent abnormal combustion, improve safety and increase the reliability and durability of the engine (Nishio, et al., 2014). [bookmark: _Toc40719947]Figure 43 - De-Gas Pipe for SIGMA GTDi Engine


The de-gas pipe is fitted using the Y-Axis slide gripper (Fig. 44) which will pick up, transport and locate the pipe into position, where a stand-alone pneumatic actuator will then press the pipe to the insertion depth requirement in the engine head.De-gas pipe in gripper awaiting insertion into head









	[bookmark: _Toc40719948]Figure 44 – Gripper Fitting De-Gas Pipe Into SIGMA GTDi Engine

The purge device is located at the rear of the head assembly (Fig. 46) and is located and pressed into place. OP2190 will complete a Loctite sealent process (Fig. 45) prior to the pipe being pressed in, adding increased strength and reliability to the fitment.
Loctite Nozzle
De-Gas Pipe Located in Place









[bookmark: _Toc40719950]Figure 45 - Location of De-Gas Pipe When Fitted into Engine Head
[bookmark: _Toc40719949]Figure 46 - Loctite Application Nozzle










[bookmark: _Toc40956986][image: ]6.2.3.1 OP2190 Process Mapping[bookmark: _Toc40719951]Figure 47 - OP2190 Process Map
OP 2190 Process Map

[bookmark: _Toc40956987]7. Recommendations
[bookmark: _Toc40956988]7.1 Shift Recommendations
Previously in FMC skeleton shifts have been utilised when production is behind by large amounts and demand is high. A skeleton crew is the minimum amount of people required to keep a business or organisation open (Cambridge Dictionary, 2020). It was implemented on an overtime basis as and when the company required. The skeleton shift is responsible to start-up all machines within a specific area of the line and run production to increase output. Towards the end of the skeleton shift the operators will walk the line and start-up every machine so that full production can begin at 06:00 without delay. Maintenance will be present on a skeleton shift for two reason. Firstly, they are responsible for any breakdowns during the production run in progress, secondly, they will attend any breakdowns or start-up issues before the 06:00 normal start.
[bookmark: _Toc40956989]7.1.2 Calculating Skeleton Crew Cost
FMC allocate a minimal resource of 23 operators including 2 Team Leaders, 3 maintenance personal and one Supervisor to oversee production on a SIGMA assembly skeleton shift. Referring to FMC annual wage agreements (2019) between the company and the Union on behalf of the workforce where,
N = Minimal number of operators required for skeleton shift
O = Average labour hourly rate for operators on SIGMA Assembly (November 2019)
L = Average labour hourly rate for team leader operators on SIGMA Assembly (November 2019)
T = Time that skeleton shift is required (8-hour shift requirement)
M = Grade 5 maintenance minimal rate of hourly pay (November 2019)
R = Shift rate allowance for Sunday hours

Therefore, with an 8-hour skeleton shift being run from Sunday 22:00,
Operator Labour Cost,



Operator Team Leader Labour Cost,



Maintenance Labour Cost,



Therefore,
Total Skeleton Crew Labour Cost,



Accounting for the minimal operation requirements excluding Supervisor rate due to that being a salary position so hours are repaid in lieu, the total labour cost amounts to £8240.32. Comparing that cost to the amount of downtime experienced on start-up shifts, given the ideal cycle time of 54 seconds per engine at a profit of £1046 per engine, it would only require 7 minutes 12 seconds of start-up related downtime to outweigh the labour costs of a skeleton crew. 
The total amount of downtime experienced during start up shifts on the first production shift of each working week post shutdown equates to a total of 1495 minutes and 25 seconds. Averaging that figure over the 19-weeks of data collection this is 78 minutes 43 seconds per start-up shift each week that could potentially be reduced or eliminated with the support of a skeleton shift.

[bookmark: _Toc40956990]7.2 Machine Recommendations
[bookmark: _Toc40956991]7.2.1 OP 400
OP 400 is a unique machine on the SIGMA assembly line at BEP. It was implemented as an afterthought improvement 18 months after the production line came into full operation. As a result, to its advance technology at the time, access to manufactures for the equipment was limited and therefore it became a stand-alone unique component on the assembly line. The equipment brought large advancements in quality and reduction in time lost, however training was required by the manufacturers that installed the machine which course numbers were limited. Considering the line in this manufacturing year, those courses are no longer available and all training or guidance is passed on by word of mouth from operators to operators or experienced maintenance personnel who have worked on the line for many years. 
BEP in the last 24 months has witnessed a natural decline in employment numbers due to retirements and since June 2019, voluntary redundancies due to the future plant closure. FMC currently operate a ‘Utility of Labour’ principle between the workforce and Trade Union which therefore allows the company to cover those employees leaving with employees from alternative departments within BEP that have sufficient headcount, referred to as ‘Green Labour’. Although this benefits the company to continue production in every area of the plant, it produces situations of inexperience in those areas. Green labour therefore receive training with the equipment on the SIGMA assembly line without time to adjust given the demands of the production environment, so a lot of training is on-the-job. Due to the complications of OP 400 this proves problematic as when downtime occurs, often green labour along with other operators on the line, are unaware of how to resolve the issue and have to lose more time contacting the maintenance team for their assistance. 
The option of maintaining the same employees who are trained, operating on OP 400 monotonously, cannot be considered. Implementing job rotation within the manufacturing industry is a method proven beneficial to a reduction in work-related musculoskeletal disorders, production efficiencies, reduction in labour costs, and operator satisfaction (Cramer, 2011). On an automotive assembly line there are generally several areas within the whole line which are considered small or compact factories or groups containing multiple work stations (Moussavi, 2018). Furthermore, Cramer (2011) published the results comparing the efficiencies of a rotational work centre (100%) and a non-rotational (95%) to identify the benefits of this technique. Moussavi produced a table of 20 ergonomic parameters that face operators within the automotive industry and grouped them into five main categories (Fig 48). The five category groupings consist of energy consumption, force, manual handling, repetition and working postures.





[image: ][bookmark: _Toc40719952]Figure 48 - Ergonomic Parameters For Operators Within the Automotive Industry (Moussavi, 2018)

Job rotation has been proven in multiple studies including the ones above and by Hermawati et al. (2012), to be paramount in the automotive industry. Therefore, the other variables within scope are the training and knowledge available to employees to operate OP 400, or increased maintenance time being provided with operator support.
Consideration towards the personnel operating on SIGMA assembly could be given special conditions around the current workplace ‘Utility of Labour’ processes in place in order to combat these issues. Management could ensure that operators are provided with in-house training led by Team Leaders who themselves may have attended a “train-the-trainer” (ToT) style course. The benefits of a ToT workshop according to The National Centre of Prevention and Promotion (2020) enables a company to build a pool of competent instructors who can then teach the material to other people, instead of relying on a single trainer which results in prolonged workforce development. Team Leaders then currently on the line and with experience of the machines and their processes can look to improve the knowledge of all other colleagues who may operate OP 400 during their working hours.
The time out process within OP400’s programme initiates itself when a switch is not made within the expected time window allocated. Often the tappet trays will become fixed between the guide rails and therefore failing to move down the rollers when they are requested by the machine, resulting in timing out issues. The current tappet trays are OEM, and they originally operated with zero complications related to the problems arising now. Thus, it is safe to assume that due to the guiderails being fixed as a permanent datum and still lined up to the original witness marks, any problem is more likely to be linked to the trays as the rails over the years of use would have worn slightly increasing the space available for the trays to remain free.
Under further examination of the tappet trays, deformation had clearly taken place in every tray examined visually. The trays had become warped along all axis, including to extremes in some cases where cracking in the plastic had occurred. The tappets arrive with an anticorrosion based oil coating, and after further investigation it was deemed to reason for deformation in the trays due to absorption. 
As SIGMA is a declining engine line at FMC, investment is based on an essential basis. No future line investment will be made for improvements and therefore replacement trays were not a possible solution. The proposed recommendation, therefore, and within FMC control and with as minimal investment as possible, is to remove the guiderails from the machine and using the in-house tool room, have 0.5mm removed from either side and refit and retest. Either side was determined as the preferred approach to allow the trays to remain central to the clamps at the bottom. Accessibility to perform the task can utilise maintenance on night shifts when production has ceased for eight hours.
Figure 49 highlights the position of the rollers and trays in OP400, the guiderails run parallel to the side of the tray and shown on the bottom row where they protrude slightly.
Tappet Trays
Guiderails
Lane Rollers
[bookmark: _Toc40719953]Figure 49 - OP400 Tappet Tray Part Supply Shelves












For further consideration, OP400 will also fail during a start-up shift for failures not related to process or production errors. During downtime hours overnight, the machines are left powered up due to the increased likelihood of them becoming unresponsive on start-up shifts after they have cooled down, and they remain at the initial home position. This encounters downtime related issues upon start-up when the tag reader times out at the pre-stop station, because the process bridge from the pre-stop station to the insertion station index takes too long. This raises an alarm to the operator responsible for OP400 on shift and a manual override to release the waiting engine is required. As operators are responsible for a bank of OP’s along their line, this may not be spotted initially, and the engine will remain at the pre-stop (Figs. 50-51) wasting production time, blocking the line and creating large amounts of other wastes. Once identified, the operator will look to release the engine and start production on OP400, however as a safety precaution the machines can often lock themselves to prevent any further risk, requiring skilled maintenance to attend the issue, [image: ][image: ]resulting in further waiting and blockage.[bookmark: _Toc40719954]Figure 50 - SIGMA GTDi Assembled Engine Sat Waiting at OP400
[bookmark: _Toc40719955]Figure 51 - Blocked Line at OP400








[image: ]After each engine has passed through OP400 successfully, it enters OP410 where the water pump is fitted, OP412 camera check and OP415 Loctite application (Fig. 52) for the camshaft bridge. It is of paramount importance that any failures from OP400 are discovered prior to OP415 as once the Loctite application process is complete, the bridge, camshafts and caps are fitted and any failures for the tappets will require a full strip down of the head and could result in parts being reworked or scrapped.[bookmark: _Toc40719956]Figure 52 - Loctite Application Pump at OP415






[bookmark: _Toc40956992]7.2.2 OP 2035
OP2035 was determined to be failing on three commonly reoccurring issues. The jaws inside the grippers were failing, contamination inside the gripper and the jaws was found to be present more than the desired limits and Avdel stems were becoming stuck inside the hoses in transition between the hopper and the grippers. 
[image: ]The jaws of OP2035 grippers are cheap, serviceable parts. They require maintenance and regular cleaning in order to increase the life of the parts. Due to low moral throughout the plant with the future closure and the inevitable knock-on effects of “green labour” being moved to the line, operational standards have dropped significantly as shown in Fig. 53 where a waste Avdel stem storage container has been overfilled and operators have not had it removed as the process dictates.[bookmark: _Toc40719957]Figure 53 - Used Avdel Stem Scrap Bin



SMS tasks are periodically rotated and are a standardised process which operators and maintenance must respond to. Accountability needs to become more prominent on the workers who sign off for each SMS task. With the plant closure looming near, many employees have moved on to future employment. Due to this, a reduction in available time as a product of increased working duties now being placed upon placed Foreman and Senior Maintenance Engineers in BEP as colleagues leave the business, results in minimal follow up checks to any SMS tasks. Maintenance attending breakdowns have then highlighted the poor cleaning standards (Fig 54) on the OP and the implications of this bad practice.[bookmark: _Toc40719958]Figure 54 – Debris Present at OP2035
Lack of cleaning present at the end of an 8-hour shift after SMS task had been signed as completed



If maintenance were to be increased to a three-shift pattern as before, it would enable a full maintenance team to carry our SMS tasks nightly using their experience, skillset and abilities to clean, investigate, prepare and carry out serviceable activities in order to prolong the life cycle of the gripper jaws and ensure there working order remains high. Operators would be able to utilise their time maintaining full operation of the assembly OP and therefore maintain consistent output. Regular cleaning, maintenance and servicing during night shifts when production is on stop will have zero impact on build targets. By ensuring that the third pillar of TPM, planned maintenance, is carried out and recorded by skilled personnel, a strong reduction in downtime during production hours is a very likely outcome by utilising preventative maintenance initially and moving to a reliable and consist predictive maintenance strategy (Shagluf, et al., 2014). 
OP 2035 is subject to damage occurring on the transition pipes (Fig. 55) between hopper and gripper clamp station causing Avdel’s to become stuck and therefore the machine times out and production comes to a halt until an operator is made aware of an issue. Recalling back to the reduction of maintenance on nightshifts, the possibility of removing, inspecting and replacing these pipes is eliminated entirely unless production hours are sacrificed. The pipes are therefore resulting in reoccurring downtime events, and inevitably splitting which will cause the pipe to lose all air pressure and the Avdel will no longer be received at the clamping station.
The design of OP2035 has the hopper placed at floor level attached to the machine. Therefore, vacuum pressure builds in the pipes and when released, fires over the Avdel which travels upwards and around the outside edge of the pipe where the pipe bends. An improvement solution would be to redesign the hoppers location to sit above the machine. This would allow gravity to be the driving force for transporting the Avdel directly to the clamping station while removing sharp bends with large vacuum pressure forces that over time wear away the inner of the pipes. 

Avdel transportation pipes










[bookmark: _Toc40719959]Figure 55 - Avdel Transportation Pipes from Hopper to Grippers Pre-Insertion at OP2035









[bookmark: _Toc40956993]7.2.3 OP 2190
OP 2190 highlighted two major issues resulting in downtime. The Loctite application process is essential to the completion of the head assembly process. Therefore, when this fails to operate the whole line goes on stop. Secondly, the fitting of the de-gas pipe into the engine head creates a reoccurring issue related to gripper complications and location of parts. Furthermore, the failure to insert the de-gas pipe will also bring the OP to a stop due to safety concerns of mis-located parts causing further damage. Both errors require manual assistance to correct and reset the position of the OP however will send failed units to the repair bay for manual completion. 
The Loctite insertion nozzle has fine holes for the sealant fluid to travel through to make the application precise. Due to long periods of inactivity during non-production hours or when the line is stopped due to a breakdown, the Loctite left at the end of the nozzle can set causing a blockage and the inability to perform when production begins again.
Due to ‘green labour’ currently on the SIGMA assembly line, often operators are unable to recognise this potential issue and proactively react by removing the old nozzle and replacing with a new nozzle before restarting production. This would be the first step of training recommended to prevent the amount of downtime witnessed on the line and implement a TPM mindset into the operators responsible for that process. 
Furthermore, the implementation of a small storage container located near OP 2190 where spare nozzles should be kept for easy accessibility when replacements are required. A min and max item number with the item stores code would allow operators to also remain on top of the process by having a continuation of spare parts always available to reduce lead time and potential downtime. 
Safety concerns and training required for such would need to be addressed. As the nozzle becomes blocked, the pump behind the system will continue to build pressure at the machines request which it cannot release due to the blockage. Therefore, operators need to be made aware, and trained, to deal with this safely to prevent any injury to themselves or further damage to the system by being aware of the implications of not depressurising the system.
Further suggestions relating to OP 2190 involve a recalibration process or the opportunity to break down the OP’s processes to reduce the complexity of the machine. 
Recalibration of OP 2190 would require complete isolation from the main line. This creates an instant blockage as no engine head assemblies can move forward if bypassing OP 2190. The time constraints associated with a recalibration process of OP 2190 due to the three individual processes it carries out is estimated at 240 minutes (Ford Motor Company, 2007). When considering scheduled break times of the maintenance team, this task would take a minimum of 4.5hrs to complete if no further complications were present. Due to the output demands of the line that much planned downtime during the newly integrated two-shift pattern is not possible. 
Recalibration of OP 2190 would realign all three grippers to increase the likelihood of a more consistent and reliable operation. However, due to the engine head having one datum based upon the index it is raised by during the processes, all three grippers and tasks would need to align to the same datum, creating potential for inaccuracies in one or more of the alignments made. The task requires two electrical and 2 mechanical tradesmen also, creating further difficulties to completing the task as only one electrical and one mechanical tradesman cover a night shift, the time when production is not running except on weekends, when no employees are working.
An ideal recommendation to combat this would be to discuss the potential of moving the least reliable process, the fitting of the de-gas pipe, to a separate machine that follows OP 2190. This would reduce the complexity within OP 2190, creating a stand-alone OP whereby if the de-gas pipe OP was to breakdown, a manual station can take over the workload as the complicated and precise Loctite process has already been carried out automatically at OP 2190.
The common faults with the current design around the de-gas pipe storage and feed are regular jamming of components or failure for them to locate entirely. When the component jams it has the potential to create further damage to the machine or result in scrap. If the component misaligns in the gripper due to this but the machine still operates, it may press the de-gas pipe into the head at the incorrect position and cause the engine head to be scrapped too, due to its soft aluminium casting being damaged. Failure of the part to locate correctly down the storage shoot is shown in Figure 56.

[bookmark: _Toc40719960]Figure 56 - Part Failing to Locate on Feed
De-Gas Pipe Jamming in Feeding Shoot


Furthermore, components that fail to locate correctly can result in scrap parts due to potential damage and contamination. Often, misaligned parts will fall out of the gripper storage area and to the floor of the machine underneath (Fig. 57). Recalibration or splitting of the process by integrating a stand-alone machine for the de-gas insertion process would provide improvements and reliability whereby a manual station can cover any potential downtime while maintenance is able to carry out repairs to automatic OP, preventing any line stoppages for the other two processes currently remaining in OP 2190.

Scrap parts after failing to locate










[bookmark: _Toc40719961]Figure 57 - Pile of Parts To Be Scrap After Failing to Locate





[bookmark: _Toc40956994]7.3 Maintenance Strategies
[bookmark: _Toc40956995]7.3.1 Total Production Management (TPM)
According to Shagluf et al. (2014) effective maintenance management is critical to the operation of machines. Furthermore, due to the reduced maintenance availability with the newly implemented shift pattern, the SIGMA line has become more reliant on reactive maintenance rather than preventative. Shagluf et al. (2014) highlight how the reactive approach usually takes priority where maximum throughput is key while low investment into maintenance strategies on the line is at play, due to the line expectancy only having 9 months left to run. Arguably, when quality has always been one of the most important factors for achieving competitive advantages (Ionica, et al., 2010), improvements should be paramount using methods such as Total Quality Management (TQM) to continuously improve abilities to deliver high quality products to its customers and meet business requirements (Oakland, 1993). It is stated by Pedja and Rall (2005) that Total Productive Maintenance (TPM) is proven to achieve World-Class maintenance in a company. TPM has five critical success elements according to Fletcher (2014) which aids it to:
· Maximise equipment effectiveness.
· Establish a thorough preventative maintenance system for the entirety of a machines life span.
· Involve all departments including engineering, maintenance and operations
· Involve all employees from the top to the bottom of the business, including shop floor operators and management.
· Promote TPM throughout the business using motivational management.

In implementing advanced maintenance techniques under the TPM structure, it has been suggested that most companies can reduce maintenance costs by up to a third (Ahuja & Khamba, 2008). A collection of publications regarding the cost saving potential of implementing advanced maintenance strategies was compiled to identify the impacts that can be expected (Fig. 58).

[image: ][bookmark: _Toc40719962]Figure 58 - Potential Impacts by Implementing Advanced Maintenance Techniques (Nakajima, 1988) (Ahuja & Khamba, 2008) (Chowdhury, 1995) (Federal Energy Management Program, 2010)


Highlighted in Figure 58 are many benefits. The focus for BEP would be the reduction in costs associated with maintenance and with breakdowns while resultingly identifying the increase percentage in output of production. A reduction percentage change of 83% in the cost of maintenance clearly establishes that a thorough and reliable TPM strategy, maintenance can become a profit centre. 
The introduction of TPM analysed in multiple publications shown in Figure 58 also indicates how a reduction of 83% in maintenance cost, has also seen a reduction of 25% in machine breakdowns. Any reduction in breakdowns will ultimately result in an increase of productivity in the form of production output and enable FMC to reduce downtime at BEP. 

[bookmark: _Toc40956996]7.4 Shift Alterations
From the data researched in this report, it is evident that production uptime, OEE and profitability is increased when a three-shift pattern is in operation compared to a two-shift pattern. Thus, consideration into maintaining production levels by keeping operators on a two-shift pattern to prevent over production based on engine demand and thus incurring further storage costs. Then, returning to a three-shift maintenance pattern to maintain the condition of the line. This will remove unnecessary downtime during start up shifts each day, especially after the weekend inactivity period and enable maintenance tasks to be performed safely, efficiently and on time when they are required during the nightshift period. Maintenance can feed directly into the TPM mindset by carrying out planned activities which have a direct positive effect on OEE and reducing the losses that the business is currently experiencing on the SIGMA line. 

[bookmark: _Toc40956997]7.5 Machine Consideration
General consideration for the SIGMA assembly line, that will also aid the three priority OP’s highlighted in this report, was given. The outcome was a recommendation of reprogramming each OP to periodically run a cycle while the machine is empty in-line to improve one area of the six losses that TPM addresses in start-up/restart losses (Federal Energy Management Program, 2010) and as a result improve OEE across the line by increasing machine availability.
Each machine OP on the SIGMA assembly line is supported by a network of Programmable Logic Controllers (PLC). A PLC is a digital computer that is used for automation of industrial electromechanical processes, such as controlling different machines (R.I.T College of Engineering, 2020). More specifically within BEP, they are used to modify and set the operating time limits, feed speeds, activation of stops on the line and the order of operations ensuring that the machine correctly performs. Correct usage of PLCs reduces any potential damage to the engine stock or the machinery itself as all moving parts work together in sync to implement safety precautions to eliminate risks. 
The ‘dry run’ cycles will prevent the machine and its associated oils and greases from cooling down, where viscosity of the lubricants will increase and therefore moving parts will stiffen. Due to the wear in the machine and its components, the contamination in the greases and oils which are exposed to the working environment, increased viscosity due to reduced temperatures present on operating machinery, it often results in downtime. Therefore, cycling the empty machines during non-production hours will enable to machines to remain warm, freely moving and reduce downtime associated with such issues on a start-up shift.
A safety concern that could be investigated further to seek greater benefits to the line at BEP are the risks involved with start-ups and shutdowns of machinery. Control Engineering   found that a study conducted in 2010 of incidents in the manufacturing industry found 50% of process safety events occur during start-ups and shutdowns. Thus, while machines on SIGMA are creating downtime due to difficulties starting them up for production hours after rest periods, the problems may also lie within the shutdown processes. If both can be addressed to the best of the operator’s abilities, then safety will arguably improve as a direct result of also reducing the downtime experienced.
Current practice, dictated by human nature at the end of a working shift, is for the operators to walk away from the machine whereby their safety precautions are in place with the PLC eventually stopping operation automatically once each OP becomes starved as the line automatically runs itself out. The line becomes starved when a manual OP station, which requires operator interaction, becomes vacant and therefore the line is starved from that point onwards, and likewise blocked at the next manual OP. This is incorrect as the machines are left powered up, ready for operation all night while unmanned. This creates large losses in energy waste, potential damage while machines run unmanned until starved and increased wear on components. Components worth noting which will witness significant wear during these unmanned hours are hydraulic systems which remain under pressure as the machine is still operational and the bearings of the rollers on the track, which should they fail overnight will continue to operate potentially creating further damage to nearby components and instantly create downtime on start-up.
Therefore, both recommendations regarding “dry cycles” and correct isolation and shutdown processes provide possible improvements that can be made in both circumstances’ dependant on the capabilities and desires of the line. Both enable a solution as to whether machines need to remain operational and free during stagnant times, or shut-down and then the potential for night shift maintenance to be reimplemented in full numbers who can power machines back up a hour prior to production starting to eliminate start-up issues prior to operational times.











[bookmark: _Toc40956998]8. Conclusion
In conclusion, this project can be deemed a success as it highlighted multiple reasons with credible supporting evidence to suggest that there is in fact an impact on downtime relating to the new shift pattern and more specifically, start-up shifts from lengthy breaks in production. This project could be duplicated to provide the same evidence required to establish if any other manufacturing lines within Bridgend Engine Plant, or more broadly across Ford Motor Company exist.
Often with the natural progression of the project, it was essential to abandon the nominal steps of the DMAIC model to return from an analysing stage, to gather more data to assess discoveries that the project developed. Further measuring of these discoveries provided adequate data and evidence to establish a root cause and move forward with potential improvements. This became prominent when the data suggested that OP400 may be providing a reoccurring, large bottleneck, where further data was compiled to evaluate the blocked and starved rates (Fig.29-33, pg. 127-131) which supported this theory. 
The continuous rise in downtime due to machine breakdowns on start-up shifts following the implementation of a new shift pattern indicates that maintenance requirements over non-production periods is important and arguably essential for increasing the uptime reliability of the SIGMA GTDi assembly line and potentially other manufacturing lines within industry. This is supported by the reduction of 17.85% in the OEE data (Table 45, pg. 100) after the change in working shifts when maintenance was removed between the hours of 22:00-06:00 from Monday-Friday and entirely across the weekend period.
Further benefit would have been to have gathered data from improvements by operating with a skeleton shift for a period of six-weeks minimum as this utilised labour with minimal cost increases without any component investment required compared to the potential cost of downtime (Table 43, pg. 96), to gather a guidance on how a skeleton shift would impact downtime. Reluctance to introduce this change was due to a skeleton shift not following an agreed working pattern between the Company and the Union, therefore the time constraints involved to getting approval for what would be initially a short-term change was deemed not feasible, which is standard practice with FMC. 
There were three clear bottlenecks in the assembly process when considering all gathered data from the operational OP’s both prior and post shift change. 
OP400, the tappet insertion station, was the largest contributor to increasing downtime and creating waste for the line. The proposed changes are primarily aimed at increasing operator capabilities but also to reduce downtime related to worn components. Operators were advised of the proposed improvements to gauge any resistance, this was not the case and instead further development of individual knowledge on OP400 was welcomed by all employees. However, consideration would be advised relating to the implementation of such training which may incur resistance depending on the proposed times and methods of how the training would be provided. Further improvement suggestions were to replace the tappet trays (Fig. 26, pg.122) currently in the system due to them indicating signs of wear. This improvement suggestion was declined due to investment cost, supplier availability and with the reduction in production predicted for the coming months resulting in fewer trays required. The Company proposed permanently removing visibly damaged or non-conforming trays from the system in anticipation that the number of remaining trays would be sufficient for the drop-in demand predicted while reducing the likelihood of damaged trays creating downtime with them removed from production. With over 700 trays in circulation, and rotating shifts, this would be a lengthy and impracticable result due to the trays requiring failure to be recognised as non-conforming and therefore removed. If a tray performed adequately first time around, it may fail second time, resulting in further downtime on each potential failure and a delayed outcome due to the time required for trays to circulate through the system.
OP2035 operates continuously throughout production shifts. The standard of cleanliness and routine maintenance was highlighted as the cause for two issues. The change in shift pattern where maintenance and operators were unable to carry out SMS routinely or during planned downtime severely hindered the OP. It created downtime from operational failures and further complications supported by a reduction in operator motivation due to the ongoing line changes and potential closure. Therefore, increased maintenance availability to carry out SMS when the OP was out of production hours such as the night time period, would improve the condition and could result in a large decrease in the amount of downtime experienced on OP2035. Enabling greater maintenance access periods would also allow the blow-over pipes which are prone to blockages when worn, to be replaced at scheduled intervals, removing downtime as investment for a redesign of the hopper location is unobtainable.
Ford Motor Company operate with a standardised procedure where any future improvements must be proposed and approved through the relevant channels. This work would often be carried out by an engineering team tasked with multiple improvement projects and therefore the time constraints and workloads expected may reduce the speed at which projects can be proposed and therefore approved for trial and permanent integration. With maintenance and operating personal being at the core of the projects task, these employees would often be removed with no involvement. By including maintenance and operators in this project, further understanding of the machines ideal working conditions and any root causes identified was far quicker to obtain. This approach empowers the workforce to contribute to a leaner and efficient way of working whilst simultaneously improving the standard of FMC’s employees and plant morale. 
As mentioned previously in this report, FMC operates with its SQDCMPE (Safety, Quality, Delivery, Cost, Maintenance, People, Environment) metrics at the core of everything it does. It can be argued that with a consistently high level of Safety, Quality and Delivery, that improvements may follow in the other metrics. Operating with high Quality standards that are delivered throughout the company in the right way will positively impact productivity and Costs by reducing waste and increasing the amount of good product that can be sold. Delivering successful training to employees with the correct Safety standard PPE, materials and components will improve the condition of the manufacturing facility and therefore the standard of Maintenance will improve accordingly. The increase in working standards, increased productivity and reaching cost reduction targets which directly impact the measure of success placed on the facility for future investment, will empower and motivate the People working in it. With increased Safety and Quality standards reducing the Costs such as waste across all operations, the Environmental factors associated will improve also. Providing that these performance levels can remain consistently in the future with further drives for improvements, BEP would be considered a lean manufacturing facility.
Due to the reduced investment across the Bridgend Engine Plant site, it is worth stating that no other future improvements were possible during this project. However, the project and its purpose could be utilised across both assembly and machining lines within FMC. Therefore, the cost benefits of potential reductions in downtime and waste were calculated in this report, but the potential costs of implementing the project improvements was not essential.
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Total Downtime per Day (hrs)

Monday	Tuesday	Wednesday	Thursday	Friday	9.2138888888888886	5.2488888888888887	6.7655555555555553	12.241111111111111	9.9749999999999996	


Total Downtime (hrs) per Day for Shift A

Monday	Tuesday	Wednesday	Thursday	Friday	1.9180555555555556	0.68527777777777776	0.43305555555555558	0.44833333333333331	0.44166666666666665	


Total Downtime (hrs) per Day for Shift B

Monday	Tuesday	Wednesday	Thursday	Friday	6.3680555555555554	3.3319444444444444	5.9649999999999999	11.585277777777778	8.8313888888888883	


Total Downtime (hrs) per Day for Shift C

Monday	Tuesday	Wednesday	Thursday	Friday	0.92777777777777781	1.2316666666666667	0.36749999999999999	0.20749999999999999	0.70194444444444448	


Total Downtime per Day (hrs)

Monday	Tuesday	Wednesday	Thursday	Friday	24.784722222222221	9.6950000000000003	3.2244444444444444	2.6419444444444444	16.109166666666667	


Total Start-Up Downtime (hrs) per Day for Shift A

Monday	Tuesday	Wednesday	Thursday	Friday	9.2397222222222215	8.7991666666666664	1.8030555555555556	1.3280555555555555	15.258888888888889	


Total Start-Up Downtime (hrs) per Day for Shift B

Monday	Tuesday	Wednesday	Thursday	Friday	15.545	0.89583333333333337	1.4213888888888888	1.3138888888888889	0.8502777777777778	
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The Machine that Changed the Worid (Womack, et al., 1990) compared and contrasted the
. differences between the MPS used in the Western world and Lean Production establishet

Japan by Toyota and T
14!

ii Ohno in the automotive industry.

< 221 Ford Production System (FPS)
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a5 did the workforee who found tis mode of opertion
tedious.

o I comparison, the term “lean’ comes from the “upside”
of the production method which requies. half. the
human cffon, half the manufacturing space, hall the
investment snd half the engincering hours 1o develop
anew product in alfthe time”

and conveyor belt production lincs did not
Srab th intrest and excitemen of the process ndustrics,
Apart from the packaging lines the analogies seemed ard
o find.

However, Lean Thinking (Womack and Jones, 1996)
helped us 10 understand the principles of lean
o The identification of vale.
« The climination of waste.
« The gencraton of flow (of value to the customer,
It clearly demonststed that this was ot 2 philosophy or
technique which was only spplcsble 1o the sutamative
ndusry.

‘o more robust processes (a5 measured by les errors and
thrcfore less rework).

This makes lean o very resl and physical concept—

especially for manufactunng.

"Lean production has nov expnded and leanthinking s
becn applid to all aspects of the supply chain. There are
many ell documenied cxamples of the application of
“lean hinking' o business processs such s project man-
agement (Melion, 2003): construction, design, and so on.

Lean can b applid o all aspects o the supplychain and
Should be if the maximum benchs within the organization
are o be sustinably reslized. The two biggest problems
with the sppliation of lean to business processes are the
perceived lack of tangible benchs nd the view that
many business processes. are cficient. Both
assumpions can be challenged (Melion, 2004):

& There sre many tangible benefis sssocited with lean
business processes. A Jean business process will be
faster, .. the speed of response 10 8 request for the
business process vl be fate, and as most business pro-
cesses ar linked to organizaiional supply chains, then
s con deliver significantfinancial bencfits to 3

a0

\ = 241272019
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Absmct- Lean Manafacturing (L), 2 manufacturing system
‘and philasophy. was origaally developed by Togota, Japan
0d s mow widely practced by many manafacturers
hroughout the world. Lean manufactaring i 3 sysiematic
‘pproach fo Mendfing and reducing wase (s0n value-added
acivite) through contiauous improvement by flowing the
product at the pul of the customer in parsut of perfcton.
LM is mportant, primarly because of waste rduction and
reducion n lead i, The abjective of this paper Is fo
idenity Lesn manfacturing _practces_in small seale
industies. For this purpose some case studies were chosen
and crial observaions are Meniid. Some of these
annotaions are mproper wilizaion of rsources, qualit
tsls for mprovements and improper plan for location and
ayout. This paper includes one case stdy widh the ntates,

Waste which ae sen or caleulted
Waste which are not seen or not
calculated interms of wast.

Infirst type we putlldefes prodiced or breskdovins.
So to deletor salve sbove defects Lean Manufacuring is
S techmique subseauently.

m SEVEN WASTES IN AN
INDUSTRY:-

Typically waste in an indusiry i gencracd by TM (man,

machine, material,_ management, market, method  and

Maul),these ar shown inth upcoming fgure:-

. Transportation:t_docs not_sdd
value 1o the cnd produet. Therefore  siply

ERTVAISDORT

abscrvations, resalts and conclsionsof the stady carrid out
o senall scae ndustry.

L WHATIS LEAN MANUFACTURING:
APERSPECTIVE

To understand the Lesn Manufactuing it is sn cssentisl
requirement (0 know about the Lean, in foct “What is
Lean". Lean means “Reduce the Waste". Waste i terms of
industy s “defined s anything that docs notsdd any vl
o the cnd product from customer’s perspective”. In
manufacturing  industres basically two. fypes of wastc
generate, these are-

QY °

CREASE VALUEOF
Bhobucr

In sscond type we put waste duc to improper
ransportation of material or men. Minor wastes are papers
in mamagement work, duc o improper working
environmentor ks educaton of process.

ransportation s onc of the wasts that has to be
climinstd from the production system. This sccounts
o qualty defects, maintenance of higher WIP and
additionsl cost | of trnsporing the  goods.
Transportation is oficn caused by poor workplace
erganizaton.

Iventoryst s 3 montary term
which i utlzed to cam mare money: Duc to cxcess
it of inventorics monetary term is blocked which is
ot used in any other work, as @ resul it i 8 vaste in
anindusty.
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fart of VSM (2004)

d as "Someone who buys goods or services”,
customer can be somebody who borrows a
, therefore the definition of a customer can be

fins goods or services” (Osborne Books,
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‘and definfion of processes and the design of the work
contentfocus on meeting minimu takt tme.

LEVEL PRODUCTION — Leveling keeps consumption
‘Constant and levels the demand on upstream celks of pro-
cesses [Monden, 1998]. It also ensures that each pro-
cess or coll has the same sequence of producton
Shingo, 1983, Leveling deals wih two aspecis: eveling
product mix and levelig cycie tme mix.

1) Leveling product mix means producing each part type
required by the customer in a tme interval equal to cus-
tomer demand. Figure 6 lustiates the unleveled and ev-
eled product mix. The customer picks up 500 parts of
product A, 250 parts of product B, and 500 parts of prod-
et C overy two hours. Thus, the leveled approach pro-
duces exacty the demanded quantly of each product
type within two hours (lower ilusraton, Figure 6)

Unloveled
sl A c
s oo,
T T e e
B Lovalod
T e

Figure 6. Leveling product mix to customer demand

pickup rate

‘The unleveled approach (upper ilusiration, Figure 6) pro-
duces i run sizes of 10,000, 5,000, and 10,000 for prod-
et A, B, and C respeciiely (1un size is defned as the
umber of consecutive parts mads of the same type
before changing over o ancther type). The system is stll
bl 1o satisly customer demand. However, It is neces-
sary 1o store the finished goods. Furthermore, the
response time of the system greaty decreased. Produc-
ton of product C does not begin unti the tird day, so the
‘system would not be able to react quicky 1o changes In
Customer demand.

the same. The time It takes 1o produce one part of each
product is 5 minutes and 3 minutes respectively (see Fig-
e 7). If the schedule does ot level out diferences in
cycle times, the system is loosing s pace, WIP is buld-
ng up between operations, and conlro of the production
state becomes more diffcult. Monden provides algo-
fithms to achieve a eveled schedule bath fr product and
cycle time mix [Monden, 1998].

Sequence of Parts

g e e B

[af—

Figure 7. Cycle Time Leveling (Case 2 above)

‘The decomposiion of level production shown in Figure 8
stresses that there are several requirements 10 achiove.
level productin, e quick changeovers (DP11121) must
be realzed before the producton system can be leveled
totaKt tme.
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©  5.1TaktTime
o Takttime
-~ one unitof production output (Ducharme & Ruddick, 2004), effectively production is paced
by takt time (Linck & Cochran, 2017). Lingk & Cochran state the term ‘Takt is a German
o derived word which refers to rhythm and time in a piece of music (2017), therefore

a conceptual part of lean production. Itis the desired time that it takes to make

comparisons have been drawn between Takt time and the rhythm o heartbeat at which an
organisation should operate (Ducharme & Ruddick, 2004). It is customer driven controlled by

B

demand. Takt time implementation requires management to utiise the 5 P's of OM based on

T

the resistance from workforce that can be experienced from being told what speed to work
at

5.2 Kaizen

Kaizen is;

71 36 115 1 1312 1L

“A Japanese term that means continuous improvement, taken from words 'Kai, which means.
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Sigma Level Conversion Table

Yield DPMO Sigma Yield DPMO Sigma Yield DPMO Sigma
6.6% 934,000 0 69.2% 308,000 2 99.4% 6,210 4
8.0% 920,000 0.1 72.6% 274,000 21 99.5% 4,660 4.1

10.0% 900,000 02 75.8% 242,000 22 99.7% 3,460 42

12.0% 880,000 03 78.8% 212,000 23 99.75% 2,550 43

14.0% 860,000 0.4 81.6% 184,000 24 99.81% 1,860 4.4

16.0% 840,000 05 84.2% 158,000 25 99.87% 1,350 45

19.0% 810,000 06 86.5% 135,000 26 99.90% 960 46

22.0% 780,000 07 88.5% 115,000 2.7 99.93% 680 4.7

25.0% 750,000 08 90.3% 96,800 28 99.95% 480 4.8

28.0% 720,000 09 91.9% 80,800 29 99.97% 330 4.9

31.0% 690,000 1 93.3% 66,800 3 99.977% 230 5

35.0% 650,000 11 94.5% 54,800 31 99.985% 150 5.1

39.0% 610,000 1.2 95.5% 44,600 32 99.990% 100 5.2

43.0% 570,000 13 96.4% 35,900 33 99.993% 70 53

46.0% 540,000 1.4 97.1% 28,700 34 99.996% 40 5.4

50.0% 500,000 15 97.7% 22,700 35 99.997% 30 55

54.0% 460,000 16 98.2% 17,800 36 99.9980% 20 56

58.0% 420,000 17 98.6% 13,900 37 99.9990% 10 57

61.8% 382,000 18 98.9% 10,700 38 99.9992% 8 58

65.6% 344,000 19 99.2% 8,190 39 99.9995% 5 59
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A4 - || 710011 - X030 Aut - Water Pump Gasket Laser Check (F2) 5
A o P Q R s T u v w X Y z A 28 AC AD [+
Description 081042019 1510472019 2210412010 20/04/2018 081052019 1310512019 2010512018 27/05/2018 0310612019 100612019 1710872018 2410612018 0110772019 080712019 180712018 221071201
630140 - 295 Aut - Load Head to Block 997 9991 9999 10000 9993 999 9995 9999 9998 9995 10000 9964 9995 9998 9993  99.92
630160 - 300 Aut - Measure Camshats 10000 10000 10000  100.00 9995 10000 10000 10000 10000 10000  100.00 9839  100.00  99.98  100.00 10000
630240 - 350 Aut - RIO Cam Cap Bolts (F1) 9993 999 9962 9969 9979 9990 9988 9987 10000 9984 9995 9967 9987 9977 9972 99.90
630241 - 350 Aut - RIO Cam Cap Bolts Camera Check (F2) 10000 9998 9995 9998 10000 9991 10000 10000 10000 9938 10000 10000  100.00  99.87 9998 10000
630260 - 352 Man - Remove Bridge 9997 9997 9995 9967 9998 999 9999 9993 9997 9991  99.95 9993 9994 9962 9995  100.00

630260 - 375 Aut - R/D Head Bolts 99.92 9989 9985 9993 9983 9992 9982 9987 9993 9984 9985 9978 9996 9974 9994
630300 - 380 Aut - Graded Tappet Determination GTDI
630999 - UPLOAD POINT 3

635999 - REPAR LOOP 3 (VK4) #UA
640020 - 400 Aut - Select & Assy (16) Shims
640030 - 414 Aut - Water Pump Camera Check (F1) 10000 10000 10000 9997 10000 10000 9998 9998 9998 9997 10000 9997 9993  100.00
640031 - 414 Aut - VCT 'O’ Ring Camera Check (F2) 10000 10000 10000 9999 10000 10000 9998 9998 9998 9997 10000 9997 9995  100.00
640032 - 414 Aut - Head Tappet Camera Check (F3) 10000 10000 10000 9999 9998 10000 9998 9998 9998 9997 10000 9997 9995 9998
640045 - 420 Aut -Assy Caps & Camshaf to Head 0.00 0.00 0.00 9999 000 0.00 9966 9993 9996 003 0.00 0.00 0.00 0.00
640050 - 425 Aut - R/D Camshaft Cap Bokts 9980 9970 9970 9975 9960 9957 9908 9872 9933 9945 9939 9914 9910 9919
640080 - 435 Aut - Vac Test Cam Radial Ol Seals 0.00 0.00 0.00 9999 000 0.00 0.00 9998 000 0.00 0.00 0.00 0.00 0.00
700999 - XLOOP DEFINITION POINT 10000 10000 10000 10000 10000 10000 10000 10000 10000 10000 10000 10000 10000  100.00
710010 - X030 Aut - Time Intake Cam Phasor (F1) 9958 9972 9969 9962 9961 9961 9989 9988 9982 9964 9957 9972 9981 9990
710011 - X030 Aut - Water Pump Gasket Laser Check (F2) 10000 9996 10000 10000 9999 10000 10000 9998 10000 10000 9998 10000 10000  100.00
710020 - X040 Aut - Time Exhaust Cam & Phasor RID (F1) 9939 9945 9942 9905 9932 9820 9953 9924 9928 9924 9931 9951 9953 9932
710999 - UPLOAD POINT 1X 9899 9920 9914 9872 9898 9786 9942 9912 9913 9890 9890 9925 9935 9926
715999 - REPAR LOOP 1X
720010 - X060 Aut - Align Crk Shatt Orientaion (F1) 9996 10000 9998 9997 10000 10000 10000 10000 999 10000 10000 10000  100.00  100.00
720011 - X060 Aut - Assy & R/D Mass Flywheel (F2) 10000 (9989 9992 9997 9995 10000 9998 9998 9998 9997 10000 9996 9995 9996
720020 - X065 Man - Standby for OP X060 10000 10000 10000 9997 10000 9999 10000 10000 10000 10000 10000 10000 10000 9998
720030 - X070 Aut - RID Mass Flywheel (F1) 9977 9978 9989 9984 9985 9981 9979 9966 9973 9982 9982 9970 9993 9974
720031 - X070 Aut - RID Mass Flywheel (F2) 9982 9998 9995 9995 99586 9983 9992 9995 9992 9992 9992 9988 9997 9990
720040 - X080 Aut - Vac Pump Mounting Bracket (F1) 10000 10000 10000 10000 9999 9994 9998 9995 10000 9998 9998 10000 9636 10000
720041 - X080 Aut - Fuel Pump Mounting Bracket (F2) 9995 9998 9999 10000 10000 9996 9997 9998 10000 10000 9995 10000 9995  99.98
720042 - X080 Aut - O-Ring Detection (F3) 0.00 75.00

720033 - X085 Aut - Check Fuel Pump Brk O Ring (F1) 9978 9949 9963 9976 9986 9985 9983 9998 9934 9973 9966 9922 9901
720035 - X085 Man - R/D Fuel Pump Bracket (F2) 10000 10000 9995 9999 9999 10000 9995 9992 10000 9998 9995 9995 9998
1720050 - X090 Aut - Cobot Fit and H/S Fuel Pump Brkt Bolts 10000 9999 5626 9998 10000 10000 10000 10000 10000 10000 10000 10000  100.00
9993 9981 9985 9985 9990 9992 9983 9994 9985 9994 9989 9995 9996
9994 9993 9983 9993 998 9995 9995 9996 9992 10000 9998 9997 9998
9982 9998 9990 10000 9999 10000 10000 10000 9997 9998 9998 9998  100.00
9998 10000 10000 10000 10000 10000 10000 10000 10000 10000 10000  100.00  100.00
10000 10000 10000 10000 9999 10000 10000 10000 9998 10000 10000 10000  100.00
10000 (9998 9998 10000 9998 9998 9995 9977 9988 9997 9991 9991 9996
10000 9999 10000 10000 10000 10000 10000 10000 10000 10000 10000 10000  100.00
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process mapping symbols

Tasks/Process: Used to describe a process, sub-process, or a
tasks.

Decision: Used to branch to different parts of a flowchart in
response to a question(usually “yes” or “no”) whether a
condition has been met.

Delay: Used to show that a delay is happening in the flow

Terminator: Used to show the end points (start and end) of the
process.

Off-page Connector: Used to connect parts of a process which
are drawn on different pages.
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