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[bookmark: _Toc512418833]Abstract

Incorrectly seated fuel injector connectors are the highest occurring warranty claim being made against the sigma production line at Ford Bridgend Engine Plant (BEP).To aid the project, literature relevant to Ford and their manufacturing operations was reviewed. 
In this paper, the author aimed to further understand the financial and reputational impact this issue was having on BEP. Furthermore, using recognised problem solving methodology, namely DMAIC, verification of the root causes of this issue was sought and gained. 
The primary objective of this paper was to investigate a suitable poka-yoke system that could prevent this issue from occurring. Using tools and analysis methods reviewed in the literature, the author developed specific criteria that such a poka-yoke system needed to meet. This enabled the author to compare suitable systems that were identified and further investigate only the ones that could achieve the projects objective.
Two poka-yoke systems were identified as being able to prevent this issue occurring. A click-hunter system, which detects the sound made by an OK connection and a vision system with the introduction of a connector position assurance (CPA) device.
Further investigation found both systems potentially deliver high accuracy although the click-hunter system was found to have a critical flaw if it was to be used on this process, its need for regular recalibration. 
Based on the investigation, the author would recommend the use of a vision system with the introduction of a CPA device to the connector based on the high accuracy it offers for this process. This would prevent the issue occurring.
Acknowledgements are made to the potential a click-hunter system offers as a poka-yoke system, highlighting scenarios where it would be more suitable than a vision system.  Recommendations are then made for scenarios more suitable for its use. 
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1. [bookmark: _Toc512418836]Introduction

1.1. [bookmark: _Toc512418837]Company History

Henry Ford, founder of Ford Motor Company, is regarded as one of the greatest industrialists in the world. His first moving assembly line, in 1913, transformed mass production methods. 
Over the following decades, the company expanded out of America and became one of the largest multinational automotive companies in the world.
In 1980, Bridgend Engine Plant (BEP) in the UK, the setting for this project, started manufacturing engines and went on to play a vital part in the company’s global distribution of petrol engines. 
[bookmark: _GoBack]The plant currently has two production lines, producing the sigma family of engines and the AJ133/AJ126 family of engines. Current output is around 2400 engines per day. An additional production line is also being installed to produce the new dragon family of engines, with production set to start at the end of 2018.
[image: See the source image]
[bookmark: _Toc512418985]Figure 1 Bridgend Engine Plant

1.2. [bookmark: _Toc512418838]Background of the Project 

Advances in technology, paired with the demand for reliable and efficient vehicles, has driven the introduction of huge electrical circuits, controlled by an Electronic Control Unit, into vehicles and engines. Whilst the primary operation of the engine remains mechanical, a number of electronic components and sensors ensure the engine achieves optimum performance. It is now common for a vehicle to have hundreds of electrical connections, with an average of 20 connections found on the engines wiring harness alone.
Ensuring that these electrical connections are secure during the manufacturing process has proven difficult for automotive companies. As a result, customers are regularly returning their vehicles to dealerships, leading to a warranty claim against the manufacturing plant responsible. 

1.3. [bookmark: _Toc512418839]Reason for Project

Over a twelve-month period, BEP received 78 warranty claims related to unsecured wiring harness connectors, including 57 Fuel Injector connectors, which are currently the highest occurring warranty claim on the sigma production line. This issue is having a severe impact on the plants reputation and goal for delivering engines to our customers on time, with high quality, around the world. BEP aims to do this by using the Ford Production System (FPS), a company standard manufacturing system that is used in all plants around the world. FPS sets a target of zero defects, a target this issue is preventing BEP meeting.
Over recent years, Ford Motor Company has started manufacturing in countries with far lower labour costs. BEP relies on its reputation for delivering high quality engines especially when seeking future investment. With this in mind, resolving this issue is a high priority.

1.4. [bookmark: _Toc512418840]Aims and Objectives

In this paper, the author will aim to identify the root cause of this failure and investigate potential poka-yoke systems with the objective of preventing the failure occurring. The project will follow the six-sigma DMAIC roadmap, using recognised tools as a means of realising the aims and objectives, though the project will not exceed the Improve stage. Recommendations based on the findings of the project will provide the company with imperative information they will have the option of using it if they were to implement. 

1.5. [bookmark: _Toc512418841]Benefits

The benefits of carrying out this project reach far beyond preventing the financial penalties arising from these warranty claims. Eliminating this failure mode will contribute to upholding the reputation of this plant, ensuring it remains an attractive option for future investment and potentially securing key employment in the area for years to come. It will also enhance customer satisfaction, one of the key driving forces of FPS and the success of the company. 















2. [bookmark: _Toc512418842]Literature Review

2.1. [bookmark: _Toc512418843]Introduction

To assist the author in the completion of this project, research into literature deemed relevant to the manufacturing operations of Ford Motor Company and the issue under investigation was completed. This will provide the foundation of the project and offer guidance throughout. 

2.2. [bookmark: _Toc512418844]Quality

In today’s society, many industries that previously had little competition are flooded due to globalization and the development of economies that previously offered little competition. To differentiate, organizations have turned to quality, identifying it as a critical success factor and a way to make them become more competitive. 
Delivering good quality products to customers is a fundamental requirement in today’s automotive industry. Stylidis et al., (2017) acknowledges this as one of the biggest challenges faced by automotive companies and that it is essential to ensure the success of a product on the global market. A common theme throughout the literature reviewed is that an organization’s quality strategy and standards are some of the most important contributions to gaining a competitive advantage (Fraser et al., 2013; Kušar et al., 2014; Narasimhan and Schoenherr, 2012 and Su et al., 2014). 
Organizations also look beyond delivering a high level of quality performance and now strive to deliver a high consistency of quality performance. Achieving high quality and consistently delivering high quality can be the defining difference between two organizations. Su et al., (2014) acknowledges that even the biggest names in the automotive industry face difficulties consistently delivering high quality. Evidence of this lies in product recalls that have occured over recent years. In 2017, Mercedes-Benz recalled 400,000 vehicles in the UK alone due to an airbag fault (Chapman, 2017). Toyota, once a leader in quality standards, made one of the biggest product recalls ever in 2009, recalling an estimated 4 million vehicles due to faulty pedals, costing billions of dollars (Vlasik and Bunkley, 2009). 
Quality standards are extremely important to Ford and their global customer base. Customers are confident that the products they buy will meet the expectations they have, as a minimum. The loose fuel injector connections have affected too many customers and this is something they will interpret as poor quality, which is having a detrimental effect on the business. 
Kučerová and Fidlerová, (2014) state that,
“The impulse for improvement can be when the values for an important performance indicator defined by the customer are not achieved.”
Previously, it was a widespread perception that producing high quality products was expensive and unproductive. Japanese industry changed this perception alongside works such as W.E. Deming’s “Out of the Crisis” (1986). He claimed that improving quality sparked a chain reaction leading to lower costs, increased productivity, increased market share and more jobs.
Deming, (1986) further explains that this is down to the reduction in expensive re-work and less need to replace products. In turn, workers and machines concentrate on tasks that add value to the business while delays and scrap decreases. Customer satisfaction will also increase so they are more likely to be a returning customer and will often make positive recommendations to other consumers, potentially increasing market share  

2.2.1. [bookmark: _Toc512418845]   Cost of Quality 

The cost of quality (CoQ) is a measurement tool used by organizations to help understand the total cost of quality, usually made up of costs expended by the prevention of poor quality and the resultant cost of poor quality (unmeasurable). There is no standard way to calculate the CoQ, so calculations may differ between organizations. However, using this tool should deliver increased quality and lower costs. Harry and Schroeder (2000) claimed the cost of quality for most companies, is normally between 15 and 25 percent of total sales if evaluated correctly. Accurately calculating the CoQ is essential for an organization to identify the best improvement actions needed and to understand the success of the quality system in place. Inaccurate information can quite easily lead to unnecessary costs related to unnecessary or incorrect actions taken. 
There are a number of different models available although Schiffauerova and Thomson (2006) claim the most common one is the Prevention, Appraisal and Failure model (PAF).
2.2.1.1. [bookmark: _Toc512418846]Prevention, Appraisal and Failure Model 

In the Prevention, Appraisal and Failure (PAF) model, quality costs are categorized between prevention, appraisal and failure with the latter split between internal and external. Sower and Sower, (2015) identify typical costs attached to each category such as:
· Prevention costs – these may arise from quality planning, product/process design, maintenance of equipment, training/development and implementation.
· Appraisal costs – these may arise from quality check/inspection, product testing during production and after production and audits.
· Failure costs (internal) – these may arise from reworking, downtime, scrap, re-testing.
· Failure costs (external) – these may arise from warranty claims, customer returns, remedial work.
	
2.2.1.2. [bookmark: _Toc512418847]Opportunity Cost Models

Opportunity cost models are an alternative that take into consideration the cost of missed opportunities, though the principles of the PAF model still stand. In the event of missed opportunities occurring; a process is not achieving a perfect state and there is room for improvement and increased profits. A study carried out by Sandoval-Chavez and Beruvides (1998) at a manufacturing company in the U.S. found that opportunity costs accounted for 83% of CoQ in this study and therefore may be far more important than first realised.
A missed opportunity can be described as the opposite to the benefits achieved by producing good quality, such as  lower costs, increased productivity, increased market share and more jobs. These can also arise from late delivery of products, underutilization of facilities or even inefficient handling of materials; all an attribute of poor quality. 

2.2.2. [bookmark: _Toc512418848]   Cost of Poor Quality 

Poor quality can tarnish an organizations reputation, taking years to overcome. Eventually, poor quality will cost more than good quality. Firstly, poor quality products require replacement or re-working, often incurring additional logistical costs. Secondly, there is the loss of man/machine/equipment hours required to carry out re-work and the expense of extra materials and utilities used. 
 “The highest cost to a company is not producing high quality products or services; it is producing lower quality products and services”
Aras and Ozcam, (2016) 
Customer dissatisfaction is another high cost of poor quality. This is difficult to measure as it can potentially lead to a loss of future sales, influencing profit margins and leaving the organization with a lower market share.
The Ford Production System incorporates aspects of industry recognised manufacturing systems to prevent poor quality being produced and save money.

2.3. [bookmark: _Toc512418849]Six-Sigma

Six-sigma, a quality focused manufacturing system, is a data driven and results based approach to build and sustain process excellence. Introduced by an engineer at Motorola in the 1980’s, it reportedly went on to save them billions of dollars over the following years (Madu, 2006). Following this, a number of large companies adopted the six-sigma approach with huge success (Box, 2017; Marzagao and Carvalho, 2016).  Campos (2013) identifies the core principle of six-sigma is the continuous reduction in variation of a process as a way of eliminating the defects.
Successfully adopting a six-sigma approach leads to increased quality, reduced costs and increased customer satisfaction (Madu, 2006; Malik and Blumenfeld, 2012; Box, 2017). Yet with all the praise directed at six-sigma and the success it brings, some consider it as just an enhanced form of Total Quality Management (TQM) (Kaynak, 2003). Furthermore, Malik and Blumenfeld, (2012) identify a number of similar contents between a six-sigma approach and TQM approach.
Fundamentally, the focus of six-sigma is on the satisfaction of the customer and consumer. According to Kučerová and Fidlerová, (2014) to achieve this, the strategy seeks to:-
· identify and eliminate cause of defects
· reduce cycle times and the cost of operations
· enhance productivity and improve asset utilization
One of the key ways in which six-sigma aims to achieve this is through its structured problem solving methodology, namely Define-Measure-Analyse-Improve-Control (DMAIC).

2.3.1. [bookmark: _Toc512418850]     Define-Measure-Analyse-Improve-Control 

DMAIC is an acronym for Define-Measure-Analyse-Improve-Control. This structured problem solving method aims to find permanent solutions to difficult problems. The methodology is data driven and focuses on the requirements and expectations of the customer. According to George, (2005) each stage builds on the last and each section aims to do the following:
· Define Opportunity – identifies the problem and the customers, identifying what is important to them whist also detailing the business case for carrying out the project.
· Measure Performance – measures the current performance and identifies sources of variation in the process.
· Analyse Opportunity – all data collected from the measure stage is analysed.
· Improve Performance – based on the findings in the analysis, improvement strategies are investigated and implemented.
· Control Performance – performance of the improved process is controlled.
To achieve this, recognised tools and analysis are used at each stage, with some being used at a number of stages.

2.3.1.1. [bookmark: _Toc512418851]Project Charter

George, (2005) claims a project charter is the starting point of any DMAIC project. Typically, the project charter will include:
· a statement for the problem being addressed
· the business case for carrying out the project
· project goals and constraints
· project team
· an anticipated timeline

2.3.1.2. [bookmark: _Toc512418852]Gantt Chart

A Gantt chart is a common type of bar chart used to represent a DMAIC projects timeline (Pyzdek and Keller, 2014). A typical Gantt chart will show different stages of the project on the vertical axis with different width bars on the horizontal axis to represent the beginning and end of the stage. 

2.3.1.3. [bookmark: _Toc512418853]Process Map

Process mapping involves the breakdown of a process into individual steps, helping to gain a clearer understanding of the process as a whole. This effective tool helps identify steps that add no value to a process (Conger, 2015).

2.3.1.4. [bookmark: _Toc512418854]Supplier-Input-Process-Output-Customers Diagram

A  Supplier-Input-Process-Output-Customers (SIPOC) diagram is often used in conjunction with a process map. As well as breaking down individual steps of a process, it includes the suppliers, inputs, outputs and customers to a process (Savca, 2017).

2.3.1.5. [bookmark: _Toc512418855]Voice of Customer 

The voice of the customer is an important aspect of defining the overall objectives of a project. Deming, (1986) maintained that the customer is the most important part of the production line, therefore understanding their needs and expectations is paramount. This is achieved through numerous means such as questionnaires, interviews, feedback or focus groups. Through this, the critical to quality (CTQ’s) are defined.

2.3.1.6. [bookmark: _Toc512418856]Cost and Benefit Analysis

A cost and benefit analysis is an important part of a DMAIC project as it compares the costs of carrying out a project to the potential benefits that can be gained. McCarty, (2005) claims it is common for this analysis to be carried out at various phases of a DMAIC project because costs that are more accurate are obtained as the project progresses and potential benefits become clearer.

2.3.1.7. [bookmark: _Toc512418857]Data Collection

Data collection has an important influence over the duration of a project. Different projects require different amounts and types of data be collected and at different intervals. It is important that the team be involved in the data collection to ensure it is accurate and that problems are recorded and understood (McCarty, 2005).

2.3.1.8. [bookmark: _Toc512418858]Failure Modes and Effects Analysis

An FMEA is an effective tool for estimating the effects of a potential failure mode. Initially, all potential failure modes need listing before all possible effects of this failure mode are considered. Scores of 1-10 are assigned to each failure mode and possible effect based on 3 categories. These are:
· Severity – How severe the effects of the failure could be. 10 being most severe.
· Occurrence – How often the failure mode is likely to occur. 10 being most frequent.
· Detection – How likely the failure mode is to be detected. 1 being most likely.
These scores are multiplied to give a Risk Priority Number (RPN) (Peeters, Basten and Tinga, 2018). The author found no industry recognised threshold for an RPN value.

2.3.1.9. [bookmark: _Toc512418859]Payoff Matrix/Criteria Matrix

These matrixes are used to compare alternative improvements. A payoff matrix will compare improvements in terms of the effort required to implement them against the potential benefit. A criteria matrix will compare improvements based on certain desirable criteria they can meet. The desirable criteria is specified at an earlier stage and is then assigned a score of 1-10 based on importance, 10 being most important (Thorne, 2017).

2.3.1.10. [bookmark: _Toc512418860]Cause and Effect Diagram

Park, Nam and Choi, (2011) describe a Cause and Effect diagram as a useful tool for displaying relationships between a given effect and its potential causes. Major causes of the effect are categorised with smaller sub-categories, typically aspects of the major cause, branching off each one. 

2.3.1.11. [bookmark: _Toc512418861]5 Whys

The 5 Whys model is a way of identifying a root cause of a problem, often used in conjunction with a cause and effect diagram. The concept is that if you ask “Why” to a problem up to 5 times, you should eventually answer with a root cause, something that is actionable (McCarty, 2005).

2.4. [bookmark: _Toc512418862]Lean Manufacturing

Lean manufacturing is another widespread quality manufacturing system adopted by a number of major organisations as a way of achieving a competitive advantage, partly due to the impressive results experienced by the likes of Toyota (Alhuraish, Robledo and Kobi, 2017). The primary objective of lean manufacturing is the reduction of waste, with the aim of making operations more efficient. Emphasis is placed on the continuous improvement of processes rather than settling for a process as it is, which in turn continually enhances the quality of products and services. Successful implementation of lean manufacturing methodologies lead to lower costs, which in turn, increases productivity and will help enhance customer satisfaction.

2.4.1. [bookmark: _Toc512418863]Poka-yoke

Womack and Jones, (2003) describe poka-yoke as a technique critical to ensuring a process is lean. Poka-yoke is a Japanese term for mistake proofing. It has become widespread in manufacturing as a way of ensuring a process reaches specific quality standards. There are different levels of poka-yoke systems, some prevent mistakes at the source while others detect them at a later stage, yet they all strive to deliver the same goal of reducing waste and ensuring quality (Zhang, 2014).

2.5. [bookmark: _Toc512418864]Electronic Fuel Injection

The fuel injection system makes a critical contribution to an engine and vehicles performance (Monteiro Tavares and Szpytko, 2017). Most vehicles now have electronic fuel injection systems, which have widely replaced mechanical systems due to the greater accuracy and efficiency they offer. A vehicle Electronic Control Unit (ECU) controls these electronic systems. 
[image: ]
[bookmark: _Toc512418986]Figure 2 Electronic Fuel Injector
(Slideplayer.com, 2018)
Figure 2 shows the main features of a typical electronic fuel injector. The ECU controls the solenoid coil through the electrical connection. When instructed by the ECU, the solenoid coils pulls the armature away from the nozzle, giving way to pressurized fuel into the combustion cylinder. An injector is dedicated to delivering fuel to an individual cylinder and is connected to a high-pressure rail that delivers the fuel to the injector. The fuel rail has a wiring harness assembled to it (Figure 3) with an electrical connector for each injector. This enables it to receive its own signal from the ECU, enabling injection to each cylinder at alternating yet precise times. The injector has the ability to vary the amount of fuel released into the combustion chamber in one go, dependent on the signal received from the ECU. The ECU receives information from a number of sensors (Figure 4), located around the engine influencing the decision on timing and volume of fuel to inject (Tan and Xu, 2014).
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[bookmark: _Toc512418987]Figure 3 Fuel Injector Rail and Injector Harness Sub-Assembly/ Mated Fuel Injector Rail Connector and Injector Harness Connector
(Authors Pictures, 2018)
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[bookmark: _Toc512418988]Figure 4 Block Diagram of a Typical Control System for an Electronic Fuel Injection System
(Liao, Sun and Zhou, 2014)
Primary factors defining the volume and timing of the injection include throttle position, engine temperature/speed oxygen and air at the intake (Liao, Sun and Zhou, 2014)
In the event of a failed electrical connection or an intermittent electrical connection, the coil will not pull the armature away from the nozzle, preventing fuel from passing through and starving the cylinder of essential fuel. Fuel is one of the key ingredients for combustion to occur therefore without it, the cylinder will be inactive. As a result, the engine will deliver poor performance, possibly even misfiring and the engine management light will illuminate (Figure 5). Ahma et al., (2014) identifies incorrect installation during manufacture as a common cause of failure or an intermittent fault with an electrical circuit.
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[bookmark: _Toc512418989]Figure 5 Engine Management Light Displayed on Vehicle Dashboard

2.6. [bookmark: _Toc512418865]Wiring harness Connectors

Due to recent advances in engine technology and the increasing demand for reliability, it is likely that a new car has hundreds of electrical connections (Swingler, 2009). Specification of a connector depends on the type and speed of the signal passing through, though designers must also be mindful of the operating environment (Morissette, 2016). A vehicles operating environment offers extreme conditions, with temperature change in excess of 120 ̊ C and vibration levels over 3G (Swingler, 2009). Ensuring a correct and secure connection can be difficult in these conditions. Once a connector is disconnected, the electrical connection terminates and any power or signal can no longer pass through.

2.7. [bookmark: _Toc512418866]Conclusion

From the findings of the literature reviewed, the author decided to adopt the DMAIC methodology using any tools and analysis methods required, for the completion of this project. Quality standards will remain at the forefront throughout every stage. 
3. [bookmark: _Toc512418867]Define

3.1. [bookmark: _Toc512418868]Introduction

In this chapter, the author will define the problem and the business case for undertaking the project, following the guidance of George, (2005). Customers of the process will be identified enabling the author to establish the critical to quality requirements for the project.

3.2. [bookmark: _Toc512418869]Project Charter

As discussed in the literature review, a project charter is the starting point for a DMAIC project. 

3.2.1. [bookmark: _Toc512418870]   Problem Statement

“Injector harness connectors are not being securely mated with the fuel rail connector, prior to installation to the engine, resulting in disconnection in the field. Currently this is the highest occurring warranty claim on the Sigma assembly line, with 57 claims made against Ford Bridgend Engine Plant between October 2016 and October 2017. This is seen as a failure in terms of customer’s quality expectations being met.” 

3.2.2. [bookmark: _Toc512418871]    Business Case

In terms of occurrence, loose injector connectors are causing the highest number of warranty claims on the Sigma production line. A warranty claim, occurring this often, has far-reaching consequences for the reputation of this plant. The failure mode has not been a problem at other Ford plants, therefore raising questions about the plants ability to deliver high quality products and the consistency of the workforce. These are key factors that can influence the organisations decisions when considering future investment plans. 
This poor quality is leading to customer dissatisfaction; therefore, rectifying it is a high priority to ensure this plant, as well as the organisation as a whole remains competitive and customers do not purchase from a competitor instead. Whilst the direct warranty costs are available, the true cost of this failure is far greater and the impact it is having on the organisation is unmeasurable in terms of loss of market share. Previous preventative measures are inadequate and further containment actions have failed to eliminate the issue; therefor the completion of this project is now a high priority. If the issue is not rectified then customers will continue to be dissatisfied and the failure to meet quality targets will be viewed negatively throughout the organisation. The organisation has specific expectations of its plants in regards to quality and delivery and due to this recurring issue, the organisations goal of delivering high quality products with zero defects is failing. 

3.2.3. [bookmark: _Toc512418872]    Project Goals

The project goals are:
· Collect data relating to issue
· Analyse data
· Identify the root cause
· Investigate preventative measures that ensure this issue no longer occurs
· Offer recommendations to company based on findings

3.2.4. [bookmark: _Toc512418873]    Project Constraints

The assembly line runs continuously from 6am Monday to 6am Saturday. Management have been clear that production is not to be effected by the project therefore any potentially disruptive, investigative work must be carried out at weekends.

3.2.5. [bookmark: _Toc512418874]    Project Team

Figure 6 depicts the hierarchy of the project team. The project team all have their day jobs and are completing this project in addition to them.

[bookmark: _Toc512418990]Figure 6 Project Team Hierarchy

3.2.6. [bookmark: _Toc512418875]    Project Timeline

A Gantt chart will show the key activities and stages of the project (Figure 7). The anticipated duration of each stage will be represented in a format similar to that suggested by Pyzdek and Keller, (2014).

[image: ]

[bookmark: _Toc512418991]Figure 7 Gantt Chart Timeline for Project

3.3. [bookmark: _Toc512418876]Mapping the Process

Mapping the process is key to gaining a better understanding the process and the individual steps.

3.3.1. [bookmark: _Toc512418877]    Supplier-Input-Process-Output-Customer Diagram 

The Supplier-Input-Process-Output-Customer (SIPOC) diagram in Figure 8 identifies key inputs and suppliers to the process, including what outputs these are transformed into. As well as this, customers of the process are defined. 

[bookmark: _Toc508661272][bookmark: _Toc508696668][bookmark: _Toc508713159][bookmark: _Toc510559349][bookmark: _Toc511209116][bookmark: _Toc511220844][bookmark: _Toc512027707][bookmark: _Toc512089800][bookmark: _Toc512100367][bookmark: _Toc512291546][bookmark: _Toc512363547][bookmark: _Toc512363840][bookmark: _Toc512364072][bookmark: _Toc512364402][bookmark: _Toc512366152][bookmark: _Toc512418878]
[bookmark: _Toc512418992]Figure 8 SIPOC Diagram for Fuel Injector Rail and Injector Harness Assembly and Fit

3.3.2. [bookmark: _Toc512418879]    Process Map

Mapping the process enables the author to break down the process into individual steps (Figure 9). This is used in conjunction with the SIPOC diagram to gain a clearer understanding of the process as a whole (Savca, 2017). Total process time 24.36 seconds.

[bookmark: _Toc508661274][bookmark: _Toc508696670][bookmark: _Toc508713161][bookmark: _Toc510559351][bookmark: _Toc511209118][bookmark: _Toc511220846][bookmark: _Toc512027709][bookmark: _Toc512089802][bookmark: _Toc512100369][bookmark: _Toc512291548][bookmark: _Toc512363549][bookmark: _Toc512363842][bookmark: _Toc512364074][bookmark: _Toc512364404][bookmark: _Toc512366154][bookmark: _Toc512418880]

[bookmark: _Toc512418993]Figure 9 Process Map for Fuel Injector Rail Sub-Assembly and Fit

3.4. [bookmark: _Toc512418881] Identify Customers

The customers of this process were identified in the SIPOC diagram and can be categorised as internal or external (Figure 10). Internal customers are customers within BEP while external customers consist of customers within the company and end users.


[bookmark: _Toc512418994]Figure 10 Identification of Customers of the Operation

3.4.1. [bookmark: _Toc512418882]    Voice of Customer 

Customer satisfaction is imperative for any organisation to remain profitable in today’s manufacturing industry. The automotive industry is ever more competitive and customers’ expectations have risen in line with the choice of vehicles on the market. The customers identified above all expect high standards. The customers most impacted by this issue are the commercial/private customers and their first point of contact, the dealership network.
The following questions were asked to these most affected customers, and answers given to define the CTQ’s (Critical to Quality):
Vehicle Dealership – “What impact does a warranty claim against a vehicle sold by you have?” 
Elliot Farmer (Farmer, 2017) – (Sales Executive, Fordthorne) “Warranty claims can put a big strain on my relationship with a customer. I am the first port of call for them and therefore must accept responsibility and try to maintain the positive relationship we have. With the boom in hire purchase sales over recent years, I build a relationship with customers who return to me every time they change car, thus the importance of maintaining a good relationship. Having to return a vehicle is inconvenient for them and raises questions on the quality of our vehicles.”
Private Customer – “What does a warranty claim on your new vehicle mean to you?”
Sarah Evans (Evans, 2017) – (Regular customer) “One of my previous vehicles had to return to the garage as the engine management light was showing. I had to make a time consuming trip to the dealer to find out I would have to take a courtesy car home and return a few days later. This was very inconvenient as I have a very busy family life. I expect a new car, which I pay a lot of money for, to work properly from the moment I pick it up.”

3.4.2. [bookmark: _Toc512418883]    Critical to Quality (CTQ)

Based on the response of the customers, it is clear that quality is important and that they have certain, reasonable expectations. Therefore, CTQ’s can be determined as:-
· Prevent defective engines reaching customers
· Ensure customers are satisfied and expectations are met if not exceeded
To achieve the CTQ’s, it is imperative that operators do not complete the process of fitting the fuel injector rail unless all injector harness connections are securely connected. 



3.5. [bookmark: _Toc512418884]Conclusion

With a sound understanding of the reasons and the requirements of the project, alongside the establishment of the CTQ’s and expectations of the customer, the aims and objectives of the Define phase are complete. The author will build on this knowledge to progress to the Measure phase of the project.



















4. [bookmark: _Toc512418885]Measure

4.1. [bookmark: _Toc512418886]Introduction

The measure phase will focus on how the current process is performing. Mapping the process provided the author with a clearer understanding of the process, which has enabled sources of variation to be identified. The problem statement will support in the development of this data collection plan.

4.2. [bookmark: _Toc512418887]Identify Sources of Variation

Whilst standardisation has become commonplace in manufacturing it is very difficult to eliminate all sources of variation. Little variation can be identified from mapping the process although it does not detail the hourly rotation in place between the operators. 
Job rotation is encouraged to reduce the risk of repetitive strain injury meaning six different operators carry out this process over a shift. There are three shifts on the production line. There are also five people on an absence team on each shift covering sickness and annual leave. Altogether, thirty-three people can potentially carry out this process. Every person has a different level of experience and concentration affecting his or her ability and accuracy, leaving this process prone to human error.
There is also variation in the pressure applied by the operator when connecting the harness connector to the fuel rail connector, resulting in some securely fitted and some not.
Dimensions of the connector housings may also vary in size. It is difficult to obtain precise measurements during manufacture therefore; tolerances are set offering a specific target range that a dimension has to meet. If connectors are manufactured at opposite ends of the tolerance limit then it could potentially make the connector slightly more difficult to use compared to if the tolerances are at the centre of the range.



4.3. [bookmark: _Toc512418888]Data Collection Plan

McCarty, (2005) maintained the importance of the project team gathering the required data to ensure accuracy. No new data is being generated for this project, the data being collected is from the previous 12 months, hence the short duration of this phase.
Existing data is available relating to the issue in the form of warranty data, relating to each individual warranty claim. This information will contain the individual engine numbers for each claim, which can provide traceability data from the manufacturing process. 
All data relating to warranty claims will be collected from the Quality department within plant. 
Shift operating reports are created for every shift though due to the sensitive information detailed on these reports, management are reluctant to disclose them. Any information required will be requested from Ryan Hopkin, Production Team Manager. This will help identify if the regular operators were working on any given day a failed engine passed through the process.

4.3.1. [bookmark: _Toc512418889]    Quality Leadership System – Component Manufacturing 

Ford have developed their own traceability system which stores all data generated from the manufacturing process at every manufacturing plant around the world, known as Quality Leadership System – Component Manufacturing (QLSCM). By entering an engine number to the system, a birth report is generated, detailing everything about it and its components manufacturing process that has been recorded. This can include individual processes on the production lines, including time and date of when it passed through any given process. 
The time and date when every engine passed through the process in question will be collected from each birth report.

4.4. [bookmark: _Toc512418890]Failure Modes and Effects Analysis

A Failure Modes and Effects Analysis (FMEA), shown in Figure 11 is an effective tool to measure the process, this will be undertaken based on the method reviewed in the literature by Peeters, Basten and Tinga, (2018). Current process of connecting injector harness to injector rail has an RPN of 160. 
[image: ]
[bookmark: _Toc512418995]Figure 11 Failure Modes and Effects Analysis for Current Process


4.5. [bookmark: _Toc512418891]Data Collected

Warranty data collected from the quality department, detailing all warranty claims for failed wiring harness connections, is shown in Figure 12.
[image: ]
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[bookmark: _Toc512418996]Figure 12 Warranty Data for Failed Wiring Harness Connections

4.6. [bookmark: _Toc512418892]Conclusion

The performance of the current process has been measured and will offer a benchmark for comparison. With all relevant data collected, the project will now progress to the Analyse phase.  



5. [bookmark: _Toc512418893]Analyse
5.1. [bookmark: _Toc512418894]Introduction

During this analyse phase the author will aim to identify the following:
· Root cause of the failure and the impact it is having on the customer
· Cost of Quality to the company and the true cost of this failure to the plant
Analysis will be carried out on the data collected in the measure phase.

5.2. [bookmark: _Toc512418895]Analysis Methods and Tools

To identify the root cause of the issue a range of graphical analysis tools will be used to interpret the data that has been collected. These include pareto charts, a type of bar chart that incorporates a line graph to represent the cumulative frequency as well as standard bar charts.
Further to this, a cause and effect diagram will be used to display potential root causes of the issue, as recommended by Park, Nam and Choi, (2011) in the literature review.    
The cost of quality will be analysed using the PAF model, reviewed in the literature review. Consideration of the missed opportunities arising from the issue, due to the importance emphasised on this by Sandoval-Chavez and Beruvides (1998) based on their study, will be given.   

5.3. [bookmark: _Toc512418896]Analysis of Warranty Data

Analysis of the data collected will be completed in this section.

5.3.1. [bookmark: _Toc512418897]    Analysis of Harness Connector Warranty Claims

Injector harness connectors make up 73% of all warranty claims, relating to faulty harness connections. This is far greater than the next most common faulty harness connection, which makes up just 5.1% of all warranty claims, which is visualised clearly in Figure 13. Aside from injector harness connectors, there are 15 other harness connections made during production, 6 of which have no warranty claims made against them. This includes the EVRV connector, which is the same as the injector harness connector. The volume of these warranty claims in comparison to other harness connectors emphasises the importance of rectifying this issue, which is undoubtedly isolated to this operation. 


[bookmark: _Toc512418997]Figure 13 Analysis of Warranty Claims for Each Connector

5.3.1.1. [bookmark: _Toc512418898]Defects per Million Opportunities 

Defects per Million Opportunities (DPMO) are a way of calculating the performance of a process based on an average production run. An opportunity is classed as every time a defect could be produced against every defect that was produced, normalized to one million.
Approximately 500,000 1.5GTDI engines were produced in the timescale between the first failure and the last. Each engine offers 4 opportunities for a faulty fuel injector connection as there are 4 connectors and 15 opportunities for alternative faulty harness connections. 
Fuel injector connectors offered 500,000 x 4 = 2,000,000 opportunities and made 57 defects.
Therefore 2,000,000/2 = 1,000,000 	and 57/2 =28.5
Fuel injector connectors = 28.5 DPMO
All other connectors offered 500,000 x 15 = 7,500,000 opportunities and made 21 defects.
Therefore 7,500,000/7.5 = 1,000,000    and     21/7.5 = 2.8
All other connectors = 2.8 DPMO
All wiring harness processes have a manual quality check defined in the Quality Process System sheet. This consists of performing a push-click-push sequence, to ensure a connection is secure. Though this manual check is defined, there is nothing in place to ensure it is completed.

5.3.2. [bookmark: _Toc512418899]    Analysis of Shift Producing Failed Engines

An engines birth report, generated in QLSCM provides the time and date, which an engine passed through the process. By cross-referencing this with shift calendars and shift manning reports it is possible to identify which shift was working and if the regular team was working and no members of the absence team were present. There is an absence team on every shift, which covers sickness and annual leave. Their trained on every process on the production line yet due to their need to change roles regularly they do not have the specialist knowledge and experience that a regular team member has. 
These findings are presented in Figure 14 overleaf.

[bookmark: _Toc512418998]Figure 14 Number of Failed Engines Created on Each Shift With or Without Absence Team

Analysis of the data shows there not to be a conclusive link between an individual shift in which failed engines were produced or shifts in which members of the absence team were present. 
Percentage of shifts where absence team were present and a failure was created 
· A shift had absence team present on 48% of their 23 failures
· B shift had absence team present on 74% of their 19 failures
· C shift had absence team present on 40% of their 15 failures
Though there is no conclusive link, there are a high number of shifts with a member of the absence team on producing these failed engines. Further analysis will find the failure rate when the absence team is present and the failure rate when they are not (Figure 15 overleaf).

[bookmark: _Toc512418999]Figure 15 Number of Shifts Worked with Absence Team Compared to Number of Failed Engines Produced with Absence Team Present.
The failure rate for the absence team being present is as follows:-
· A shift have a failure rate of 61% 
· B shift have a failure rate of 93%
· C shift have a failure rate of 21%
A and B shift have considerably higher failure rates than C shift. Though this analysis does not offer evidence that a member of the absence team is producing the failed engines, it suggests a high possibility that they are producing these failed engines when they are present on A and B shift. 
Further analysis can find the failure rate for shifts when the absence team were not present. Between the date of the first failed engine and the date of the most recent, each shift will have worked 242 shifts. By deducting the number of shifts worked with absence team present it is possible to calculate the number of shifts which only regular team members were present. These findings are represented in Figure 16.

[bookmark: _Toc512419000]Figure 16 Number of Shifts Worked with Only Experienced Operators Compared to Failed Engines Produced with Only Experienced Operators Present. 

From the information in Figure 16 the failure rates for only regular team members being present can be calculated:- 
· A shift have a failure rate of 5%
· B shift have a failure rate of 2%
· C shift have a failure rate of 4%
The failure rates while the absence team are present are considerably higher in comparison to when they are not.
This analysis proves that this failure is not isolated to when the absence team is present though it is difficult to ignore the increase in failure rate when they are. 
Nearly half of these failures, 46%, happened when no absence team were present. In addition, there is no guarantee that the absence team produced failures when they were present. With this in mind, it is possible the number of failed engines produced by regular, experienced team members could be higher than 46%.
Another important consideration is that a member of the absence team does not always cover sickness and annual leave. Operators have opportunities to work overtime though this is restricted to their own team. With this in mind, it is entirely possible that a single operator has produced all these failed engines. To eliminate this possibility, overtime rotas will identify relevant shifts in which operators worked overtime. Of the three shifts:-
· A shift had 10 failed engines produced with no operator working overtime
· B shift had 5 failed engines produced with no operator working overtime
· C shift had 8 failed engines produced with no operator working overtime
This is conclusive evidence that at least one person off the original team off each shift has produced a failed engine, proving that this issue is not isolated to inexperienced operators and is quite likely the work of an experienced operator.

5.3.3. [bookmark: _Toc512418900]    Mileage at Time of Failure	

The mileage at which each engine was repaired varies considerably throughout the data. Analysis of this is shown in Figure 17. 

[bookmark: _Toc512419001]Figure 17 Breakdown of Mileage at which Each Repair was Carried Out

Figure 17 shows that the majority of repairs were carried out in the vehicles first 500 miles, 63% of repairs in total, with the remaining 37% happening between 501 and 7561 miles. Repairs within the mile range 1-500 will be analysed further as it represents such a high percentage of the repairs.


[bookmark: _Toc512419002]Figure 18 Further Analysis of Mile Range 1-500 at which Repair was Completed.

Figure 18 shows that 26 repairs were carried out within the first 100 miles of driving, totalling 46% of all repairs. Though this mile range represents a significant portion of all the warranty claims, there appears to be no clear pattern throughout the data, highlighted by the fact that 25% of all repairs were carried out beyond 1000 miles. 
Elliot Farmer, (2017), sales executive at a local dealership that assisted in developing the VOC, claims that a vehicle normally has around 10 miles on its clock once handed over to the customer. Therefore, a repair carried out on a vehicle in its first ten miles would be repaired before being delivered to the customer, most likely at the dealership. Considering this, 50% of repairs within 0-100 miles would have been repaired before getting into the hands of the customer, also equating to nearly 25% of all repairs. Further analysis of the low mileage repairs will potentially identify whether these early repairs are influenced by a certain failure concern.
Each warranty claim has a different failure concern attached to it. The concerns are categorised as follow:-
1. Disconnected – the connector on the injector harness is completely detached from the connector on the fuel injector rail.
2. Loose – the connector on the injector harness and the fuel injector rail are still loosely connected.
3. Not seated – the injector harness connector appears to be connected to the fuel injector rail though the connection is insecure. This has resulted in an intermittent fault.

[bookmark: _Toc512419003]Figure 19 Breakdown of Failure Concern for Repairs Carried Out Between 1-100 Miles.

Of the 26 repairs represented in Figure 19, 73% were a result of disconnection between the injector harness and the fuel injector rail. This is a significant majority though, considering 73% of all repairs were a result of disconnection, it is expected. These low mileage repairs are not isolated to a single failure concern, in fact they are of a similar proportion to the analysis of all repairs represented in Figure 21 (overleaf). Figure 20 (overleaf) further analyses the 13 repairs assumed to have been carried out at the dealership, finding that 85% were a result of disconnection while 15% were a result of a loose connection between the injector harness and the fuel injector rail. 


[bookmark: _Toc512419004]Figure 20 Breakdown of Failure Concern for Repairs Carried Out Between 1-10 Miles.


[bookmark: _Toc512419005]Figure 21 Analysis of Failure Concern for All Repairs.



5.3.4. [bookmark: _Toc512418901]    Findings

This analysis has found that, whilst a majority of these failed engines have been repaired within the first 100 miles of driving, it is quite likely for an engine to fail well beyond this. The mileage, at which this issue has occurred for these engines, appears to have no pattern.  Further analysis has found no relationship between the failure concern and the mileage at which it happened. On the other hand, this analysis has found that experienced operators are producing failed engines across all three shifts, eliminating any lack of training or inexperience as the root cause. Additionally, this operation is creating far more DPMO than other harness dress operations; even though all harness dress operations have the same manual quality checks instructed in the Quality Process System sheet. Whilst theses quality checks are in place, there is nothing in place to ensure an operator performs them. 

5.4. [bookmark: _Toc512418902]Root Cause Identification and Verification

The findings from the analysis will aid in the identification and verification of root causes in this section.

5.4.1. [bookmark: _Toc512418903]    Cause and Effect Diagram

A cause and effect diagram will be used to display the potential major causes of this issue and to identify aspects of these major causes that could be contributing to the issue. This can be seen in Figure 22 (overleaf). 






[image: ]
[bookmark: _Toc512419006]Figure 22 Cause and Effect Diagram for Loose Fuel Injector Connections

5.4.2. [bookmark: _Toc512418904]    5 Whys Method

Potential root causes are displayed in Figure 22. The 5 whys methodology will be used in conjunction with this to reduce it to realistic, actionable root causes as recommended by McCarty, (2005).
The author carried out the 5 whys methodology on the production line, while an operator was working on the process:
1. Why are injector harness connectors disconnecting in the field?
They are not securely connected at point-of-fit. 
2. Why are they not securely connected at point-of-fit?
Operator not completing the process correctly.
3. Why are the operators not completing the process correctly?
Cannot hear the “click” sound made by an OK connection due to the machine in operation next to them. 

5.4.3. [bookmark: _Toc512418905]    Root Cause

Based on the findings of the analysis and the root cause identification and verification the author believes the following root causes are causing this issue:
· Environmental conditions – the surrounding noise from machinery is preventing the operator hearing the “click” sound made by an OK connection.
· Manual quality checks – there is no system in place to ensure operators are completing manual quality checks, therefore the process is prone to human error.

5.5. [bookmark: _Toc512418906]Impact on Customer

This issue will be having a significant impact on the customer and their confidence in the quality of their new vehicles. This section aims to portray the effects this can have on them as well as on the wider business.

5.5.1. [bookmark: _Toc512418907]    Repair Time

Figure 23 analyses the amount of time spent repairing each engine, finding the most common repair time is 4.6 hours.
 

[bookmark: _Toc512419007]Figure 23 Analysis of Repair Time for Each Engine.

From this analysis the mean time in which it takes to carry out a repair can be calculated.
Mean Time to Repair (MTTR) = 
				   =
Mean Time to Repair                =  4.6 hours

5.5.2. [bookmark: _Toc512418908]    Effect on Customer

As well as having a negative view on the quality of their new vehicle, this issue will undoubtedly incur them some inconveniences such as:
· Time taken to return vehicle to dealer and wait for repair, possibly losing time in work and even losing money
· Costs of making the journey such as fuel
· Time without their new vehicle if they are unavailable to immediately return to the dealership.
· Due to the high mileage of some repairs it is possible that a customer could be far from home. This could result in a long wait for roadside recovery or a long journey home with the knowledge something is not as it should be with the vehicle. 
· Insurance companies may void the insurance in the event of an accident.
Each of these problems a customer should not have to encounter.
. 
5.5.3. [bookmark: _Toc512418909]    Effect on Dealership

This issue will impact the dealership and the relationship they have with the customer. Word of mouth and social media play a powerful role in promoting and tarnishing the reputation of a business in today’s society therefore, it would be easy for knowledge of this issue to spread amongst the public. Dealerships rely on positive experiences to gain return customers and this issue is giving them the opposite. 

5.6. [bookmark: _Toc507007507][bookmark: _Toc512418910]Cost of Quality

The cost of quality to the company will be considered as well as the true cost of this issue to BEP. These will be categorised between prevention costs, appraisal costs and failure costs. Information obtained from the organisation gives an hourly cost of the following operators and engineers to the company on an hourly basis. This includes all insurances, pension contributions, utilities in plant and other costs attached to each individual employee. All are worked as an average throughout the plant as different workers have different costs attached to them such as different contracts, pension contributions, holiday entitlements etc.
Assembly operator on 3 shift pattern - £37/hour
Maintenance technician on 4 shift pattern - £43/hour
Engineer - £48/hour
Production team manager - £66/hour
The author will consider the cost of quality to the company as a whole whilst also considering more direct quality costs relating to the failure.

5.6.1. [bookmark: _Toc507007508][bookmark: _Toc512418911]    Prevention

The following costs may arise from preventing poor quality.

5.6.1.1. [bookmark: _Toc512418912]Quality planning costs 

Quality planning costs for this are difficult to quantify as quality planning is part of the design of individual components as well as the overall design of the engine. Engineers will spend time on this alongside other aspects of the design, so calculating costs attached directly to this issue is difficult. 
For example, in 2010, Ford invested $15,000,000 dollars into the development of advanced Gasoline Turbocharged Direct Injection technology, citing it as the future of petrol engine technology (Corey, 2014). Every stage of this development, quality would have been one of the key influencing factors. This technology then went on to influence the design of a new family of engines.
Ford has a technical design centre in Dunton, London, one of three globally, employing over 3000 engineers and hundreds more operators. This technical centre has been involved in the development of some of the companies most successful vehicles and engines. Quality will play a vital role in every stage of their development, from drawing board to prototyping and right through to production. The cost of this technical centre in salaries alone will cost the company hundreds of millions of dollars every year, without the cost of resources and utilities. This is without considering the cost of all the manufacturing facilities globally. 
Quality is at the forefront of everything that is done at this manufacturing plant. Hundreds of maintenance technicians are employed alongside engineers to ensure that equipment and machinery deliver the high quality products expected. This is without the technology in place, the traceability systems, the poka-yoke systems, quality assurance operations and the vast amounts of training provided to workers. 
Fords global sales exceeded $150 billion in 2017 (Ford, 2018). Considering this and the claim made by Harry and Schroeder (2000) in the literature review, that the cost of quality for most companies, is normally between 15 and 25 percent of total sales, it is a fair assumption that the cost of quality to Ford is billions of dollars every year.
Quality planning for the operation under investigation on the production line is difficult to quantify. For example, a PFMEA will not be created individually for the operation. Three PFMEA’s will be created for the complete engine build, one for short block, one for long block and one for engine dress. Line trials will be carried out that will include this operation as well as other operations.
“Quality planning costs for this engine, design and build, will run into the hundreds of millions of pounds. Quantifying an individual operation would prove extremely difficult and possibly inaccurate, though, it is likely to cost hundreds of thousands pounds, possibly in excess of a million”
Dean Matthews, Senior Launch Engineer, Ford, (2018) 
(Matthews, 2017)
Aside from this, a new Maintenance Operating Strategy is being developed, with the aim of aligning all plants globally in terms of maintenance and ensuring best practices are followed which in turn increases productivity. Good quality is a vital part of a productive operation. The cost of development of this strategy alone is likely to be in the millions, without implementation.
After consideration of all these costs, measurable costs, related to this issue are as follows.

5.6.1.2. [bookmark: _Toc512418913]Quality Process System 

Created by an engineer to assist an operator, this takes approximately 4 hours.
 4 (hours) x £48 (Engineer cost per hour) = £192

5.6.1.3. [bookmark: _Toc512418914]Visual Aids

Created by an engineer to assist an operator, this can take around 6 hours.
6 (hours) x £48 (Engineer cost per hour) = £222
5.6.1.4. [bookmark: _Toc512418915]Operator Training

Each operator undergoes a week of training, which requires an operator be committed solely to training. 33 operators are currently fully trained on this operation and 4 operators have moved on.
Cost of training one operator = £37 (operator cost per hour) x 37.5 (hours) = £1387.50
Cost of training 37 operators = 37 x £1387.50 = £51,337.50

5.6.1.5. [bookmark: _Toc512418916]Maintenance

Maintenance logs show that a total of 11 hours of maintenance have been carried out on this operation, some as a result of a breakdown and some as a result of planned work. 
Maintenance technician costs = 11 (hours)  x £43 (Maintenance technician per hour) = £473

5.6.2. [bookmark: _Toc507007509][bookmark: _Toc512418917]    Appraisal

Quantifying these costs to the organisation as a whole can be difficult. Quality control and assurance is a vital part of manufacturing, every vehicle and engine must go through stringent testing at all plants around the world. This is a crucial part of the manufacturing process. 
Consider that every engine goes through a hot test inspection, a process that checks for specific failure modes or quality concerns. This test costs BEP £1.68 (breakdown to follow) per engine. Vehicles sales exceeded 6,000,000 in 2017 (Ford, 2018), therefore just carrying out a hot test inspection on every vehicle last year cost in excess of £10,000,000, without all other quality assurance operations that are carried out.
After consideration of all these costs, measurable costs, directly related to this issue are as follows. 


5.6.2.1. [bookmark: _Toc512418918]Hot Test

Each engine completes a petrol hot test (pht) before being bought off the production line. Alongside this hot test, a continuity test is carried out to check for any loose electrical connections, therefore this quality assurance check is directly related to this failure mode. Total cost of an engine pht is made up of operator costs, fuel, coolant, utilities and equipment. The figure used by the company to define this process is £1.68 per engine.
This cost will contributed in the form of an annual cost as it is a critical quality assurance process meant to detect this issue.
Total Cost of Hot Test each engine = 500,000 (annual production volume) x £1.68 = £840,000

5.6.3. [bookmark: _Toc507007510][bookmark: _Toc512418919]    Failure – internal

Numerous people within BEP are employed directly to address quality issues, mostly in the quality department. However, every engineer and operator is expected to identify or address quality concerns at some point too. 
As this issue is not being detected in BEP there are no reworking, downtime or other productivity costs to be considered. On the other hand there are specific processes carried out in relation to this issue occurring such as warranty claim processing and meetings held as a means of identifying solutions.

5.6.3.1. [bookmark: _Toc512418920]Warranty Claim Processing

Every warranty claim goes through a process from the point it reaches plant. This following process takes 1.5 hours and is carried out by an engineer in the quality department, for every warranty claim (Figure 24).

[bookmark: _Toc512419008]Figure 24 Retrieval and Processing of a Warranty Claim

Cost per warranty claim = £48 (Engineer cost per hour) x 1.5 (hours) = £72
Total cost = £72 x 57 (number of warranty claims) = £4,104

5.6.3.2. [bookmark: _Toc512418921]General Quality Meeting

A general quality meeting is held every morning; in attendance are one operator, 5 engineers and the production team manager. Each warranty claim is discussed with approximately 5 minutes spent on each warranty claim. 
Each warranty claim costs approximately:
Operator - £37 (Operator cost per hour) / 12 (Time spent in meeting) = £3.08
Engineer - £48 (Engineer cost per hour) / 12 (Time spent in meeting) = £4 x 5(Number of Engineers) = £20
Production Team Manager (PTM) - £66 (PTM per hour) / 12 (Time spent in meeting) = £5.50
Total cost of 1 meeting = £3.08 + £20 + £5.50 = £28.58
Total cost = £28.58 x 57 (Number of warranty claims) = £1,653


5.6.3.3. [bookmark: _Toc512418922]Interim Containment Actions and Permanent Corrective Actions Meeting

Interim Containment Actions (ICA) are actions in place temporarily to address an issue until a permanent solution is found. Permanent Corrective Actions (PCA) are actions put in place to permanently address an issue. 
Throughout the time this issue has been ongoing, 6 meetings have been held between the production team manager and 3 engineers to discuss ICA’s & PCA’s, each lasting approximately 1 hour each.
Cost of meeting = 3 x £48 (Engineer cost per hour) = £144 + £66 (PTM cost per hour) = £210
Total cost of meetings = 6 x £210 = £1,260

5.6.3.4. [bookmark: _Toc512418923]Operator Stand Down

Operator stand down is a process of informing operators of ongoing quality concerns, potential ICA’s & PCA’s and advising extra vigilance. This information is cascaded by the production team manager and an engineer to every operator that carries out the operation, 33 in this instance. Operator stand down lasts approximately 15 minutes and 8 of these have been carried out on each shift.
Cost of operator stand down per shift = 11 x £9.25 (Operator cost for 15 minutes) = £101.75 + £16.50 (PTM cost for 15 minutes) +£12 (Engineer cost for 15 minutes) = £130.25
Cost of operator stand down for every operator across 3 shifts = 3 (Number of shifts) x £130.25 = £390.75
Total cost of operator stand down = 8 (Number of operator stand down) x £390.75 = £3,126

5.6.3.5. [bookmark: _Toc512418924]Single Point Lesson 

A single point lesson (SPL) is an A4 document created and positioned at the operation to advise operators of the quality concern.
SPL’s are created by an engineer and take approximately 1 hour to create. 10 have been created.
Total cost of SPL = £48 (Engineer cost per hour) x 10 = £480 

5.6.4. [bookmark: _Toc507007511][bookmark: _Toc512418925]    Failure – External

External failure costs come in the form of warranty claims although there is no record of other potential costs such as recovery cost, courtesy car costs or even compensation, which the company have incurred. It is possible these have been paid and have been absorbed into another cost

5.6.4.1. [bookmark: _Toc512418926]Warranty costs

Total cost of warranty claims to date = £25,960

5.6.5. [bookmark: _Toc512418927]    Total Measurable Cost of Quality


Total measurable cost of quality, directly relating to this failure mode is £928,807.50. CoQ for the company as a whole must be given considerable acknowledgement, likely exceeding billions of pounds every year.

5.6.6. [bookmark: _Toc512418928]    Unmeasurable Costs/Missed Opportunities

A missed opportunity can be defined as the opposite of what is achieved when an opportunity is grasped, such as an opportunity to provide a customer with a brand new vehicle on time, budget and with zero defects.
Grasping this opportunity brings customer satisfaction, which comes in hand with positive recommendations to friends and family, returning customers and an increase in market share.
Missing this opportunity potentially delivers the opposite, namely, customer dissatisfaction, negative feedback to friends and family, customers leave for a competitor and a loss of market share. 
The negative effects of a missed opportunity are unmeasurable although there is enough evidence available to suggest that this poor quality is likely to contribute to it (Deming, 1986; Aras and Ozcam, 2016) 
Not only does this provide the customer an opportunity to discuss this poor quality but it also provides the technicians fixing the problem an opportunity to discuss it. If they find themselves fixing this issue regularly, they may start to treat it as a “common fault” with these vehicles.

5.7. [bookmark: _Toc512418929]Conclusion

Detailed analysis in this chapter has eliminated numerous anticipated causes of this issue and uncovered potential root causes, which will be addressed in the Improve phase. The cost of quality to the company has been analysed and supports the claim made by the company that high quality and customer satisfaction are 2 of their driving factors. This information will support the progression of the Improve phase of the project.
 










6. [bookmark: _Toc512418930]Improve

6.1. [bookmark: _Toc512418931]Introduction

As discussed in the literature review, this chapter will use the findings from the Analyse phase to investigate potential improvement strategies. The aim is to identify a suitable Poka-yoke system, keeping in mind the different levels suggested by Zhang, (2014) in the literature review, such as preventing the issue at the source or detecting it at a later stage 

6.2. [bookmark: _Toc512418932]Criteria for Improvement

The criteria for improvement will be developed as a means of comparing different improvements, ensuring that the issue, described in the problem statement, no longer occurs and that the CTQ’s for this operation are met. Categorization will be between essential criteria and desirable criteria. 

6.2.1. [bookmark: _Toc512418933]    Essential Criteria

The essential criteria are:
· Ensure fuel injector connectors are fully secure at point of fit. 

6.2.2. [bookmark: _Toc512418934]     Desirable Criteria

The desirable criteria are:
· Quality is imperative for this operation, minimum accuracy of 98%. 
· Not to require global design change. 
· An electronic system is desirable so that data can be stored in QLSCM for future reference.  
· Design and installation achievable within 3 months. 
· Not to require additional labour.
· Investment of less than £150,000.
· Not to increase Cost per Unit, one off investment preferred.
· No alteration to assembly line layout. 

6.3. [bookmark: _Toc512418935]Brainstorming for Improvement Alternatives

A brainstorming session was held on December 15th. The project team attended. The aim of the session was to identify suitable improvement alternatives. The results from the session are shown in Figure 25.




[bookmark: _Toc512419009]Figure 25 Result from Brainstorming Session
6.4. [bookmark: _Toc512418936]Further Details of Improvement Alternative

Each improvement alternative will now be explored further to identify the most suitable Poka-yoke system.

6.4.1. [bookmark: _Toc512418937]    Operator Traceability

By introducing an operator traceability system, engineers will be able to identify which operator was working when the process was completed. Vast amounts of data is already available from the manufacturing process, by means of a similar system, ranging from in-process testing, torque values of fixings and other error proofing systems that are in place. Every component in the machining process is traceable, primarily by marking each component with a 2D matrix that stores relevant data to individual processes. Prosser, (2015) claims that the automotive industry generates over 1 trillion pieces of traceability data annually and that traceability is an important part of a six-sigma program.

6.4.1.1. [bookmark: _Toc512418938]Radio-Frequency Identification

Radio-frequency identification (RFID) technology is becoming more mainstream in manufacturing and offers a suitable method of achieving operator traceability. This involves embedding a chip or tag in a plastic card with electronic product codes (EPC) programmed into it. EPC can be unique to a single card or multiple cards can be programmed the same (Jeong and Choi, 2012).The tags have radio transceivers, which they use to transmit the EPC’s. When the card is placed over an RFID reader, it receives the EPC and the data that is programmed and shares it with the relevant computer and data systems
RFID currently provides traceability in the form of a clock-in system for employees, allowing the organisation to monitor exactly what time they start and finish work. Each worker is issued with a card, unique to them, which they use every day. When the RFID reader receives the information, it shares it with the relevant department such as payroll and HR. If this system was to be used, in the event of an operator forgetting their card, they would not work on the process that day.
As an operator uses their card to clock-in to work every day, their card would also be available to use as a source of traceability within this process. By attaching an RFID reader to the operation and programming the process, it is possible not to allow completion until a card is scanned. This data could then be stored within an engines birth history, alongside other traceable data in QLSCM.
In the event of a failed engine, engineers would be able to check the birth history of the engine and identify which operator completed the process. This would likely encourage operators to be more vigilant and ensure they carry out manual quality checks on every process, holding them accountable if they do not. The current process has no way of identifying the responsible operator, resulting in a lack of responsibility and commitment.
 A lot of the software and technology is in use on this production line and installing a system such as this would be relatively straightforward. The only new hardware that would need to be installed is the reader for the operators clock-in card as computer systems and a Programmable Logic Controller (PLC) are in place that this could be linked to. A PLC is an industrial digital computer, used on a production line as a means of controlling manufacturing processes.
Estimated costs for installation and development, provided by Phil Moreton are  - £18,000, with a timeframe of approximately 12 weeks.
Though this system will identify the operator, it still does not meet the essential criteria of ensuring the connector is secure at point-of-fit. With this in mind, the accuracy of the system is low.

6.4.2. [bookmark: _Toc512418939]    Over-check

An over-check would require another operator or third party contractor to check the operator initially completing the process has completed the process correctly, therefore validating his or her work. This would require additional labour to complete a quality check, either as soon as the operator assembles the injector harness to the fuel injector rail or after the sub-assembly is fitted to the engine. Either way, this would be difficult to carry out. 
To complete an over-check before the sub-assembly is fitted; another operator would need to stand at the process and make a mark on each connector to confirm they are carrying out the quality check. A very limited amount of space is available at the workstation that could make this difficult. The sub-assembly could be assembled at this workstation then fitted and over-checked at another station though this could require a number of other operations being moved to create the space. 
Alternatively, the over-check could be completed once an engine has been bought off the assembly line. A special tool (Figure 26) can be used to reach the injector connector wire (Figure 27) within the engine and by giving it a gentle pull, confirmation of an OK connector can be gained. This method would mean engines not being ready for shipping when they come off the production line, therefore, approval for this method being difficult to obtain. 
[image: ]
[bookmark: _Toc512419010]Figure 26 Hooking Tool to Grab the Injector Connector Wire

[image: ]
[bookmark: _Toc512419011]Figure 27 Hooking Tool (highlighted) Gently Pulling Injector Connector Wire

Estimated costs provided by Phil Moreton – using another operator for each shift is £210,000 a year whereas a third party contractor would cost £150,000 a year. This would increase the CPU of an engine as it is an ongoing cost. Other costs to consider are the time required to complete the check between buy-off and shipping the engine and the additional space that would be required.
Dependant on method, this improvement could be implemented in just a few weeks unless any alterations to the line layout are required.

6.4.3. [bookmark: _Toc512418940]    Alternative Connector

In simplest terms, a connector consists of an enclosed, insulated housing that contains a conductive piece of metal, which, once mated with another connector creates an electrical connection that can carry both power and signal. A connector is specified based on the type and speed of the signal being sent, though consideration must be given to durability when being used inside an engine. There are various different types of connectors available, though the specific role and requirements will reduce the suitability of many. Ergonomics are also a crucial consideration as an assembly operator may assemble thousands of connectors per day. A connector must be easy to use with minimal insertion force required to mate the connectors.
Size also plays a crucial role in the selection of this connector, as it is located within the engine, meaning space is limited. 
This would require a global design change, with support of the product design team. Obtaining this support can be difficult if this issue is isolated to this plant and there is no guarantee that it will prevent it. 
Accurate costs for this improvement are difficult to obtain as development work and testing would need to be done. Phil Moreton suggests timeframe of at least 26 weeks is expected, potentially far more. 



6.4.4. [bookmark: _Toc512418941]    Click-hunter

This new technology was developed at another Ford plant as a joint venture between a third party contractor, Nutai, and Ford engineers. It involves analysing the sound heard when two connectors are mated.
The movement of air surrounding a vibrating object creates sound. As an object vibrates, the air around it compresses and rarefies, in a similar way to the object moving back and forth (Rumsey and Mccormick, 2009).  
A representation of this can be seen in Figure 28.  


[image: See the source image]
[bookmark: _Toc512419012]Figure 28 Sound Waveform Diagram

A correctly seated harness connection produces a characteristic “click” sound, similar to that of a pen top click, generated when the latch of the connector reaches the secure area. As the latch deforms to go over the mating connector it vibrates as it regains its original shape, causing the surrounding air to compress and rarefy in motion with the vibration of the connector
This is what creates the click sound, that can be heard when an OK connection is made. With the use of ultrasonic microphones (Figure 29), this click is detected, though having thousands of variables the ones that are used to uniquely identify the click are:
· Frequency – the rate at which a wave completes a full cycle of compression and rarefaction, per unit of time.
· Amplitude – the amount of compression/rarefaction of the air surrounding the vibration, represented by the peak displacement from the equilibrium. The more compression/rarefaction, the louder the sound is perceived.
· Temporal evolution of the main harmonics – the duration of the sound is also a key factor, helping to differentiate from surrounding machines and equipment.
Due to the industrial activity surrounding the operation, engineers used an Artificial Neural Network (ANN) to filter sounds. An ANN is a mathematical algorithm which imitates the structure and the operation of the human brain used to categorise a set of data into classes, in this case the click sound of the connectors versus the different noise signals derived from the industrial activity. The ANN has the ability to evaluate all characteristics at the same time, so even though there may be variation in the sound samples, the correct classification is assured with a very high probability. The system also has a trigger level, a minimum amplitude a soundwave must reach to be analysed by the system, helping reduce the amount of sounds being analysed by the system. If the trigger is too low, too many sounds will pass the filter and some may be taken as false OKs, bringing in errors. If the trigger is too high, none of the sounds will pass the filter, so there will be no sounds to analyse.  Analysis of the captured sound is achieved using LabVIEW software. This technology has found to have an accuracy of 99.97% when used as a poka-yoke system, with the aim of preventing insecurely mated wiring harness connections, while also offering electronic traceability. It uses a Visual Dynamic Aid application, which acts as an electronic process display on a computer screen, advising the operator how many connections are required and will show when an OK/NotOK (NOK) connection has been made. 
Phil Moreton estimates costs for purchase are £80,000. Installation and Development of the software are estimated at £65,000 and will take approximately 18 – 26 weeks. 
[image: ]		[image: ]



[bookmark: _Toc512419013]Figure 29 Images of Click-hunter Microphone Positioned on Production Line at another Ford Plant

6.4.5. [bookmark: _Toc512418942]    Connector Position Assurance Device 

Many newer connectors feature a secondary locking device to aid in the prevention of unintended disconnection, known as a Connector Position Assurance (CPA) device. Delphi Technologies Incorporated, (2017) acknowledge that unintended disconnection is a common problem between male and female connectors and that including a CPA provides added security to the connection. These devices are designed to withstand pressures and heavy vibration, making it a suitable alternative to the current connectors being used.
A CPA device has two positions, the pre-lock position and the locked position. Before connection, the device is secure in the pre-lock position. It is designed only to allow the CPA to move into the locked position once the male and female connectors are connected. Once this connection is secure and the device moves into the locked position, it prevents the connectors disconnecting. The CPA device therefore provides a means of guaranteeing and maintaining a secure connection.
[image: See the source image]
[bookmark: _Toc512419014]Figure 30 Airbag Connector with CPA Added
(Airbagcrash.com, 2018)
Airbag connectors commonly use a CPA device for extra security. Figure 30 shows how a CPA is added to an existing connector as a means of securely holding the two connectors in place. Upgrading the fuel injector connector is possible without the need for any product design changes. 
CPA devices are used on ignition coil connectors, as an added feature to guarantee security. Figure 31 shows these connectors with the CPA device in the pre-locked position and the locked position. 
[image: ]    [image: ]
[bookmark: _Toc512419015]Figure 31 Ignition Coil Connector with CPA in Pre-Locked Position/Locked Position

Estimated costs for an upgraded injector harness are approximately 60p per unit.
Shipping could start with a weeks’ notice and they could be in use within 6 weeks. In terms of accuracy, while this upgraded connector offers more security, it is still prone to human error. There is no guarantee that the operator will close the CPA device.
6.4.6. [bookmark: _Toc512418943]   Vision System

A vision system is simply a computer-based system that performs tasks that traditionally would have been carried out by a human. They have the ability to differentiate between objects and perform quality assurance checks for a number of industrial purposes. Advances in technology have led to the development of more accurate vision systems. These systems are becoming more common in manufacturing and are used at different areas of the manufacturing process in BEP. Li and Han, (2013) maintain that these systems are advantageous due to their reasonable cost, simple hardware and flexible measurement, identification and verification methods. Vision systems consist of a specialised camera, set at a specific distance from the object. This takes an image of a product once it is in place, normally triggered by a sensor and processes it based on defined parameters. The processor then sends the data to the PLC advising of an OK or NOK image (Maves, 2011).The accuracy and potential of the system is largely dependent on the pixel size and resolution of the camera. 
A pixel (picture element) is the unit of an image and can vary in size dependant of the quality of the vision system. A single pixel is the smallest piece of information from an image that it can analyse. For instance, if a camera represents an image with a pixel range of 12x12 then the image will be visualised like a grid of 144 smaller square sections. Advanced cameras commonly have millions of pixels measured in units of microns due to their small size, with each pixel having their own unique binary code. The resolution of a system is a measurement of how accurately it can reproduce the detail of an image. 
To enable the system to work a light shines on the target object; it is whilst this light shines that the image is captured.
The system identifies a colour by the light reflected off it when it captures an image. An individual pixel will be predefined to have a particular wavelength and intensity in the light spectrum; therefore, if an image is found to be different the system will alert the user. 
The system interprets an image based on its colours in three ways. A binary image consisting of black and white, grey coloured images consisting of different shades and colour images with a base of red, green and blue (Brighthub Engineering, 2018).
For a system to differentiate between two similar objects, a gap of at least one pixel is required between them. Figure 32 explains how a line pair, a pattern of pixel-on, pixel-off, pixel-on (b), is necessary or the vision system will interpret it as one object (a).

[image: ]
[bookmark: _Toc512419016]Figure 32 Line Pairs are Used as a Measurement of the Required Distance Necessary Between Pixels For an Image to be Resolved
(Vision-systems.com, 2018)

Figure 33 shows the difference between an OK and NOK injector harness/rail connection. There is a clear difference in distance between them, but, taking into consideration the principal of the line pair, the vision system would not accurately be able to differentiate between the connectors. This is because they are the same colour and there is no pixel between them enabling the vision system to differentiate between them. 
This issue can be resolved by using alternating colour connectors or by the introduction of a different colour CPA device. A vision system is used on the black ignition coil connectors (Figure 31) and a CPA device.






        Not OK Connection				       OK Connection
[image: ]
[bookmark: _Toc512419017]Figure 33 Difference in Distance From Bottom of Injector Harness Connector to Base of Fuel Injector Rail Connector for an OK Connection and NOK Connection

Estimated costs for vision system from Phil Moreton are - £25,000, whereas installation and development is around £80,000. Approximate timeframe 12-18 weeks dependant on application.
For this to work accurately it would need to be used with a CPA connector which would cost approximately 60p per unit.
If used in conjunction with a CPA device this system offers a near perfect accuracy, with electronic traceability.

6.5. [bookmark: _Toc512418944]Payoff 

Each improvement will be considered based on the criteria, defined in section 6.2, that they meet. These are set out in figure 34. This table shows that only three improvements, Over-check, Click-hunter and a vision system with a CPA meet the essential criteria.

	



Criteria for Improvement
	Improvement Alternative

	
	Traceability
	Over-check
	Alternative
Connector
	Click-hunter
	CPA
	Vision System+ CPA

	Ensure connectors are fully secure at point of fit. 

	[image: ]
	[image: See the source image]
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	[image: See the source image]
	[image: ]
	[image: See the source image]

	Minimum accuracy of 98%.
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	[image: See the source image]
	[image: ]
	[image: See the source image]

	Not to require global design change.
	[image: See the source image]
	[image: See the source image]
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	[image: See the source image]
	[image: See the source image]
	[image: See the source image]

	Electronic system so that data can be stored for future reference.
	[image: See the source image]
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	[image: See the source image]
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	[image: See the source image]

	Design and installation achievable within 3 months. 
	[image: See the source image]
	[image: See the source image]
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	[image: See the source image]
	[image: See the source image]
	[image: See the source image]

	Not to require additional labour.
	[image: See the source image]
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	[image: See the source image]
	[image: See the source image]
	[image: See the source image]
	[image: See the source image]

	Investment of less than £150,000.
	[image: See the source image]
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	Not to increase Cost per Unit.
	[image: See the source image]
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	No alteration to assembly line layout.
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[bookmark: _Toc512419018]Figure 34 Criteria Payoff

6.5.1. [bookmark: _Toc512418945]    Payoff Matrix

Each improvement will be presented in a payoff matrix to differentiate between those offering a high/low benefit and those requiring a high/low effort for implementation. This can be seen in Figure 35.

LOW EFFORT       HIGH EFFORT
LOW BENEFIT     HIGH BENEFIT


[bookmark: _Toc512419019]Figure 35 Payoff Matrix

The payoff matrix shows that there are only three improvements offering a high benefit, each also requiring a high effort. Therefore, over-check, click-hunter and a vision system with a CPA device will be investigated further.

6.5.2. [bookmark: _Toc512418946]    Further Evaluation of High Payoff Improvements

As all three improvements meet the essential criteria, they will now be compared regarding how they meet the desirable criteria, defined in section 6.2. This will be done with the use of a criteria matrix (Figure 36). Each desirable criteria is assigned a score between 1-10, 10 being most important. The highest scoring criteria will act as the benchmark to the others. 

	


Desirable Criteria

	Importance
(Weights)
	Improvement Alternative

	
	
	Over-check
	Click-hunter
	Vision System +CPA

	
	
	Score
	Weighted Score
	Score
	Weighted Score
	Score
	Weighted Score

	Minimum accuracy of 98%.
	10
	6
	60
	10
	100
	10
	100

	Not to require global design change.
	9
	10
	90
	10
	90
	10
	90

	Electronic system so that data can be stored for future reference.
	8
	0
	0
	10
	80
	10
	80

	Design and installation achievable within 3 months.
	8
	10
	80
	9
	72
	7
	56

	Not to require additional labour.
	8
	0
	0
	10
	80
	10
	80

	Investment of less than £150,000.
	7
	10
	70
	8
	56
	6
	42

	Not to increase Cost per Unit.
	6
	6
	36
	10
	60
	6
	36

	No alteration to assembly line layout
	5
	7
	35
	10
	50
	10
	50

	
	Total
	
	371
	
	588
	
	534



[bookmark: _Toc512419020]Figure 36 Criteria Matrix

The results from the criteria matrix can be seen in Figure 36. Click-hunter and a vision system with a CPA device score considerably higher, therefore these improvements will be investigated further. 



6.6. [bookmark: _Toc512418947]Further Investigation into Highest Scoring Improvements

Further investigation into the highest scoring improvements will now be carried out, including:
· An upgraded injector harness with CPA device has been requested from supplier to investigate process further.
· An injector harness with fuel injector rail is being trialled at another plant to check compatibility with a click-hunter system. 
· Investigation into the current use of click-hunter and vision systems will be carried out.

6.6.1. [bookmark: _Toc512418948]    Injector Harness with CPA Device

The current lineside jig is not compatible with the new injector harness. Figure 37 shows that the CPA device is not accessible for the operator; therefore, they will not be able to secure it in this operation. Alternative jigs need to be identified or designed for this new injector harness to be used. 
[image: C:\Users\asteve95\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\VTHJJ4PX\IMG_0406 (3).JPG]
[bookmark: _Toc512419021]Figure 37 Injector Harness with CPA Device on Lineside Jig

6.6.1.1. [bookmark: _Toc512418949]Ergonomic and Timing Evaluation

An ergonomic and timing evaluation is required, most importantly to ensure the CPA connector is safe to use but also to obtain accurate timings for the additional work being carried out. 
Ergonomic considerations include:-
· Which finger will be used to press the connector
· Angle at which the connector will be pressed
· Force required to secure CPA device
· Number of connections to be made by an operator
· Access to the CPA device
· Ease of disconnecting the CPA device
To time the new process, a modular arrangements of predetermined time standards (MODAPTS) analysis will be completed. This methodology is used to determine the time in which individual steps of a process are completed. This takes into consideration two main factors, the body part to be used and the level of effort required of the operator. 
In relation to the body part being used, consideration is given to the actual body part and the actions they make when grasping and placing an object, as well as any other movements such as walking or bending. These are measured in MODs.
The level of effort required is calculated in MODs, with 1 MOD = 0.129 seconds. The total number of MODs are added together to calculate the total time for a process.
Ergonomic evaluation and MODAPTS analysis (figure 38) completed by Mike Pearce – no ergonomic constraints identified.
MODAPTS analysis found only 4.49 seconds of cycle time remaining after rest of process is complete, meaning the vision system will have little time to compete its’s part of the operation.
[image: ]
[bookmark: _Toc512419022]Figure 38 MODAPTS Analysis
(Pearce, 2018)

6.6.2. [bookmark: _Toc512418950]    Vision Systems Currently in Use

A vision system is currently in place at the end of the assembly line, checking for numerous things, including ignition coil connectors and that their CPA device is locked.
[image: ] 


[bookmark: _Toc512419023]Figure 39 Ignition Coil Connector with CPA Device Pre-lock and Locked Position

Highlighted in red in figure 30 is the area of which the vision system concentrates on. There are thousands of pixels in this area alone and the vision system has a pre-determined wavelength and intensity programmed into it, which it expects to identify in this area. Other key features include:
· System is automated, triggered by a sensor
· Can analyse a number of features from one image, using binary code of pixels.
· Uses part of the engine as a focal point due to potential differences in platens. This guarantees the correct pixels are analysed.
· Has feedback system so confirmation of OK image is displayed on VDA unit.
· Has repair bay so any NOK images feedback to the PLC, which sends the engine to the repair bay.
Figure 40 shows an image taken by this vision system, as it is displayed on the VDA application on the computer screen, with a feature number attached to every feature the system is analysing. In this image the 4 ignition coil connectors are highlighted. In the event of a NOK image, the VDA application will highlight the feature to be investigated. 

[image: ]
[bookmark: _Toc512419024]Figure 40 End-of-Line Camera Image from Computer

Figure 41 shows the number of NOK ignition coil connectors identified by the system for the first 6 months of 2017, an average of 34 per week. A NOK connector would not affect an engines performance therefore it would not cause a warranty claim although it would result in a Vehicle Operations (VO) alert from the vehicle assembly plant if found there. Before this system was in place, VO alerts were received on a weekly basis relating to open CPA devices. Zero VO alerts have been received since the introduction of the vision system. 
[image: ]
[bookmark: _Toc512419025]Figure 41 Data for Vision System Checking Ignition Coil Connectors over 6 Month Period

6.6.3. [bookmark: _Toc512418951]    Implementing this Improvement

To implement this improvement will require the following.

6.6.3.1. [bookmark: _Toc512418952]Hardware and Software Requirements

Keyence, (2018) a leading supplier that have previously supplied Ford with Vision systems, has recommended the following vision system:
· Keyence X-GX Vision System - Offering 21 million pixels, this camera is suitable for the high accuracy and high resolution required for this process. Offers high-speed inspection through parallel processing. Compatible with USB 3.0 hard disks, allowing a memory capacity of 2 TB (Keyence.co.uk, 2018) 
· Keyence XG-X VisionEditor – Where information and commands are input and enables engineers to program the system, define parameters, save images and keep a log of them linked to their engine number. This system has various programs, enabling engineers to define different parameters for different derivative of engine (Keyence.co.uk, 2018) 

The following hardware and software, commonly used at BEP, are required to support the vision system and the manufacturing process. Keyence have confirmed that all are compatible with the above system:

· Dell Optiplex 9030 AIO PC – Intel quad core i5-4590s processor, Windows 7 professional 64 bit. 16 GB RAM, 8 USB ports (1 of which USB 3.0)
· Visual Dynaic Aids application, providing a display for the operator, showing pass/fail images.
· Data Acquisition Device – This is used to read inputs to the system and activate outputs that are triggered by sensors.
· HDD Intenso 3TB – Offers sufficient memory for images to be stored for later analysis or reference if needed.
· Programmable Logic Controller (PLC) – A PLC is used to control manufacturing processes
· Manual Trigger – Required to instruct the camera
· LED Lighting – To ensure critical areas are thoroughly illuminated, suitable lighting, such as LED bulbs, need to be positioned correctly above the injector rail.  

6.6.3.2. [bookmark: _Toc512418953]Process for a Proposed Vision System

The author has developed a potential process of how the proposed vision system may operate. This can be seen in Figure 43.


[image: ]
[bookmark: _Toc512419026]Figure 42 Potential Process for Proposed Vision System

6.6.3.3. [bookmark: _Toc512418954]Operation

This system would be required to analyse four features, one of which is shown in Figure 44, for each image taken.
[image: ]

[bookmark: _Toc512419027]Figure 43 Injector Harness CPA Device with Area of Interest Highlighted
Figure 44 highlights the area in which the vision system will analyse to ensure the CPA device is locked. When the device is locked, this area will be black, if it is in pre-lock position it will be red. Other considerations for the operation of this vision system include:
· A suitable focal point would be on the fuel injector rail to avoid errors arising from the movement of the jig. 
· A new lineside jig would be required so access to CPA device can be achieved. Figure 45 shows a new jig that has been developed and is being trialled.
 [image: ]
[bookmark: _Toc512419028]Figure 44 Proposed Injector Rail Jig for New Process

· MODAPTS analysis found only 4.49 seconds cycle time remaining after manual tasks performed. This is enough time to capture image but not to process. As a result image processing will have to be done between this process and the next on the production line.
· There is a repair bay at Opx290 which could be used in the event of a NOK image.
· A two-handed hold trigger is recommended to reduce chances of operators hands interfering with vision system and to ensure they are still to reduce chances of movement. Movement of the system can lead to NOK images.
· A rigid structure would need to be in place, above the operator and away from anything that can influence movement, to fix the camera to. This would ensure accuracy. Figure 46 shows an existing overhead structure at the operation that can be modified or extended.
[image: ]
[bookmark: _Toc512419029]Figure 45 Overhead Structure of Assembly Line

6.6.4. [bookmark: _Toc512418955]    Failure Modes and Effects Analysis

An FMEA of the proposed improvement will be completed, keeping in mind that the current process has an RPN of 160. Figure 47 shows the result of the FMEA and that introducing a vision system and a CPA device would reduce the RPN to 40, a significant reduction.  
[image: ]

[bookmark: _Toc512419030]Figure 46 FMEA – Vision System + CPA Improvement
6.7. [bookmark: _Toc512418956]Click-hunter System

6.7.1. [bookmark: _Toc512418957]    Connector Compatibility with Click-Hunter System

Results from the fuel rail trial found that the click-hunter system detected the click created by the connection, as can be seen in Figure 48. The image shows two graphs, top one displaying the frequency versus time and the bottom displays the amplitude versus time.
[image: ]
[bookmark: _Toc512419031]Figure 47 Results from Analysis of Fuel Rail and Injector Harness Connectors
(Carsi, 2018)




6.7.1.1. [bookmark: _Toc512418958]Ergonomic and Timing Analysis

An ergonomic evaluation is not required as the manual work for the operator is not changing. A timing analysis will not be required as the click-hunter system works simultaneously to the operator and removal of manual quality check will offset any unlikely additional time. 

6.7.2. [bookmark: _Toc512418959]    Use of Click-Hunter System at Other Plant

A click-hunter system is used to detect if knock sensors are securely connected or not at another Ford plant. With the use of a VDA unit, the operator can see exactly what connections need making at the operation and once an ok connection is identified, the unit updates. 
[image: E:\Clickhunter Docs\Xabi\Conectores\Fotos\knock_sensor_1.jpg]               [image: E:\Clickhunter Docs\Xabi\Conectores\Fotos\knock_sensor_2.jpg]
[bookmark: _Toc512419032]Figure 48 Knock Sensor Connector and Main Harness Connector

[image: E:\Clickhunter Docs\Xabi\Conectores\Fotos\knock_sensor_conectado.jpg]
[bookmark: _Toc512419033]Figure 49 Securely Connected Knock Sensor and Main Harness Connector

Key features of this application include:
· The system is programmed to detect two clicks.
· Can be programmed to detect a number of different clicks, carried out in a specific order, dependant on engine derivative.
· Has feedback system so confirmation of OK image is displayed on VDA unit (Figure 51)
· Filtering of the sounds is done with the use of an ANN so that the system only analyses sounds within the target range.
· Has a manual override in the event of no detection, placing responsibility with the operator to ensure an OK connection.
· In the event that the system does not detect the connection and the operator must override it, the system beeps to check the correct position of the microphone. If this happens on three consecutive processes then the system will require recalibration. This normally happens two/three times a week and takes approximately two hours.

[image: ]
[bookmark: _Toc512419034]Figure 50 Click-Hunter System and VDA Application in Operation

Figure 54 shows that before installation of the click-hunter system, the plant was finding an average of 12,000 reject knock sensors per million opportunities. Only 4 were found in the 7 months following its introduction, a significant reduction.


[image: ]
[bookmark: _Toc512419035]Figure 51 Monthly Rejects of Knock Sensors Identified in Dock Audit before and after Click-Hunter System was Implemented
(Carsi, 2018)
6.7.3. [bookmark: _Toc512418960]    Implementing this Improvement

To implement this improvement will require the following.

6.7.3.1. [bookmark: _Toc512418961]Hardware and Software Requirements

Nutai, the third party contractor that assisted Ford engineers with the development of the System, provided the following hardware and software requirements:
· Dodotronic Ultramic 250k (Figure 57) – required to detect ultra-high frequencies of the clicks, up to 250KHz
· Nutai Click-hunter program – The program required to operate click-hunter.
· LabVIEW NI-DAQmx 14.0 (or next versions) – Free license 
· NI LabVIEW Run-Time Engine 2011 – Required license
The following hardware and software are required to support the Click-hunter system. Nutai confirmed all are compatible with the click-hunter system.
· Dell Optiplex 9030 AIO PC – Intel quad core i5-4590s processor, Windows 7 professional 64 bit. 16 GB RAM, 8 USB ports (1 of which USB 3.0)
· Visual Dynaic Aids application, providing a display for the operator, showing OK/NOK sounds have been identified.
· Data Acquisition Device – This is used to read inputs to the system and activate outputs that are triggered by sensors.
· Programmable Logic Controller (PLC) – A PLC is used to control manufacturing processes
· HDD Intenso 3TB – Offers sufficient memory for sounds to be stored for later analysis or reference if needed.

6.7.3.2. [bookmark: _Toc512418962]Process for Proposed Click-Hunter System

The author has developed a potential process of how the proposed click-hunter system may operate. This is shown in Figure 54.


[image: ]
[bookmark: _Toc512419036]Figure 52 Process for Proposed Click-Hunter System

6.7.3.3. [bookmark: _Toc512418963]Operation

The current lineside jig is compatible with a click-hunter system. Alterations can be made so microphone sits beneath connectors, highlighted in Figure 55, reducing the risk of interference by operator.  It may be necessary to have two microphones to get as close to the sound as possible.
[image: C:\Users\asteve95\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\VTHJJ4PX\IMG_0407 (2).JPG]
[bookmark: _Toc512419037]Figure 53 Current Lineside Jig
Other considerations for the operation of this system include:
· System will be required to listen for four connections. 
· Computer with VDA application display needs to be visible and accessible for the operator. 
· There is a lot of machinery and industrial activity occurring in close proximity to the operation so the trigger level will need to be as close to the sound of the connection as possible, reducing the amount of sounds passing through the filter.
· The click-hunter system needs to undergo supervised training in-house. This application allows the manual classification of the different sounds identified by the microphone, a requirement for training the artificial neural network. During this process, when a sound is registered, it is then classified. The more classified sounds generated during the supervised training, the more accurate the system will be (Nutai, 2018)
· Successful training of the ANN requires around 150 recorded sounds for each classification generated in the supervised training. The supervised training process is very time consuming and requires specific expertise and resources (Nutai, 2018).
· Once complete and the system is ready to use, resources must be available for the regular recalibration of the neural network that is required. Due to the assembly line running a three-shift pattern, recalibration during production time will leave the process vulnerable to NOK connections. 

6.7.4. [bookmark: _Toc512418964]    Failure Modes and Effects Analysis

An FMEA will be completed for the proposed click-hunter system, keeping in mind, the current process has an RPN of 160 and the proposed vision system has an RPN of 40. The result of the FMEA is displayed in Figure 56. Click-hunter system has an RPN of 128, due to the time in which it requires recalibration the process will be vulnerable. Whilst this is lower than the current process of 160 it is significantly higher than the proposed vision system and CPA.



[image: ]
[bookmark: _Toc512419038]Figure 54 FMEA for Implementing a Click-hunter System

6.8. [bookmark: _Toc512418965]Cost/Benefit Analysis for Alternative Improvements

A cost/benefit analysis will calculate the costs attached to implementing each improvement and compare these to the benefits each can potentially deliver. 

6.8.1. [bookmark: _Toc512418966]   Vision System and CPA Device

The costs and benefit of a vision system and CPA device will be considered in this section.

6.8.1.1. [bookmark: _Toc512418967]Costs

Costs for the Keyence vision system have been obtained directly from the company whereas costs for supporting hardware and software have been provided by the Production Team Manager.  
Purchasing Keyence X-GX Vision System and Keyence X-GX Vision Editor -£18,800. 
Dell Optiplex 9030 AIO PC – Intel quad core i5-4590s processor, Windows 7 professional 64 bit. 16 GB RAM, 8 USB ports - £1000
Data Acquisition Device from National Instruments - £3200
Designing and installing a rigid structure for the camera will cost £2500.
Installation of the vision system, including supply of any other hardware and software and development will cost £68,000. 
Any disruptive work will take place at weekends, requiring an engineer to be present, resulting in overtime. During installation, operators may be required to do trial runs and offer assistance, also resulting in overtime. Total expected cost based on requirements of installation contractor £18,500.
Engineers will need to create new QPS sheets, taking approximately 4 hours, costing £192.
Each operator will require basic training, taking approximately 30 minutes. 33 operators to be trained plus a trainer for each one adds up to 33 hours, costing £1221.
Total cost = £113,413
All these costs are one off payments and do not include future maintenance and breakdown whereas upgrading the injector harness will make the engines more expensive to manufacture, increasing the cost per unit. 
Cost of current injector harness = £3.60
Cost of upgrading the injector harness has been provided by Delphi Technologies, supplier of the injector harness.
Cost of injector harness with CPA = £4.10
Over a year, with a build schedule of approximately 500,000 engines, this costs £250,000.
Total cost for implementing this improvement is £363,413 (based on one year increase on price of injector harness).

6.8.1.2. [bookmark: _Toc512418968]Benefits

Keyence claim their vision system can deliver accuracy as high as 99.6%. The accuracy of the vision system currently used in BEP, detailed in this chapter, supports this claim; almost certainly preventing the failure mode from occurring. 
The FMEA suggests that this system will significantly reduce the risk of this issue occurring. 
Target of zero defects for this operation is nearly achievable.
Customer satisfaction will improve alongside the plants reputation for delivering high quality engines. 

6.8.2. [bookmark: _Toc512418969] Click-Hunter System

The cost and benefit of a click-hunter system will be considered in this section. 

6.8.2.1. [bookmark: _Toc512418970]Costs

Costs for the click-hunter system have been obtained directly from Nutai. The Production Team Manager has provided costs for the supporting hardware and software.
Purchase of click-hunter program with LabVIEW licence from Nutai £32,000.
Installation and mounting structure by Nutai £49,000.
Dodotronic Ultramic 250k - £2800
Dell Optiplex 9030 AIO PC – Intel quad core i5-4590s processor, Windows 7 professional 64 bit. 16 GB RAM, 8 USB ports - £1000
Data Acquisition Device from National Instruments - £3200
Any disruptive work will take place at weekends, requiring an engineer to be present, resulting in overtime. During installation, operators may be required to do trial runs and offer assistance, also resulting in overtime. Total expected cost based on requirements of installation contractor £14,000.
System set-up and training will require approximately 24 hours for 1 engineer costing £1,152.
Engineers will need to create new QPS sheets, taking approximately 4 hours, costing £192.
Each operator will require basic training, taking approximately 30 minutes. 33 operators to be trained plus a trainer for each one adds up to 33 hours, costing £1221.
Total cost = £104,565
These are one off payments that do not cover ongoing maintenance.
Recalibration of the system will be done three times a week, taking an engineer two hours at a time costing £288 per week. Over a year this will cost £13,536.
Total cost for implementing this improvement will cost £118,101 (based on one year of recalibration).

6.8.2.2. [bookmark: _Toc512418971]Benefits

Nutai claim the click-hunter system can deliver accuracy of 99.7% and the use of the system at another Ford plant, detailed in this chapter, supports this claim; almost certainly preventing the failure mode occurring.
Recalibration is to be done three times a week, ideally once on a weekend although this cannot always be guaranteed. With this in mind, the system will potentially be out of use six hours a week. Based on current production volume of half a million engines per year, approximately one hundred per hour, this leaves six hundred engines per week vulnerable. 
47 weeks of production per year x 600 engines = 28,200 engines vulnerable
This totals 5.64% of annual production volume, therefore the accuracy in this scenario is more likely 94.06%. 
The FMEA suggests this proposed system still poses a risk to the issue occurring.
Target of zero defects for this operation is not guaranteed, though a significant reduction would be likely. 
Customer satisfaction and the reputation of the plant will improve if the failure mode becomes uncommon. 

6.8.3. [bookmark: _Toc512418972] Cost/Benefit Analysis Findings

The cost/benefit analysis has shown significant differences between the alternative improvements. While a vision system with CPA offers far greater accuracy than a click-hunter system, a click-hunter system requires only a third of the investment. 
While a significantly lower price, the issue could potentially occur as much as it previously has, eliminating any return on the investment (ROI). 
An investment of £363,413 for a vision system to be used with a CPA device offers a more desirable ROI. When considering the COQ analysis in chapter 5, Ford spend billions of pounds every year ensuring their products set a benchmark for quality, a benchmark not being reached with this issue occurring. This issue has also been a financial drain on BEP directly. 
The ROI for the vision system and CPA can be defined as the elimination of financial penalties arising from the failure and the justification of the billions of pounds spent setting the benchmark for quality, which can be realised with the use of this system. 

6.9. [bookmark: _Toc512418973]Conclusion

This Improve phase of the project has identified a variety of different poka-yoke systems that could potentially prevent this issue occurring. With the aid of recognised tools and analysis methods, reviewed in the literature, the author has been able to compare these different systems. This comparison has led to the identification of a most suitable poka-yoke system for Ford to use in order to prevent this issue.

7. [bookmark: _Toc512418974]Conclusion and Recommendations

7.1. [bookmark: _Toc512418975]Introduction

This project aimed to identify a suitable poka-yoke system to aid in the prevention of NOK fuel injector connections. This chapter will present the findings of the project. Recommendations, based on the findings of the project will be made to Ford as well as alternative uses for the poka-yoke systems.

7.2. [bookmark: _Toc512418976]Conclusion

Overall, the author feels the project has been a success. The aims and objectives have been met. The literature review provided the author with sound a understanding of the importance of Quality in the manufacturing industry and provided guidance throughout. 

7.2.1. [bookmark: _Toc512418977]   Define

The define phase of this project provided the author with a solid foundation, capturing key information about the importance of the project and the impact the issue is having on the reputation of the plant. Understanding this and the significant threat the issue poses to BEP securing future investment from Ford helped drive the project team as well as the knowledge that customer satisfaction is a key focus of  the business. Not resolving the issue would have meant more dissatisfied customers.

7.2.2. [bookmark: _Toc512418978]    Measure 

The data collection within this phase of the project was deemed a success as it provided enough data to be analysed and support in the identification of root causes. The FMEA also provided a benchmark for comparison when investigating potential improvements.

7.2.3. [bookmark: _Toc512418979]    Analyse 

The detailed analysis in this phase found the warranty costs for this issue are just a fraction of the true cost to BEP and the company as a whole. Also the billions of dollars they spend ensuring their products meet high quality standards is failing to do just that. The failure rate on the process under investigation was exposed as being significantly higher than other wiring harness processes. Root causes were identified as:
· the process is prone to human error, with manual quality checks potentially not being carried out
· the environmental conditions surrounding the operation could potentially prevent the operator hearing the click of the connection
These were influential factors during the Improve phase.

7.2.4. [bookmark: _Toc512418980]   Improve

The findings from the previous phases enabled the project team to identify a number of potential poka-yoke systems. Viable systems were compared and some were found to be unsuitable while two systems proved to have a lot of potential. Further investigation enabled the author to discover a critical flaw in the click-hunter system which would leave the process vulnerable in a way that a vision system would not.

7.3. [bookmark: _Toc512418981]Conclusion

In conclusion, the project has identified several recommendations, which will be addressed in the next section.




7.4. [bookmark: _Toc512418982]Recommendations

Following on from the findings of this project, the author investigated a number of potential poka-yoke systems that could either prevent this issue occurring or detect it. Two suitable poka-yoke systems were investigated further, click-hunter and a vision system with a CPA device. Both can offer a high level of accuracy on this process. 
The author would recommend to Ford the implementation of a vision system with a CPA device added to the connector. 
Though this system is considerably more expensive, it offers far greater accuracy due to click-hunters need for recalibration. During the time spent recalibrating the click-hunter system an estimated 28,200 engines will pass through undetected. This leaves the process vulnerable to failures. 
The primary influence of this project is quality therefore to ensure the highest level of quality a vision system with a CPA device will eliminate this issue. 
The author would recommend the use of a click-hunter system on a production line which works less than a three-shift pattern. A low volume production line, only working a day shift or two-shift pattern would provide time during the week for recalibration, without interfering with production. 
The click-hunter system could potentially be useful in processes where a vision system would not work. Vision systems focus on a fixed point yet with wiring harnesses, some connections are not in a fixed position, therefore a vision system would not work. 
Click-hunter clearly offers a highly accurate, cost effective, poka-yoke system to detect OK wiring harness connections but in this scenario its inability to continuously work in a way that a vision system can makes it unsuitable. 
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SUPPLIER


Lear Corporation - Injector harness


Bosch - High pressure fuel injector rail


INPUT


Transport injector harness from supplier to plant.


Transfer fuel injector rail from supplier to plant.


PROCESS


Operator connects injector harness to fuel injector rail.


Operator places fuel injector rail assembly into engine.


Operation x220











Deliver injector harness and fuel injector rail lineside in crate ready to be used.





Engine index from operation x220


OUTPUT


CUSTOMER


Fuel injector rail is seated correctly in engine ready for fixing.


Injector harness is securely connected to fuel injector rail.


Injector harness follows correct routing.


Operation x230





Hot Test continuity testing





Vehicle Operations Plant





Dealership network





General public














Pick up fuel rail and place in jig
3.35 seconds


Complete push, click, push quality check
0.8 seconds


Plug next closest connector into injector 3 connector
2.19 seconds


Plug end connector into injector 4 connector
2.45 seconds


Press fir tree into hole in line with injector 4
1.55 seconds


Complete push, click, push quality check
0.8 seconds


Press fir tree into hole in line with injector 3
1.55 seconds


Plug next closest connector into injector 2 connector
1.94 seconds


Complete push, click, push quality check
0.8 seconds


Press fir tree into hole in line with injector 2
1.55 seconds


Press next closest connector into injector 1 connector
1.94 seconds


Complete push, click, push quality check
0.8 seconds


Pick up fuel injector rail assembly and place in engine
1.55 seconds


Pedal release engine
0.77 seconds


Engine Index


Pick up injector harness and untangle
2.32 seconds


















































Customers


Internal


Operation x240


Hot Test


External


Vehicle Operations (VO) Plant


Dealership Network


Commercial/Private
Customers 


















Retrieve claims from global database           (10 minutes)


Check Build History              (20 minutes)


Request more informationfrom dealer and photos                 (5 minutes)


Create BSAQ Project showing Interim Containment Actions (ICA) and Permanent Corrective Actions (PCA)    (45 minutes)


Email Vehicle Operations team to link warranty claim to BSAQ Project              (10 minutes)
















Improvement Alternative


Alternative Connector


Clickhunter


Operator
Traceability


Vision Measurement System


Overcheck


Connector Position Assurance Device (CPA)

















.


Clickhunter
Vision system + CPA
Over-check


Traceability


Alternative connector
CPA







Analysis of Warranty Claims for Each Connector
Number of Warranty Claims	Fuel Injector Connector	Knock Sensor	Map Sensor	Crank Sensor	Exhaust Oil Control Valave	Oil Pressure Sensor	Intake Cam Sensor	Water Outlet Connector	Exhaust Cam Sensor	Main Injector Connector	57	4	4	4	2	2	2	1	1	1	Cumulative Percentage of Warranty Claims	Fuel Injector Connector	Knock Sensor	Map Sensor	Crank Sensor	Exhaust Oil Control Valave	Oil Pressure Sensor	Intake Cam Sensor	Water Outlet Connector	Exhaust Cam Sensor	Main Injector Connector	73	78.099999999999994	83.2	88.3	90.8	93.3	95.8	97.2	98.6	100	Harness Connector
Number of Warranty Claims
Cumulative Percentage of Warranty Claims

Number of Failed Engines Produced on Each Shift With or Without Absence Team Present
Number of Failed Engines	B  Absence team	A  Original team	A  Absence team	C  Original team	C  Absence team	B  Original team	14	12	11	9	6	5	Cumulative Percentage of Failed Engines	B  Absence team	A  Original team	A  Absence team	C  Original team	C  Absence team	B  Original team	24.6	45.6	65	80	91.2	100	Shift Including
Absence Team Member or Original Team
Number of Failed Engines
Cumulative percentage of failed Engines
Number of Shifts Worked With Absence Team and Number of Failed Engines Produced With Absence Team Present
Number of Shifts Worked	A Shift Absence Team	B Shift Absence Team	C Shift Absence Team	18	15	29	Number of Failed Engines Produced	A Shift Absence Team	B Shift Absence Team	C Shift Absence Team	11	14	6	Shift
Number of Shifts/Number of Failed Engines
Number of Shifts Worked With Only Regular Team Members and Number of Failures Produced With Only Regular Team Members Present
Number of Shifts Worked	A Shift 	B Shift 	C Shift	224	227	213	Number of Failures Produced	A Shift 	B Shift 	C Shift	12	5	9	Shift
Number of Shifts/Number of Failures
Mileage at Time of Repair
1-500	501-1000	1001-1500	1501-2000	2001 -2500	2500	>	36	8	4	2	5	2	Mileage
Number of Failures
Further Analysis of Repairs at 1-500 Miles
Number of Repairs	0-100	101-200	201-300	301-400	401-500	26	5	3	1	1	Mileage
Number of Repairs
Breakdown of Failure Concern for Repairs Between 1-100 Miles
Number of Failures	Disconnected	Loose	Not Seated	19	4	3	Cumulative Percentage of Failures	Disconnected	Loose	Not Seated	73	88	100	Failure Concern
Number of Failures
Cumulative Percentage of Failures
Failure Concern of Repairs Carried Out Between 1-10 Miles
Number of Failures	Disconnected	Loose	Not Seated	11	2	0	Failure Concern
Number of Failures
Breakdown of Failure Concern for all Repairs
Number of Failures	Disconnected	Loose	Not Seated	19	4	3	Cumulative Percentage of Failures	Disconnected	Loose	Not Seated	73	88	100	Failure Concern
Number of Failures
Cumulative Percentage of Failures
Repair Time for Failure


4	4.0999999999999996	4.2	4.3	4.4000000000000004	4.5	4.5999999999999996	4.7	4.8	4.9000000000000004	5	1	3	4	4	6	8	11	7	6	4	3	Time Taken in Hours


Number of Failures
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Item Fuel rail / injector harness assembly Responsibility:

Model Years: 2018 Key Date:12/4/2017

Core Team: Gareth Hopkins

Process Step

A c t i o n  R e s u l t s

Function

Requirements Potential Failure Mode

Potential Effect(s) 

of Failure

Potential 

Cause(s) / 

Mechanism(s) 

of Failure

Current 

Process 

Controls 

Prevention

Current 

Process 

Controls 

Detection

R. P. 

N.

Recommended 

Action(s)

x230 - Place 

fuel rail in jig

Fuel rail free 

from 

contamination

Contaminated fuel rail Injectors become 

blocked

10 Operator 

mishandling, 

contaminated 

packaging

2Sealed 

packaging for 

transportation, 

caps on point 

of fuel entry

Hot Test 5

100

None required

x230 - connect 

injector 

harness to 

fuel rail

Connections 

to be fully 

secured

Injector connector not 

securely mated

Poor 

performance, 

misfire

8 Operator error 5QPS sheets, 

operator 

training, push-

click-push 

check during 

operation, 

assembly jig 

positioned in 

front of 

operator for 

good view

Click-hunter 2

80

None required

Click-Hunter 

system to 

detect OK 

connections

Click-hunter system to need 

recalibration - injector 

connector not securely 

mated

Poor 

performance, 

misfire

8 Machine error 4Recalibration 

required on 

regular basis

4

128

Further 

Consideration

x230 - push fit 

fir trees

Fir trees to be 

fully pressed 

into hole so 

so they are 

secure

Fir trees not connected wiring loose and 

not following 

correct route, 

damage at 

following 

assembly 

operations, 

damage during 

service, rework 

required, scrap 

part

8 Operator error  1QPS sheets, 

operator 

training, 

assembly jig is 

positioned 

infront of 

operator-good 

view

Visual checks 

by operators 

at each 

process

4

32

None required

x230 - loose fit 

fuel rail 

assembly to 

engine

Components 

to be fitted 

without 

damaging 

them

Damaged teflon seal Combustion gas 

leakage

10 Incorrect fit by 

operator

1QPS sheets, 

operator 

training

Hot Test 8

80

None required
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1.5 GTDI Loose Fuel Injector Rail Connector

Company:Ford BEP

© 2017 KnowWare

Project Manager:Ryan Hopkin

Start Date:

Days Grouped 7

%

WBS Tasks HoursStart End Complete

10/2 10/910/1610/2310/3011/611/1311/2011/2712/412/1112/1812/25 1/1 1/8 1/15

1Literature Review 150.0 10/2 11/1

2Define 34.0 11/1 11/7

2.1Project inception - project charter 4.0 11/1 11/2 100%

2.2Map the process 7.5 11/2 11/3

2.3VOC -CTQ's 22.5 11/4 11/7

3Measure 10.5 11/1311/27

3.1Identify variation in process 2.0 11/1311/13

3.2Create data collection plan 1.0 11/1511/15

3.3Collect data 2.0 11/1711/17

3.4Measure current process 7.5 11/2711/27

4Analyse 12.5 11/2812/14

4.1Identify and review analysis methods 5.0 11/2811/28

4.2Graphical analysis tools 7.5 12/1 12/5

4.3Cost of Quality analysis 7.5 12/5 12/14

5Improve 112.512/14 1/11

5.1Identify potential poka-yoke system 37.5 12/1412/19

5.2Investigate potential poka-yoke systems 37.5 1/4 1/12

5.3further investigation of poka-yoke system 37.5 1/4 1/11

6Reccommendations 7.5 1/13 1/13

10/02/17
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Potential

 Failure Mode and Effects Analysis

(Process FMEA)

© 2017 KnowWare

Processx 230

Item Fuel rail / injector harness assembly Responsibility:Gareth Hopkins

Model Years: 2018 Key Date:12/4/2017

Core Team: Gareth Hopkins

Process Step

A c t i o n  R e s u l t s

Function

Requirements Potential Failure Mode

Potential Effect(s) 

of Failure

Potential 

Cause(s) / 

Mechanism(s) 

of Failure

Current 

Process 

Controls 

Prevention

Current 

Process 

Controls 

Detection

R. P. 

N.

Recommended 

Action(s)

x230 - Place 

fuel rail in jig

Fuel rail free 

from 

contamination

Contaminated fuel rail Injectors become 

blocked

10 Operator 

mishandling, 

contaminated 

packaging

2Sealed 

packaging for 

transportation, 

caps on point 

of fuel entry

Hot Test 5

100

None required

x230 - connect 

injector 

harness to 

fuel rail

Connections 

to be fully 

secured

Injector connector not 

securely mated

Poor 

performance, 

misfire

8 Operator error 5QPS sheets, 

operator 

training, push-

click-push 

check during 

operation, 

assembly jig 

positioned in 

front of 

operator for 

good view

Continuity of 

electrical 

circuits tested 

in Hot Test

4

160

Potential poka 

yoke systems 

being 

investigated

x230 - push fit 

fir trees

Fir trees to be 

fully pressed 

into hole so 

so they are 

secure

Fir trees not connected wiring loose and 

not following 

correct route, 

damage at 

following 

assembly 

operations, 

damage during 

service, rework 

required, scrap 

part

8 Operator error  1QPS sheets, 

operator 

training, 

assembly jig is 

positioned 

infront of 

operator-good 

view

Visual checks 

by operators 

at each 

process

4

32

None required

x230 - loose fit 

fuel rail 

assembly to 

engine

Components 

to be fitted 

without 

damaging 

them

Damaged teflon seal Combustion gas 

leakage

10 Incorrect fit by 

operator

1QPS sheets, 

operator 

training

Hot Test 8

80

None required
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Part (Item) Concern Mileage Material Cost Labor Cost

Labor 

Hours

 Total Cost 

Gross 

FUEL INJECTOR CONNECTOR DISCONNECTED 246 0 490 4.9 490.00 £    

KNOCK SENSOR LOOSE 8 0 50 0.5 50.00 £      

FUEL INJECTOR CONNECTOR LOOSE 892 0 460 4.6 460.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 149 0 480 4.8 480.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 9 0 490 4.9 490.00 £    

MAP SENSOR LOOSE 2 0 50 0.5 50.00 £      

FUEL INJECTOR CONNECTOR DISCONNECTED 588 0 460 4.6 460.00 £    

EXHAUST OIL CONTROL VALVE CONNECTORLOOSE 29 0 50 0.5 50.00 £      

FUEL INJECTOR CONNECTOR DISCONNECTED 49 0 460 4.6 460.00 £    

KNOCK SENSOR DISCONNECTED 2 0 50 0.5 50.00 £      

FUEL INJECTOR CONNECTOR DISCONNECTED 56 0 430 4.3 430.00 £    

CRANK SENSOR LOOSE 56 0 50 0.5 50.00 £      

EXHAUST CAM SENSOR DISCONNECTED 2 0 50 0.5 50.00 £      

FUEL INJECTOR CONNECTOR DISCONNECTED 454 0 470 4.7 470.00 £    

CRANK SENSOR NOT SEATED 280 0 50 0.5 50.00 £      

MAP SENSOR DISCONNECTED 5 0 50 0.5 50.00 £      

FUEL INJECTOR CONNECTOR LOOSE 13 0 490 4.9 490.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 75 0 470 4.7 470.00 £    

FUEL INJECTOR CONNECTOR LOOSE 4 0 460 4.6 460.00 £    

KNOCK SENSOR LOOSE 120 0 50 0.5 50.00 £      

WATER OUTLET CONNECTOR DISCONNECTED 10 0 50 0.5 50.00 £      

FUEL INJECTOR CONNECTOR DISCONNECTED 2 0 470 4.7 470.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 17 0 490 4.9 490.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 765 0 440 4.4 440.00 £    

MAIN INJECTOR CONNECTOR NOT SEATED 322 0 50 0.5 50.00 £      

FUEL INJECTOR CONNECTOR DISCONNECTED 190 0 470 4.7 470.00 £    

FUEL INJECTOR CONNECTOR LOOSE 1256 0 450 4.5 450.00 £    

KNOCK SENSOR LOOSE 1 0 50 0.5 50.00 £      

FUEL INJECTOR CONNECTOR DISCONNECTED 558 0 440 4.4 440.00 £    

FUEL INJECTOR CONNECTOR NOT SEATED 7561 0 480 4.8 480.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 7 0 500 5 500.00 £    

CRANK SENSOR NOT SEATED 837 0 50 0.5 50.00 £      

FUEL INJECTOR CONNECTOR LOOSE 184 0 470 4.7 470.00 £    

FUEL INJECTOR CONNECTOR NOT SEATED 199 0 450 4.5 450.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 2060 0 450 4.5 450.00 £    

FUEL INJECTOR CONNECTOR NOT SEATED 1079 0 480 4.8 480.00 £    

MAP SENSOR LOOSE 104 0 50 0.5 50.00 £      

FUEL INJECTOR CONNECTOR DISCONNECTED 5 0 460 4.6 460.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 10 0 440 4.4 440.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 62 0 500 5 500.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 4 0 450 4.5 450.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 1079 0 460 4.6 460.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 3 0 450 4.5 450.00 £    

OIL PRESSURE SENSOR DISCONNECTED 4 0 50 0.5 50.00 £      

FUEL INJECTOR CONNECTOR DISCONNECTED 25 0 450 4.5 450.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 2425 0 460 4.6 460.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 1711 0 460 4.6 460.00 £    

OIL PRESSURE SENSOR LOOSE 502 0 50 0.5 50.00 £      
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FUEL INJECTOR CONNECTOR DISCONNECTED 4 0 440 4.4 440.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 2274 0 410 4.1 410.00 £    

EXHAUST OIL CONTROL VALVE CONNECTORNOT SEATED 2189 0 50 0.5 50.00 £      

FUEL INJECTOR CONNECTOR DISCONNECTED 755 0 410 4.1 410.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 2484 0 460 4.6 460.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 2253 0 500 5 500.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 10 0 480 4.8 480.00 £    

FUEL INJECTOR CONNECTOR NOT SEATED 79 0 400 4 400.00 £    

CRANK SENSOR LOOSE 2315 0 50 0.5 50.00 £      

MAP SENSOR DISCONNECTED 3778 0 50 0.5 50.00 £      

FUEL INJECTOR CONNECTOR NOT SEATED 13 0 440 4.4 440.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 1964 0 440 4.4 440.00 £    

FUEL INJECTOR CONNECTOR LOOSE 6 0 480 4.8 480.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 1 0 460 4.6 460.00 £    

INTAKE CAM SENSOR DISCONNECTED 3 0 50 0.5 50.00 £      

FUEL INJECTOR CONNECTOR NOT SEATED 936 0 420 4.2 420.00 £    

FUEL INJECTOR CONNECTOR LOOSE 17 0 430 4.3 430.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 1142 0 410 4.1 410.00 £    

FUEL INJECTOR CONNECTOR NOT SEATED 40 0 430 4.3 430.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 26 0 480 4.8 480.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 10 0 450 4.5 450.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 898 0 450 4.5 450.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 510 0 460 4.6 460.00 £    

FUEL INJECTOR CONNECTOR NOT SEATED 2540 0 470 4.7 470.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 222 0 470 4.7 470.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 10 0 420 4.2 420.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 206 0 420 4.2 420.00 £    

INTAKE CAM SENSOR LOOSE 111 0 50 0.5 50.00 £      

FUEL INJECTOR CONNECTOR DISCONNECTED 336 0 420 4.2 420.00 £    

FUEL INJECTOR CONNECTOR DISCONNECTED 200 0 430 4.3 430.00 £    
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Line        

Sigma Assembly (Mins) (Secs)

0.466 28

Date

2/16/2018

No.Element description ModAPTS Code Mod's Freq Total Minutes Seconds

1

P/U Fuel rail and fit to jig as ETI T26 (M5G1M5P2M2P0)

26

1 26

0.056 3.35

2

P/U harness and untangle M5G1M2G1M3P2J2J2

18

1 18

0.039 2.32

3

Grasp & fit 1st connector + CPA M3P0M2G1E2E2M3P5X4

22

1 22

0.047 2.84

4

Grasp & fit 2nd connector + CPA M3G1E2E2M2P5X4

20

1 20

0.043 2.58

5

Grasp & fit 3rd connector + CPA M3G1E2E2M2P5X4

18

1 18

0.039 2.32

6

Grasp & fit 4th connector + CPA M3G1E2E2M2P5X4

18

1 18

0.039 2.32

8

Fit 1st fir tree M3G1M2P2X4

12

1 12

0.026 1.55

9

Fit 2nd fir tree M3G1M2P2X4

12

1 12

0.026 1.55

10

Fit 3rd fir tree M3G1M2P2X4

12

1 12

0.026 1.55

11

P/U & fit fuel rail sub assy to engine M2G1M5P2M2P0

12

1 12

0.026 1.55

12

Press foot perdal F3F3

6

1 6

0.013 0.77

13

0

0.000 0.00

14

Stock handling 0

0.000 0.00

15

Harnesses 1:20 M4G3M2G3M5P0M3G1M2P0

23

0.1 2.3

0.005 0.30

16

0

0.000 0.00

17

Fuel rails boxes M4G1M4P2M2P0  1:6 0

0.000 0.00

18

Fuel rail lids M4G1M4P2  1:6

24

0.166 4.0

0.009 0.51

20

0

0.000 0.00

0

0.000 0.00

0

0.000 0.00

0

0.000 0.00

Notes  182.284 0.392 23.51

0.074 4

JPH @ 100% 153.096

JPH @ 80% 122.477

Fit harness to F/rail

Fit F/rail Sub assy to engine



Video title



Totals

Parts per box

Stn. Loading

Inside Cycle Time

84.1%



1.5 GTDI

MODAPTS ANALYSIS

Area



Target Takt Time

X230

Description of operation    

Fit Fuel rail to jig

Engine Derivative
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Potential

 Failure Mode and Effects Analysis

(Process FMEA)

© 2017 KnowWare

Process

Item Fuel rail / injector harness assembly Responsibility:

Model Years: 2018 Key Date:12/4/2017

Core Team: Gareth Hopkins

Process Step

A c t i o n  R e s u l t s

Function

Requirements Potential Failure Mode

Potential Effect(s) 

of Failure

Potential 

Cause(s) / 

Mechanism(s) 

of Failure

Current 

Process 

Controls 

Prevention

Current 

Process 

Controls 

Detection

R. P. 

N.

Recommended 

Action(s)

x230 - Place 

fuel rail in jig

Fuel rail free 

from 

contamination

Contaminated fuel rail Injectors become 

blocked

10 Operator 

mishandling, 

contaminated 

packaging

2Sealed 

packaging for 

transportation, 

caps on point 

of fuel entry

Hot Test 5

100

None required

x230 - connect 

injector 

harness to 

fuel rail

Connections 

to be fully 

secured

Injector connector not 

securely mated

Poor 

performance, 

misfire

8 Operator error 5QPS sheets, 

operator 

training, push-

click-push 

check during 

operation, 

assembly jig 

positioned in 

front of 

operator for 

good view

Vision System 

+ CPA

1

40

None required

CPA device to 

be pushed to 

lock position

Injector connector not 

securely mated

Poor 

performance, 

misfire

8 Operator error 5None Vision System 1

40

None required

x230 - push fit 

fir trees

Fir trees to be 

fully pressed 

into hole so 

so they are 

secure

Fir trees not connected wiring loose and 

not following 

correct route, 

damage at 

following 

assembly 

operations, 

damage during 

service, rework 

required, scrap 

part

8 Operator error  1QPS sheets, 

operator 

training, 

assembly jig is 

positioned 

infront of 

operator-good 

view

Visual checks 

by operators 

at each 

process

4

32

None required

x230 - photo 

fuel rail 

injector 

harness sub 

assembly

Photo of 4 

securely 

mated 

connections

Movement in the vision 

system

Inconclusive 

photo. Restart 

process. 

Overcycle

3 Operator 

movement. 

Camera not 

securely fixed

7Two handed 

press  and 

hold to 

activate vision 

system. 

Purpose built 

rigid structure 

to fix camera 

to.

Feedback 

system

1

21

None required

Interference with the 

systems vision

Inconclusive 

photo. Restart 

process. 

Overcycle

3 Operator 

movement. 

6Two handed 

press  and 

hold to 

activate vision 

system. 

Feedback 

system

1

18

None required

Variation in the position of 

the fuel rail.

Inconclusive 

photo. Restart 

process. 

Overcycle. 

Inaccurate 

feedback.

5 Movement in 

the lineside jig. 

Jig not holding 

fuel rail secure.

6Rigid structure 

to locate fuel 

rail in. Vision 

system focal 

point to be a 

part of fuel rail

feedback 

system

2

60

None required

x230 - loose fit 

fuel rail 

assembly to 

engine

Components 

to be fitted 

without 

damaging 

them

Damaged teflon seal Combustion gas 

leakage

10 Incorrect fit by 

operator

1QPS sheets, 

operator 

training

Hot Test 8

80

None required
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