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1. [bookmark: _Ref39590797][bookmark: _Toc43064568]Abstract
This report investigated why the BioVue cassettes were experiencing lower peel strength results, which consequently caused an increased risk of false VITROS blood diagnostics test results. The project effectively identified the root cause of the lower packaging seal integrity as high material variation within the foil aluminium. Unfortunately, due to the supplier named Amcor being the largest global supplier of aluminium foil (Mordor Intelligence, 2020), and due to the difficulty to control the manufacturing process, the material variation was not going to be reduced with immediate effect. Instead, an alternative solution was required to ensure that the £650,000 worth of raw material was able to be used to produce saleable product, without compromising on the quality of the product.
The project researched and practiced Lean Six Sigma problem solving tools and methodologies to knowledgeably understand the industrial requirements. A wide range of credible sources were used to demonstrate the authors capability to complete thorough academic research and critically analyse improvement suggestions for process performance, and more specifically information regarding heat-seal packaging within a high regulatory medical industry such as Ortho Clinical Diagnostics. 
A solution was determined by the completion of a scientific statistical process named Design of Experiments which showed how the three critical to quality parameters interacted. The Critical to Quality parameters included Temperature, Pressure and Dwell Time. A  Factorial experimental design established how controllable inputs influenced the behaviour of outputs, therefore produced a response result with optimised parameter set points. The optimised parameters were not implemented due to manufacturing restrictions relating to COVID-19, however recommendations have been made to Ortho Clinical Diagnostics to resume the project once the VITROS manufacturing facilities reopens.
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Acronyms
	Acronym
	Definition

	OCD
	Ortho Clinical Diagnostics 

	DMAIC
	Define, Measure, Analyse, Improve & Control.

	FMEA
	Failure Mode Effect Analysis

	COQ
	Cost of Quality

	TPS
	Toyota Production System

	5S
	Sort, Set in Order, Shine, Standardise and Sustain

	KPI
	Key Performance Indicators 

	PDCA
	Plan, Do, Check, Act

	SMED
	Single Minute Exchange of Die

	4P
	Philosophy, Process, People and Problem solving

	TQM
	Total Quality Management

	ISO
	International Standardisation for Organisations

	VOC
	Voice of Customer

	CTQ
	Critical to Quality

	DOE
	Design of Experiments

	SPC
	Statistical Process Control

	OEE
	Operational Equipment Efficiency

	PAF
	Preventative, Appraisal, internal and external Failure cost.

	OFAT
	One-Factor-At-a-Time

	FDA
	Food and Drug Administration

	EMA
	European Medicines Agency

	NCR
	Non-Conformance Report

	PLC
	Programmable Logic Controller

	QC
	Quality Control

	RHP
	Ring Height Peal

	PHT
	Ring Height Trough

	CT
	Centre Tensions

	6M
	Measurement, Machine, Method, Mother Nature, Materials & Man

	CofA
	Certificate of Acceptance

	PP
	Polypropylene

	PID
	Proportional Integral Derivative



Project Plan
[bookmark: _Toc36113392][bookmark: _Toc36113688]The dissertation project was chosen in September 2019, based on the manufacturing difficulties at Ortho Clinical Diagnostics (OCD). The ‘DEFINE’ stage began in October 2019 and was critical for determining the overall project plan. It was calculated on 10th October 2019 that OCD had a total of 25 weeks which is shown by the second red bar Figure 1‑1 therefore a solution must be implemented by 1st April 2020 to prevent production going on stop, 
Resultantly with the projects required improvement implementation date known, the rest of the project plan was determined by working backwards as shown in Figure 1‑1.
[bookmark: _Ref39580569][bookmark: _Ref39580554][bookmark: _Toc43064679]Figure 1‑1 - Gantt Chart Displaying Academic Project Plan



Table 1‑1 was generated to summarise the facility, equipment and resource requirements associated to the foil recovery project. 
	[bookmark: _Ref39580597]Facility, Equipment and Resource Requirements.

	Research
	To improve the understanding of the project a literature review is needed. Project research will be collected via both the library and access to electronic sources from a computer.

	Software

	The project will require access to specific software. Allan Bradley PLC programming software will be required to adjust the sealing parameters. Additionally, a data analysing software package named Minitab will be needed to review all data collected from the engineering trials.

	Hardware
	To complete engineering trials, line downtime will need to be scheduled to allow the parameters to be altered. There will be a requirement to conduct post-processing quality tests by using the laboratory test equipment.

	Resource
	Regarding resource, the main resource requirement is linked to labour time. The project will heavily need Process Engineering’s time however, the project will also rely on the support of other departments such as Quality and Operations.  Resource will need to be balanced to ensure the project is fully completed within a maximum of 25 weeks.


[bookmark: _Toc43064647]Table 1‑1 - Project Requirements



2. [bookmark: _Toc43064569]Introduction
[bookmark: _Toc43064570]Project Aim 
The aim of the project is to investigate why the BioVue cassettes are experiencing lower peel force results, which consequently is causing failures. The project must define the extent of the problem, the resultant effects of the problem on the wider business as well as complete analysis to understand why the peel strength results have periodically changed. The project must aim to determine a solution to strengthen the peel force results to produce saleable product, without compromising on the quality of the goods. 

[bookmark: _Toc43064571]Project Objectives 
Table 2‑1 shows the objectives for the project.
	· [bookmark: _Ref39580625]
	Determine the material specification of the foil

	· 
	Determine the material specification of the plastic cassettes

	· 
	Determine how the foil and plastic cassettes seal

	· 
	Determine what conditions affect the sealing quality through research

	· 
	Assess the accuracy and reliability of sealing equipment for the affected conditions

	· 
	Scope a test protocol to evidence sealing effects on foil and plastic are indicative 

	· 
	Execute DOE study to determine optimal heat-sealing parameters


[bookmark: _Toc43064648]Table 2‑1 - Listed Project Objectives.

[bookmark: _Toc43064572]Goal Statement
The project must determine a solution to strengthen the peel force results to produce saleable product, without compromising on the quality of the BioVue cassettes. 

[bookmark: _Toc43064573]Project Purpose
The main purpose of the project is to use Lean Six Sigma problem solving tools and methodologies to wholly define the problem for all customers and stakeholders, with the intent of conducting root cause analysis to knowledgeably suggest industrial recommendations.
Furthermore, another project purpose is to demonstrate that the author has completed thorough academic research relating to Lean Six Sigma techniques as well as more specifically research based on improvement of process performance of heat-sealing packaging to a high regulatory standard such as the medical grade BioVue cassettes. The project will use a wide range of credible sources to demonstrate the authors capability when evaluating and critically appraising the recommendations.
[bookmark: _Toc43064574]Project Benefits 
If the project can successfully determine a solution, a financial saving of £1.3 Million raw material alone will be achieved. Completion of the problem definition and analysis will enable OCD employees to have an increased knowledge specific to the BioVue cassette heat-sealing process as well as an enhanced understanding of best practises associated to manufacturing packaging sealing systems. Another large benefit of management supporting the project is that successful project completion will reduce the risk of OCD not meeting their customer product demand, therefore will maintain their high customer satisfaction and not taint the company’s good reputation.

[bookmark: _Toc43064575]Model and Methodology 
This thesis will use a Lean Six Sigma methodology named DMAIC which is widely used for six sigma process improvements (Coskun, 2010), to investigate and recommend improvements to allow the use of quarantined foil material on saleable product.
DMAIC is an acronym for,
Define
Measure
Analyse
Improve
Control
The DMAIC methodology takes a problem that has been identified by an organisation and utilises a set of tools and techniques in a logical fashion to arrive at a sustainable solution. The resultant solution will minimise or eliminate the problem, place the organisation in a competitive position (Shankar, 2009).
The Lean Six Sigma methodology is applied extensively to tackle many issues in processes within today’s industries; where traditionally Lean is primarily applied first to remove wastes and secondly, Six Sigma tools implemented to reduce process variation. Various large global companies such as General Electric, Toyota, and Ford have benefited greatly from the adoption of Six Sigma and Lean engineering concepts since their introduction, and continue to do so (Souraj Salah, 2018). The DMAIC method that is traditionally adopted in the implementation of the Lean Six Sigma methodology has proven to yield cost-saving results in most cases (Vootukuru, 2008).
Due to the COVID-19 it was not possible to complete the ‘Improve’ DMAIC phase, therefore the ‘Control’ phase also was not addressed. Instead, all findings from Investigation 3 onwards regarding parameter optimisation cannot be tested on a large scale to confirm repeatability, and therefore will not verify that the root cause has been addressed. Instead, recommendations and control measures will be made. Should any recommendations be approved, the control stage should be addressed.


[bookmark: _Toc43064576]Company Information
OCD is a global leader of VITROS diagnostics with over 75 years of experience, more than 4,000 employees, and over 250 products. OCD serve the clinical laboratories by manufacturing testing platforms to monitor disease progression across multiple disease categories including infectious diseases, cardiology, and endocrinology. Additionally, OCD also focus their efforts on the global immunohematology communities with blood typing products as shown in OCD’s menu in Figure 2‑1. OCD’s commitments ensure every patient receives blood that is safe, the right type and the right unit (Ortho Clinical Diagnostics, 2019).
[bookmark: _Ref39580644][bookmark: _Toc43064680]Figure 2‑1 - OCD Menu of Immunoassays (Ortho Clinical Diagnostics, 2019).
[image: ]



[bookmark: _Toc43064577]Product of Interest - BioVue Cassettes.
The Ortho Clinical Diagnostics site in Pencoed, South Wales UK, currently manufactures a VITROS Immunodiagnostic product named BioVue as shown in Figure 2‑2 and Figure 2‑3. BioVue is a reagent system that, when combined with laboratory instrumentation, enables blood typing and antibody screening to ensure patient-donor compatibility in blood transfusions. The BioVue system column agglutination technology standardises blood typing and compatibility testing in a 6-microcolumn cassette preloaded with diluents, reagents and glass beads. Red blood cells are placed in the chamber above the column.  Upon centrifugation, red cells are forced through the bead column where agglutinated cells are trapped, while un-agglutinated red cells travel to the bottom of the column, forming a discrete pellet.  
[bookmark: _Ref39580674][bookmark: _Toc43064681]Figure 2‑2 – BioVue Cassette Photograph Front (Ortho Clinical Diagnostics, 2019).
[image: Image result for biovue cassettes]

[bookmark: _Ref39580676][bookmark: _Toc43064682]Figure 2‑3 – BioVue Cassette Photograph Back (Ortho Clinical Diagnostics, 2019).
[image: Image result for biovue cassettes]



3. [bookmark: _Toc38040455][bookmark: _Toc43064578]Literature Review 
Chapter three is the literature review which will look at the historic timeline of both Lean and Six Sigma manufacturing with the objective to identify the core principles, philosophies, and the characteristics. Additionally, both methodologies will undergo critical analysis and examine any barriers associated to the implementation.  Research will be conducted on heat-sealing of packaging and discuss the important of Failure Mode Effect Analysis (FMEA) as well as the Cost of Quality (COQ). Furthermore, the literature review will explore different experimental methods.
[bookmark: _Toc43064579]Manufacturing Efficiencies Tools
In a manufacturing process that experiences chronic quality problems, process improvement initiatives are implemented to assist an engineer determine the root cause of the issue (Hwang, 2006) (Juran and Gryna, 1988). Examples of process improvement initiatives to assist in the determination of the root cause include Taguchi methods, Total Quality Management, Lean Toyota Production system, Shainin system and Six Sigma, to name a few (Cox, 2015) (Harry, 2000) (Womack, 1991). Out of these approaches Lean Manufacturing and Six Sigma are the most intimately linked. Essentially, Six Sigma and Lean systems have the same goal, which is to create the most efficient system possible, but they take different approaches towards achieving this goal. In simplest terms, the main difference between Lean and Six Sigma is that they identify the root cause of waste differently (Villanovau University, 2020). Six Sigma differs from Lean, as it strongly concentrates on preventing defects instead of attempting to detect them after they occur (Trenkner, 2016). 
Lean Methodology
Lean is a methodology that is used to eliminate waste, variation, and work imbalances. According to Anderson et al. (Andersson R, 2006), the National Institute and Technology defines Lean as a systematic way to eliminate waste by pulling products from the supplier when required to achieve continuous improvement. Product is pulled through the line in response to actual demand, as opposed to being pushed through by the launch of orders based on the output of a planning system (Hobbs, 2003). 
Lean has high and positive prevalence in industry, with many successful cases recorded in the literature (Griffiths, 2008) (Hobbs, 2003) (Price, 1889). Nonetheless, the method is not without criticism. These include that it is exploitative of employees (Davenport, 2008) (Delbridge, 1998), as well as comments calling Lean a “fad” which is not relevant beyond its mass production roots (Graves, 2007), which is overly time consuming (Chakravorty, 2009) and lacks flexibility (Hines, 2012). 

[bookmark: _Toc43064580]Historical Development of Lean
When studying lean methodologies, it is important to recognise the development within manufacturing concepts over the centuries. Figure 3‑1 summarises some of the key historical lean methodologies. 
[bookmark: _Ref40012010][bookmark: _Toc43064683]Figure 3‑1 – Lean Manufacturing Historic Timeline (About Lean, 2017).
[image: https://slideplayer.com/slide/3378382/12/images/6/History+of+Lean+Late+1800%E2%80%99s+Early+1900%E2%80%99s+1930%E2%80%99s+1950%E2%80%99s+2009.jpg]
In the late 1800’s, Fredrick Winslow Taylor introduced a system of industrial scientific management, which he titled ‘The Principles of Scientific Management’. Taylor believed that the primary goals of a factory manager were to determine the best way for the operator to complete the job, to provide the proper tools and training, and to provide incentives for good performance (Taylor, 1911); this was the creation of ‘Standardised’ work.
In the early 1900’s, Frank and Lillian Gilbreth believed in regulation and consistency to establish efficiencies in the workplace (Price, 1889). Together they determined their own efficiencies concept by breaking down each job into its constituent motions, analysing the motions to determine which were essential, and timed the workers with a stopwatch (Dennis, 2007) (George, 2002); this was the creation of ‘Time and Motion’ studies. 


Similarly timed in the early 1900’s, Henry Ford used Taylor’s ‘Principles of Scientific Management’ to develop a production flow process to assemble cars quickly, which reduced their price so the public could more easily afford them (Fujimoto, 1999). Parts were developed to be interchangeable as each car was designed identically. On 1st December 1913, Henry Ford installed the first moving assembly line for the mass production of an entire automobile (Hobbs, 2003). His innovations reduced the time it took to build the Model-T from more than 12 hours to two hours and 30 minutes (History Editorial, 2019).
The next lean advancement was in the 1930’s by a man named Kiichiro Toyoda (Barton, 2009). Toyoda was the mainly responsible for the creation of the concept ‘Just-in-Time’. ‘Just-in-Time’ works on the principle that in a flow process, the right parts needed in assembly reach the assembly line at the time they are needed and only in the amount required, with the target of approaching zero inventory (Ohno, 2019) (About Lean, 2017). 
The Toyota Production System (TPS) was first formed in the 1950’s, thanks to Taiichi Ohno and Shigeo Shingo. The purpose of the Toyota Production System is to eliminate various kinds of waste through improvement activity and hence producing significant profits, with the primary goal of the system is therefore cost reduction or productivity improvement (Hines, 2012)  (Ohno, 2019) (Dennis, 2007). TPS incorporated ‘Just-in-Time’ concept along with newly generated ideas including non-stock production, Poke Yoke and zero proofing (Ohno, 2019). Throughout the subsequent decades (Fujimoto, 1999), TPS was continuously refined and improved until Toyota became the world’s largest leader in car production in the 1980’s. 


[bookmark: _Toc43064581]Toyota Production System House
Lean Manufacturing is often referred to the TPS, not because it is the best, though many would argue it is; but instead because it is the best documented and has proven itself over a very long period of time (Wilson, 2009) (Anthony, 2011) (Bevan, 2005). TPS has been studied and introduced into workplaces regardless of the industrial type, scale and even national boundaries (Ohno, 2019). The core TPS principles are summarised in the Quality House diagram shown in Figure 3‑2. The TPS House is structured in three parts: the foundations, the pillars and lastly the roof, where each part of the lean system with a different importance (Trenkner, 2016) (Rothstein, 2016). 
[bookmark: _Ref39936553][bookmark: _Toc43064684]Figure 3‑2 - TPS House of Quality (Meier, 2005).
 [image: https://www.projectengineer.net/wp-content/uploads/2019/12/toyota-production-system-house.jpg]


TPS Foundations
The foundations at the bottom of the TPS House within Figure 3‑2 contain three main elements: Heijunka, Standardisation and Kaizen. Figure 3‑3 shows how the three elements work simultaneously, by constantly planning incremental steps of improvements to journey towards the ‘Ideal’. 
[bookmark: _Ref40014554][bookmark: _Toc43064685]Figure 3‑3 – Journey to Ideal State (Stewart, 2018).
[image: ]
Heijunka
The Japanese word ‘Heijunka’ translates to ‘levelling’ in English. Heijunka is a Lean methodology for levelling production processes and minimising the chance of overburden (Dennis, 2007) (Bevan, 2005). Heijunka was introduced in order to counter different kinds of imbalances in the Toyota Production System but also as a strategy to meet market demands and fluctuations, while still carrying as little work in progress stock as possible (Oudhuis1, 2013). Heijunka is the inclusion of long term philosophy with focus on the 4M’s (Material, Method, Machine and Man) (Bevan, 2005). 
Standardisation
The foundation element named ‘Standardisation’ applies to the processes, procedures, products, and systems (Stewart, 2018). Standardised process and procedures enable immediate clarity on any abnormal manufacturing events, additionally the standardised approach encourages a repeatable consistent level of quality and safety (Meier, 2005) (George, 2007). Without standardisation, the TPS House would collapse (Stewart, 2018). Some of the standardisation tools include 5S (Sort, Set in Order, Shine, Standardise and Sustain), visual management techniques such as KPI’s (Key Performance Indicators) or job instructions can be used (Dennis, 2007).


Kaizen
Lastly, the remaining foundation is Kaizen. Kaizen originates from the Japanese words “kai-” which means “change” and “-zen” which means “good”. Kaizen is not a one-time project, it is instead a process and a state of mind for continuous improvement which encourages the removal of wastes (Burton, 2003). Kaizen lean tools are primarily used to promote continuous improvements; tool include but are not limited to the 8 Wastes, PCDA (Plan, Do, Check, Act), and Go Look See (Ohno, 2019) (Meier, 2005).
TPS Pillars
The pillars within Figure 3‑2 represent two core activities which are the driving principles of the TPS system; Just-in-Time and Jidoka. All lean tools discussed in Section 3.3.1, TPS Foundations are also valid for the Pillars, but instead the tools exist to facilitate flow and quality.
Just-in-Time
Just-in-Time is the philosophy of controlling inventory by ordering and using the raw materials needed to produce only the products that are necessary to meet the order of the customer (George, 2007) (Anthony, 2011). Within the Just-in-Time pillar however are more specific lean methodologies such as Pull Systems, One Piece Flow Production, Takt Times, (SMED) Single Minute Exchange of Dies, and Kanbans (Ohno, 1988). 
Jidoka
Jidoka can be loosely translated from Japanese to English to ‘automation with a human touch meaning that when a problem occurs, equipment is immediately stopped to prevent defective products being produced (Marcus Vinicius Pereira Pessôa, 2016). A direct output of Jidoka culture and practice is an improvement in product quality (Tisbury, 2014).
The four elements of Jidoka are (Ohno, 2019) & (Tisbury, 2014);
1) Detection of a problem
2) Stop the line
3) Correct the immediate problem
4) Investigate and correct root cause. 
A popular and effective practice (George, 2002) (Basu, 2004) for implementing Jidoka principles is by using an Andon system. Andon is signalling method often by the pull of a cord or a flashing light designed to alert operators and managers of a line problem in real time so that corrective measures can be taken immediately to eliminate reoccurrence of the problem (Lean Enterprise Institute, 2015). 
Commonly it is thought that production line stoppages are very costly therefore they are typically avoided (Hobbs, 2003). Ohno established however that stopping the line and solving problems immediately actually led to better performance in the long run. Initially, line stoppages were exhibiting a lower output but the immediate stoppages lead to problem solving which therefore resulted in fewer stoppages and better quality products (R.Grout, 2010). For a plant to operate efficiently with an Andon system, that system has to be seldom used and problems quickly resolved (Rothstein, 2016). Lean tools typically used in Jidoka include the following; Build in Quality, Harmony of Human and Machine, Stop the Line, 5 Whys, Poke Yoke, Quality standards and Error Proofing by the introduction of Poke Yoke techniques (Andersson R, 2006) (Dennis, 2007).
Tool - 5 Why’s
One of the TPS root cause analysis tools is the “5 Whys” analysis technique. Taiichi Ohno, the father of Toyota Production System was an avid proponent of the “5 Whys” analysis as a tool of root cause problem solving (Ohno, 1988) (George, 2007). By asking the question “Why” one can separate the symptoms from the causes of a problem (Marathamuthu, 2015). Effective use of the 5-why analysis technique will determine the root cause of any non-conformances and consequently lead businesses to develop effective long-term corrective actions (Moreton, 2016).
(Galley, 2008) and (Gano, 2007) argue persuasively that problems rarely have only one cause and that assuming a problem has one single root cause can prevent investigators from finding the best solution. The focus of any type of root cause analysis should be on finding and fixing the system of causes from the problem rather than finding someone to blame; find ‘Why’, not ‘Who’ (Wilson, 2013).
TPS Roof
Lastly the roof on the TPS House represents the overarching systems goals, where the main goal is the avoidance and reduction of waste (Ohno, 2019) (Thun, 2009). Ohno’s  approach is to achieve the highest quality, lowest costs, shortest time, highest safety and highest morale by only completing activities that generate an added value (Oudhuis1, 2013). A Lean Production System puts great emphasis on the cooperation between employees and leaders in collective efforts to reach excellence (Trenkner, 2016). The TPS roof is extremely customer focused with the objective of increasing customer satisfaction by promoting a people centred and process oriented culture (Villanovau University, 2020). 


Toyota Way 4P Model
In addition to the TPS House, another model was created by Jeffrey Liker titled the 4P Toyota Way which furthered the TPS House principles as shown in Figure 3‑4. The Toyota Way identified 14 principles, organised in four basic categories necessary for the implementation of a permanent Lean Production System (Trenkner, 2016), namely: Philosophy (long-term thinking), Process (elimination of waste), People and partners (respect, challenges and development), Problem solving (continuous improvement and learning).
[bookmark: _Ref39938765][bookmark: _Toc38358491][bookmark: _Toc43064686]Figure 3‑4 - A 4P Model of Toyota Way (Liker, 2003).
[image: ]
Most companies use only the ‘Process’ level, however without adopting the other 3P’s, the improvements they make will not have the heart and intelligence behind them to make them sustainable throughout the company (Liker, 2003). Many agree (Meier, 2005; Liker, 2003) that a company’s performance will continue to fall behind any competitors which adopt a true continuous improvement culture. 

Six Sigma Methodology
Six Sigma is a data driven methodology for improving products and processes by the elimination of defects (Barton, 2009). The term "Six Sigma" comes from the notion that if a process has six standard deviations between the mean of a process and the nearest specification limit, there will be practically no items that fail to meet the specifications, which is the basis of the Process Capability Study (Jainendrakumar, 2008).
Historic Development of Six Sigma
Most of the tools used within Six Sigma were used under the umbrella of quality and continuous improvement before the term “Six Sigma” was established (Snee, 2010). Similarly timed to the introduction of Lean in the 1900’s, Six Sigma began evolving by using several initiatives such as Crosby’s quality is free concept (Crosby, 1996); Deming’s 14 points (Demming Edwards, 2000); Juran’s quality control process (Juran, 2000); and most recently ISO9000 relating to quality management systems and Total Quality Management (TQM), where ISO is abbreviated for International Standardisation for Organisations. 
The methodologies used within Six Sigma are some of the most effective quality management initiatives (Bendell, 2006) (Basu, 2004) (Drohomeretski, 2014) (Grima, 1999). Six Sigma was officially first implemented by Bill Smith at Motorola in the late 1980s (Chadwick, 2007), where Motorola managed to obtained savings of over 940 million dollars in three years (Hann, 1999). The second largest Six Sigma success story was closely followed by the company named General Electric. General Electric were made famous in the 1990’s when John F. ‘Jack’ Welch (Eckes, 2001) increased their operating margin from 14.4 to 18.4% during the first five years of program implementation (Lucier, 2001).
Six Sigma’s future role within manufacturing organisations is encouraged and publicised as advantageous when DMAIC is fully utilised, especially when used with  complimentary quality management tools (Drohomeretski, 2014) (Jainendrakumar, 2008). There is a level of agreement between the staunchest critics that Six Sigma should only be used in product manufacturing where the idea of reducing defects really makes sense (Harry, 2000) (Hwang, 2006) and should not be used everywhere. Six Sigma is not however proven advantageous within other business environments such as Human Resources, Finance, Healthcare, Childcare and many more (Cronemyr, 2014) (Anthony, 2011) therefore project owners must think carefully before choosing a methodology which could potentially hinder results. It is believed that  the use of Six Sigma in isolation will be minimised in the future (Davenport, 2008).
Six Sigma is a structured way of solving problems in an existing process based on analysis of real process data (Magnusson, 2003). Motorola named the structured problem-solving process “MAIC”, which General Electric later titled “DMAIC” (Cronemyr, 2014). DMAIC is an abbreviation for Define, Measure, Analyse, Improve, Control, which is similar in theory to the PDCA of Total Quality Management (Villanovau University, 2020).


DMAIC
The first phase of DMAIC is to clearly define the customer requirements to determine the projects direction, goals, scope, milestones, team members and financial benefits (Hwang, 2006), it is recommended to document all this information within a project charter (Grima, 1999). Listening to the Voice of the Customer (VOC) is essential to a project success (Davidson, 2000).
The second phase, Measure identifies the defects in a product and attempts to quantify the size of the issue by producing baseline data (Singh, 2015). This phase often will specify any process or product characteristics which are Critical to Quality (CTQ) to ensure that the project focuses on areas that will have the greatest impact on customer satisfaction (Bendell, 2006). 
Analysis phase consists of examining data to generate a prioritised list of sources of variation. From using the baseline data collected from the Measure phase and conducting quantitative or qualitative analysis project goals can be set (Singh, 2015). Statistical tools and quality tools such as Root-Cause Analysis, Ishakawa and Normality Analysis are commonly used to support this phase  (Dennis, 2007) (Antony, 2014) (Singh, 2015). 
The Improve phase is where the optimal solution is determined from referring to all preparatory work. The goal is maximum process performance and reduce variation by following the mathematical and scientific means. A key step to achieve the required improvements is by following a Design of Experiment (DOE) format, often via a Factorial Design. DOE’s are known to establish how controllable inputs influence the behaviour of outputs, therefore producing a response result which can be interpreted to produce optimised factors. The potential improvements however must be validated via engineering trials to confirm that the proposed solution provides the expected improvement. 
The Control phase includes establishing a control plan, introducing poka-yoke, planning production scheduling, improved procedures, revised training plans, introduction of Statistical Process Control (SPC) charts to monitor critical input and outputs (Hwang, 2006) (Barton, 2009) (George, 2002).
[bookmark: _Toc38040457]Mostly the DMAIC methodology is well supported (Demming Edwards, 2000) (Gano, 2007) (Gijo, 2005), although there are lingering criticisms that the full use of methodology and its subsequent complexity, thoroughness and lack of speed, may only be necessary to solve only the smallest percent of complex problems; quality traditionalists state that 90 percent of problems can be solved more easily by using basic quality tools (Kondo, 1998) (Dennis, 2007).

Lean Six Sigma Methodology
Whilst Six Sigma is commonly suggested due to it being a value adding strategic approach (Antony, 2014), Lean has also clearly been delineated as a long term strategy that is exemplified by such world-class organisations such as Toyota (Jeffrey, 2017). Whilst Six Sigma and Lean have many similarities as shown in Figure 3‑5 especially concerning methodologies, tools and effects, they differ in some areas, in particular concerning the main theory, approach and the main criticism (Andersson R, 2006). Typically organisations which combine these two complementary concepts achieve the greatest gains (Jainendrakumar, 2008) as they then have a tailored method to fit the culture of the specific company and country needs therefore it is recommended to adopt a Lean Six Sigma approach. The Lean Six Sigma methodology integrates both Six Sigma and Lean using DMAIC cycle as a conjoint continuous improvement framework (Tenera & Carnero Pinto, 2014).
[bookmark: _Ref42973547][bookmark: _Toc43064687]Figure 3‑5 - Diagram Displaying Relationship between Tools (Souraj Salah, 2018).
[image: ]
The continued successes of both Lean and Six Sigma over the past two decades created an enormous demand for greater knowledge about such thinking. A internet search for the term ‘Lean Six Sigma’ via Google (Google, 2020) was conducted on 06th June 2020 which resulted in over 212,000,000 internet results and over 616,000 of those results were books, journals or media articles. The volume of Lean Six Sigma resources available are only continuing to grow daily due to its ever-growing audience. Lean and Six Sigma methods are used more and more in pursuit of green, sustainable manufacturing (Freitas, 2017).
Lean Six Sigma implementation is fraught with problems (Grima, 1999) (Gijo, 2005) and there are many examples of both successful and unsuccessful deployment in organisations: there is increasing concern about implementation failures (Chakravorty, 2009). Lean Six Sigma combination attempts are criticised as being ineffective (Bendell, 2006) as they take one methodology as the dominant one, and the other as the subordinate one, ignoring the fact that each has its unique features and benefits. 
Lean Six Sigma is a model which when well applied, leads organisations to unquestionably improve their performance (Drohomeretski, 2014). For this purpose, in agreement with (Andersson R, 2006) (Jainendrakumar, 2008) (Rothstein, 2016), it is recommended to use Lean Six Sigma within one framework. The integration of Lean with Six Sigma which focuses on connection between process steps (Anthony, 2011) (Snee, 2010) is supported by both practitioners and scholars. A survey of 2215 companies was conducted (Shandrasekaran, 2008) that combined the implementation of lean tools with Six Sigma projects and identified that certain lean practices have a greater influence on Six Sigma projects than others depending on how they are implemented which affirms that lean and Six Sigma should be seen as complementary strategies. 
(Barton, 2009) conducted a case study in a small engineering company located in the UK. The authors report that with the integrated implementation of LSS on the production line where the pilot was implemented, there was a 55% reduction in scrap costs, an increase in overall equipment effectiveness (OEE) from 34 to 55%, a 34% increase in the time available for production and a 12% reduction in energy consumption per year
[bookmark: _Toc38040460]

Heat-sealing Packaging
Heat-sealing technology is employed widely in the packaging industry, there are many different types of heat-sealing techniques, including those employing jaw-type bar sealers, rotary sealers, band rotary sealers, impulse-type sealers, plate sealers, bead sealers, and hot knife and side-weld sealers (Hobbs, 1989). Despite the complexities of the alternative methods, the basic concept behind heat-sealing remains the same; the process relies on the bonding of two thermoplastic polymer surfaces when they are brought into intimate contact whilst in a partially molten state (Capaccio, 1998). To achieve a reasonable bond, the surfaces must be pressed together under an adequate pressure for a sufficient period of time so that the polymer chains can diffuse across the interface to form bridges (Yuan, 2007). 
The core purposes of primarily medical packaging includes,
1. Protection – The packaging must protect the product against all adverse external influences that may affect its quality or efficacy, such as light, moisture, oxygen, biological contamination and mechanical damage (Edwards, 2009).

2. Containment – The containment of the product is the most fundamental function of packaging for medicinal products. The design of high‑quality packaging must consider both the needs of the product, the manufacturer, and the distribution system. The packaging must not to leak, nor allow diffusion and permeation of the product  (Nayak, 2008).
Heat-sealing of packaging within medical engineering is highly regulated due to the critically of manufacturing a product which could have detrimental effects to the end user if the packaging seal integrity is compromised (Nitaigour, 2014). Package integrity tests are used to detect packaging problems that could adversely affect the sterility of a medical packaging system. Sterile products may be subjected to an environmental stress intended to simulate extreme conditions that a product might encounter in shipping or storage. ISO 15378:2017 states the primary packaging requirement for medical packaging, specifying in particular the requirements of using FMEA’s for the application of Good Manufacturing Practices (ISO Standards, 2019). 



[bookmark: _Toc43064582]FMEA Analysis
FMEA stands for Failure Mode Effect Analysis. FMEA is a type of risk assessment that uses a step-by-step approach to identify potential failures in a process, which allows for analysis to prevent or reduce future failures, relating to risk analysis of Processes (PFMEA). 
“Failure modes” refers to the ways in which something can fail. “Effects analysis” refers to the scrutinizing of the consequences of each of those failures. FMEA is a preventative action, meant to be implemented before a process is designed, modified, or applied in a new way. 
FMEA is known as a live document that must be reviewed and updated whenever procedures are changed, requiring its query and modification in cases where the process has any quality problem, in order to ensure all possible actions to avoid a recurrence in the future (Campos, 2015). Thus, FMEA is a very powerful method when applied correctly, but, otherwise, does not show its benefits (Devadasan, 2003). The use of FMEA’s is considered a key element in quality process planning (Stamatis, 1995) (Battikh, 2003) which results in the organisations save resources, a high level of customer satisfaction and also an increased appreciation the Cost of Quality (COQ). 


[bookmark: _Toc43064583]Cost of Quality
The measurement and evaluation of all the COQ is a critical issue for improvement in all business areas, since it plays an important role in increasing efficiency, reducing unfruitful expenditure and enhancing profitability (Souraj Salah, 2018). Thus, in order for companies to obtain a competitive advantage, they should evaluate the COQ and more specifically under the categories which has been identified as a list by BS 6143: Part 2 (1990) (Wudhikarn, 2012) as; Prevention, Appraisal, internal and external Failure cost (PAF Model). 
One of the greatest critical concerns that companies have is how to achieve a balance between the desired level of quality and the expenses associated with it (Heravi, 2014) because there was a mistaken notion that the achievement of better quality requires higher costs (Garg, 2011) which has resulted in many companies not investing in COQ. Despite this concern stopping more organisations investing, it is recommended (Barton, 2009) (Chakravorty, 2009) that a trade-off between the minimisation of the COQ and the maximisation of the quality of conformance is the goal, in order to achieve high quality in the most economical way (Wudhikarn, 2012).
ISO 9001 regulated companies such as medical engineering organisations are commonly known to prioritise risks to drive measurable, cost-saving performance improvements (Siegrist, 2015) therefore it has been identified that there is a cause–effect relationship between quality management system ISO 9001 and performance meaning that ISO-certified companies will perform better than those that are not certified (Heravi, 2014). It has been proven (Haversjo, 2000) that the difference in performance between ISO and non-ISO certified companies was 20% in the year prior to certification, and approximately 35% two years after certification. Within that analysis, companies confirmed the importance of standards and their direct influence on sales and costs (Milosevic, 2016). Thus, is it fair to say that the measurement of quality costs is a good indicator of the quality and the overall performance of a firm (Kanapathy, 2011).



[bookmark: _Toc43064584]Experimental Methods 
One-Factor-At-a-Time (OFAT) Method
One of the common approaches employed by manufacturing companies is One-Factor-At-a-Time (OFAT) experiment, where one variable is altered at a time, whilst all other variables remain fixed (Antony, 2014). The OFAT approach depends upon guesswork, luck, experience and intuition for its success. Moreover, OFAT experiments typically require large quantities of resources to obtain a limited amount of information about the process. OFAT experiments often are unreliable, inefficient and time consuming and may yield false optimum conditions for the process (Lucier, 2001) (Antony, 2014). However, OFAT is widely taught and practiced throughout both educational institutions and within business too as it is a simplistic concept (Barton, 2009). OFAT requires little planning and can be often be executed quickly due to reduced planning time (Montgomery, 2008), however often at the cost of not having the capability to show the interaction between multiple significant factors simultaneously (Quigley, 2012). 
Design of Experiments Method
DOE was developed in the early 1920’s by Sir Ronald Fisher at Rothamsted Agricultural Research Facility to determine the effects on crops by using various fertilisers in London, England (Antony, 2014). The agricultural successes achieved due to the DOE’s findings prompted the DOE principles to be adopted in manufacturing.
DOE may be applied to four main engineering categories.
1. Comparative
2. Screening/Characterising
3. Modelling
4. Optimising 
DOE is a systematic, rigorous approach to engineering problem solving that applies principles and techniques at the data collection stage to ensure the generation of valid, defensible, and supportable engineering conclusions (Tabias P C Croarkin, 2006). Additionally, the DOE is carried out under the constraint of a minimal expenditure of engineering runs, time, and money (Box, 2005)


DOE is a statistical approach to process optimisation which possesses numerous advantages over the traditional OFAT approach. Benefits include increased experimental efficiency, as well as an ability to resolve factor interactions and provide detailed maps of a process’s behaviour (Bowden, 2019). In contrast to OFAT, DOE factorial designs consider effects from multiple factors simultaneously (Box, 2005). The success of any industrially designed experiment depends on sound planning, appropriate choice of design, and statistical analysis of data (Antony, 2014).
[bookmark: _Ref39590802]The formal start for this new wave in the way pharmaceutical businesses are conducted and managed, was given by the Food and Drug Administration (FDA) & later by the European Medicines Agency (EMA) where they called for an initiative for serious change; in the rise of the 21st century, there was a huge emphasis on how patient's safety can be enhanced by integrating science and management into the development and manufacturing activities by using tools such as DOE’s (Food and Drug Administrations, 2004).

4. [bookmark: _Toc43064585]Define
The Define stage will include, 
· Problem Statement 
· Project Charter
· Customers
· Business Case Including Cost Savings
· Project Timescale
· Process Description 
· Root Cause Analysis 

[bookmark: _Toc43064586]Problem Statement
In October 2019, BioVue samples were routinely taken for quality control testing however abnormal results were produced; the peel force values were lower than the 4.1 Newton criteria. The failed samples, along with the rest of the Works Order was quarantined and a Non-Conformance Report (NCR) was raised.
External to this academic paper, OCD employees determined that the hypothesis that a peel force of 4.1 or lower was the cause of delayed bubbles developing in cassettes via validated test methods. The hypothesis findings are summarised within the next paragraph.  
A peel force lower limit of 4.1 Newton’s is critical to product quality because it a peel force result is achieved lower than the limit, it is probable that the seal integrity has been jeopardised. A peel force result of 4.1N’s or lower implied that the cassette is liquid sealed however not fully sealed to prevent movement of air. The Polypropylene cassette column rings collapse during heat-sealing with the aluminium foil creating a positive pressure inside the column chambers. The positive pressure depletes over time if the seal integrity is not high therefore the highly saturated liquid within the cassettes columns result in the oxygen dissolving which creates the presence of column bubbles. 
The presence of cassette bubbles is not acceptable as it can lead to false medical results, i.e. false negatives, or false positives. False negatives could result in patient not receiving critical treatment, where a false positive test result could result in a patient incorrectly receiving treatment when not required; both possibly detrimental to the life an individual and detrimental to OCD’s company reputation. 
Furthermore, all production batches manufactured after the first NCR were also experiencing the same lower peel force results. An emergency production meeting was called with all affected departments such as, Operations, Process, Stores, Quality, Supplier and Technical Authorities. It was discovered by Stores that the only known variable was the use of a new incoming batch of Aluminium foil.  
The BioVue manufacturing module associated to these failed peel force results is Module 1, more specifically the heat-sealing station. The heat-sealing station is responsible for sealing an Aluminium foil barrier to the lid of the plastic injection moulded cassette. 


The newly used batch of foil was manufactured in November 2018 however, only begun cycling on the production line in October 2019. OCD were very fortunate to have sampled the new stock before the older stock became fully depleted. The older stock was tested on-line to confirm that the lower peel forces seen were not line related, but instead due to material properties. The trial successfully proved that the new aluminium foil was responsible for producing BioVue cassettes with a peel force value below the lower limit threshold of 4.1 Newton’s.  

Problem Statement,
[bookmark: _Toc36646134]Peel force strength results for BioVue cassettes are lower than the 4.1N lower limit defined, therefore there is an increased likelihood of bubbles developing inside the cassette column which increases the risk of false blood diagnostic results.

[bookmark: _Toc43064587]Project Charter 
Table 4‑1 highlights the identified quantities of resource, raw material and other direct costings associated to the project to allow completion. The total cost is estimated as £5,800,
	[bookmark: _Ref39580719]Category 
	Variant 
	Quantity 
	Cost

	Capital 
	Process Changes 
	N/A
	£2,000

	
	  
	
	

	Material 
	Cassettes 
	500
	£310 

	
	Reagent
	5kg 
	£80

	
	Sleeves 
	100
	£40

	
	Trays 
	100 
	£40

	
	Cases 
	20
	£10

	
	  
	
	

	Labour 
	Supplier Quality
	30
	£600

	
	Operator Line Time 
	20 Hours
	£260

	
	Lab Trial Tests 
	30 Hours
	£460

	
	Process Engineering Time
	50 Hours
	£1000

	
	Quality Engineering Time 
	30 Hours
	£600

	
	  
	
	

	Equipment 
	Ortho Vision Time 
	10 Hours
	£400

	
	  
	
	

	Total Cost = £5,800


[bookmark: _Toc43064649][bookmark: _Toc36646133]Table 4‑1 - Project Charter Table 

[bookmark: _Toc43064588]Customers 
The customer is the most important part of a business; no customer means no reason to exist (Salvendy, 2001). Within Table 4‑2 is an evaluation of all the internal and external customers associated to the project,
[bookmark: _Toc43064650]Table 4‑2 - Customers Associated to Project
	Customers
	Definition
	Affected

	Internal
	“An employee or department that uses goods or services supplied by their own company as part of their job” (Cambridge, 2020)
	Production Operators

	
	
	Operations Engineering

	
	
	Quality Engineering

	
	
	Quality Control

	
	
	Supplier Quality

	
	
	Management 

	External 
	“A customer of a product or service who is not an employee or part of the company that supplies it” (Cambridge, 2020).
	Medical Employees

	
	
	Patients

	Stakeholders



	“A person such as an employee, customer, or citizen who is involved with an organization, society, etc. and therefore has responsibilities towards it and an interest in its success” (Cambridge, 2020).
	Community

	
	
	Society

	
	
	Government

	
	
	Health Authorities such as, 
- Food and Drug Administration (FDA)
- European Medicines Agency (EMA)





[bookmark: _Toc43064589]Business Case Including Cost Savings
It is in the best interest of OCD to determine a solution to allow the use of 1650 failed aluminium foil reels on saleable BioVue product, without compromising on the quality of the goods. Equation 4‑1 shows that OCD have a total batch quantity of 1650 foil reels, which equated to £651,750 of anticipated scrappage.
[bookmark: _Ref42346817][bookmark: _Toc43064710]Equation 4‑1 – Potential Scrap Raw Material Costings
	


The determination of a solution would result in a reduction in expenditure from both the money that will be saved by salvaging the scrap material and additionally by removing the need to purchase replacement material. The raw material cost savings totally over £1.3 Million is shown in Equation 4‑2. 
[bookmark: _Ref42347265][bookmark: _Toc43064711]Equation 4‑2 - Raw Material Costs
	 
 
 


Equation 4‑2 relies on the assumption that purchasing replacement foil would guarantee no further peel strength failures however, there is high potential that any new foil stock purchased would have the same heat-sealing issues because the root cause has yet to be found and therefore no improvements have been implemented.
[bookmark: _Ref42347363]The predicted project costs were calculated within the Project Charter table shown in Table 4‑1, however the prediction is based on up to £2,000 for process changes due to the required changes not yet known. Based on a project cost of £5,800, the payback period is 0.0044 Years which equates to less than 0.05 months as shown in Equation 4‑3 which is an incredibly low payback period. The payback period is so low due to without this project there will be no saleable product produced.


[bookmark: _Toc43064712]Equation 4‑3 – Payback Period Calculation
	


*Note, payback period will be faster as equation does not include hidden costs such as scrap, rework, labour associated to supplier audits and much more.


Furthermore, there is a strong business case for OCD to support the Recovery Foil project as the identification of a solution will also result in an increased understanding of the heat-sealing process. Increased knowledge will be beneficial to ensure engineering prevent the problems repeating.
Additionally, without the Recovery Foil project there is a high risk of not producing enough BioVue product to meet customer demand. If service levels are not met, customer satisfaction will decrease which could damage OCD’s high reputation.
Summarised Advantages,
· £1.3 million saved raw material costings
· Payback period of 0.0044 Years on the assumptions of,
· Annual production volume of 60 million cassettes.
· Manufacturing will continue producing product 24 hours a day, 7 days per week, 52 weeks per year. 
· Planned downtime of 6 hours per week for preventative maintenance tasks.
· With an Overall Equipment Effectivity of 85%.
· Reduced risk of future foil stock not suitable
· Increased internal engineering knowledge of,
· Suppliers manufacturing process, 
· Foil material specification,
· Heat-sealing process.
· Reduced risk of not producing customer demand
· Reduced risk of decreasing customer satisfaction

[bookmark: _Toc36646135]

[bookmark: _Toc43064590]Project Timescale
[bookmark: _Hlk42347253]The project has a strict deadline which is dedicated by the number of passed foil reels available for production use. There is a total of 1050 foil reels, each with 300 meters length. Each production line uses typically 6 reels in a 24-hour period. 
Equation 4‑4 shows that OCD have a total of 25 weeks of production time remaining until the failed foil must be used, and in the machines current setup the failed foil is not suitable therefore only rejected parts will be produced. A solution must be found to prevent production going on stop. 
[bookmark: _Ref42347733][bookmark: _Toc43064713]Equation 4‑4 - Project TimeLine Calculation
	




Referring back to the initial project plan shown within Figure 1‑1, as a Gantt chart, the top level project tasks were mapped out. A Gantt chart enables the view of start and stop times easily for project tasks and subtasks, whilst depicting all tasks in chronological order. For tasks that begin at the same time and run concurrently, the Gantt chart is a highly convenient tool (Davidson, 2000). The merits of Gantt charts include that they are simple to use and provide a clear visual representation of both the scheduled and actual progress of activities (Basu, 2004). (Basu, 2004) continues to explain that a Gantt chart, however, is not an optimising tool but it can be used to demonstrate the project critical pathway. 
Resultantly, Figure 4‑1 shows the critical pathway of the foil recovery project. The critical pathway is a simplified project plan, removing ‘non-essential’ activities such Introduction, and Literature Review.
[bookmark: _Ref39753666][bookmark: _Toc43064688]Figure 4‑1 – Critical Pathway Project Plan


[bookmark: _Toc43064591]Process Description
BioVue Manufacturing Line Overview
BioVue manufacturing line equipment is split into five automated modules which are arranged in series as shown in Figure 4‑2.
[bookmark: _Ref42974105][bookmark: _Toc43064689]Figure 4‑2 – BioVue Process Flow Chart


Each BioVue module is responsible for the following, Module 1 – Cassette Filler, Module 2 – Cassette Labeller, Module 3 – Cassette to Tray, Module 4 – Tray to Sleeve, and lastly Module 5 – Case Packer. 
Module 1 – Cassette Filler
Cassettes are fed into an ascending conveyor, into two bowl feeders which correctly orientate the cassettes whilst moving them into the filling machine. A pick and place station indexes the cassettes into the first rotary table. The 6 cavities of the cassette are filled with reagents at the liquid dosing station and then each column is also dispensed with glass beads. The cassettes then get transferred onto the second rotary table. Four foil strips are punched from a single roll on the foil preparation station and is transferred on the surface of the cassettes located on the rotary table. During the placement movement a small sealing tool ‘tac’s’ the foil onto each cassette to hold it in position until the foil is fully sealed by the sealing station. A vision system will verify that the foil has been sealed in the correct position and that there is no gross damage to the surface of the foil. Any parts that have been identified as rejects by the vision system are coded as failed within the PLC shift register. 

Module 2 – Cassette Labeller 
The cassettes are then transported by a pick and place station into Module 2. The cassettes get labelled with the front and the back label. A vision camera system checks the content of the labels, whilst a second camera system checks the filling levels of the different reagents and glass beads inside the cassette columns. Any parts identified as rejects from the camera systems from Module 1 and Module 2 are rejected into the reject station. Next, the cassettes move into Module 3.



Module 3 – Cassette to Tray
A cylinder with a vacuum suction plate transfers the first tray blank into an erecting station. A vacuum suction plate then erects the blank tray. The second step to preparing the tray, is the closing of the side flaps, then the folding the top flaps and finally push flaps into the tray to close it. A servo driven linear transport moves erected trays into a conveyor. The conveyor carries trays into the cassettes loading position. The loading unit loads the cassettes directly into the tray. The filling conveyor indexes the tray step by step throughout the filling process until the tray is fully loaded. The fully loaded tray is transported by cylinders to Module 4.

Module 4 – Cassette to Sleeve
A vacuum mechanism like Module 3 transfers a blank sleeve into an erecting station. A second sucker plate erects the sleeve blank and a sensor checks that the blank is correctly erected. After erecting of the sleeve, a station centres the sleeve blank via a pneumatic cylinder. A pneumatic cylinder pushes the filled tray through a guiding system into the sleeve. Once the tray is inserted, the two locking tabs are pushed into position via a pneumatic cylinder. A printed label with lot number and expiry date is applied on one end of the sleeved tray. On selected product variants, a temperature integrity label is applied on the other end. All passed assembled and labelled trays are transported to the case packer in-feed. More in process checks occur via a vision system and if a defect is detected, the tray is transported into a reject chute. 

Module 5 - Case Packer
The case packer orientates the sleeved cassette trays in 4 rows of 5 trays for 400 cases. The trays are pushed on to a flat cardboard case form and the cardboard is wrapped and glues around the trays to form a case. The packed and glued case travels along the conveyor and a printed label is applied to the side of the case. A vision system checks the case printed label for critical product identification information to ensure regulatory compliance.




Heat-sealing Specific Process Description 
The BioVue cassette sealing process is completed in two stages, using an Aluminium lidding foil with a Polypropylene/Epoxy heat seal. Table 4‑3 shows the flow diagram illustrating the foil sealing process steps,
[bookmark: _Ref39580866][bookmark: _Toc43064651]Table 4‑3 - Heat-sealing Process Flow, Images from OCD (Ortho Clinical Diagnostics, 2019).
	Heat-sealing Process

	First, the foil strips are punched and pre-sealed (‘tac’ sealed) onto the cassettes using a narrow sealing head. After pre-sealing, a foil sensing station ensures the presence of foil on both the front and back position of the cassette. If presence of foil is not detected on a cassette, then the cassette will not be lifted against the sealing head and will be rejected in the reject station. Foil presence sensors prevent the plastic cassette being directly exposed to the foil sealing heated surface on the next station. 

Next, the main sealing station seals the entire strip across all six columns.
	[image: ]
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	The foil sealing heater block has two heater cartridges and two individual PT100 temperature transducers for temperature measurement. The actual temperature measured is monitored and controlled between agreed limits.
	[image: ]

	The sealing head movement is driven by a pneumatic cylinder, where the speed of movement is controlled by pneumatic flow restrictors. The air pressure is set high to ensure positive movement. 

The sealing head stays in the lower position when the machine is running. The sealing head is retracted only when the machine is stopped to avoid the risk of damaging the part through overheating.
	[image: ]

	Once the heater block is in the lower position, four independent cassette lifters push the bottom of each cassette such that the attached foil is in contact with the heated surface. The pressure is set by a single regulator and is applied to each independent cassette lifter during the sealing process. The air pressure is measured and monitored between defined limits for this process.
	[image: ]


.


Foil Sealing Quality Assurance
Each manufacturing BioVue batch requires samples to be quality tested at various sample points dependent on the batch quantity and specific BioVue reagent recipe. Some tests are built into the batch recipe and are automated on-line, other tests require human intervention and therefore are tested off-line within the Quality Control (QC) laboratories.
On-Line Quality Checks
Once the cassettes have been sealed, the product undergoes 5 critical foil camera checks which must PASS to allow the cassette to move forward along the production line to be packaged. The 5 testing criteria has been listed in Table 4‑4,
[bookmark: _Ref41241409][bookmark: _Toc43064652]Table 4‑4 - BioVue Online Camera Criteria (Ortho Clinical Diagnostics, 2019).
	Foil Camera Checks

	[image: ]
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Off-Line Quality Checks
As part of the QC testing, the first 30 and last 30 cassettes produced for all batches of BioVue cassettes manufactured are sampled and tested. QC tests evaluate the cassettes cosmetic and physical attributes, more specifically including the peel force test to gain confidence in the effectiveness of the seal integrity. The repeated first-off, last-off 30 sampling rate was set by Quality Engineering on the assumption that if cassettes at both the beginning and the end of the Works Order pass QC requirements, then all cassettes manufactured in-between will also pass the requirements.


The peel test is carried out by manually loading a bespoke jig with the BioVue product, then a pre-set program initiates the tensiometer. The resistance of the foil adhesive is measured in Newtons (N) and the data stored in the Nexygen Plus software. The foil peel test measures 12 x Ring Height Peaks (RHP), 5 x Ring Height Troughs (RHT) and 6 x Centre Tensions (CT) for each cassette as shown in Figure 4‑2.
[bookmark: _Ref41241470][bookmark: _Ref41241467][bookmark: _Toc43064690]Figure 4‑2 – Foil Peel Test Measuring Criteria (Ortho Clinical Diagnostics, 2019).
[image: ]

This report will use peel strength data linked to RHT3 as shown in Figure 4‑2 and Figure 4‑3 only as the standard for data comparison. Shown within Figure 4‑3 are visible strings on the surface of the aluminium lidding, these strings represent a poor cassette-foil seal interaction.
[bookmark: _Ref39760815][bookmark: _Toc43064691]Figure 4‑3 – Photograph of Foil Peel Test (Ortho Clinical Diagnostics, 2019). 
[image: C:\Users\Nia.David\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\17AE11D6.tmp]

Moment of RHT3

Theoretical Understanding of Heat-sealing Process
There are three factors in a heat-sealing process which are CTQ, and the best seal will only be produced if all three factors are in their optimum combination (Yuan, 2007). The three parameters are Temperature, Pressure and Dwell Time. 
Temperature
During a heat-sealing process, heat is applied to melt the sealing layer to a molten stage to allow bonding between the thermoplastic cassette and the aluminium foil surfaces. The acceptable temperature for a heat-sealing process is not a single temperature setting, instead a range of temperature will produce a good seal as long as the molten stage is achieved (Yuan, 2007). 
The BioVue cassette material manufacturer ExxonMobil (Exxo Mobil, 2019) stated that the PP1605 cassette has a peak melting point of the 150°C. The material PP1605 therefore is very suitable for applications where thermal resistance is needed, such as heat-sealing with high-temperature resistant films to produce sterile products (Kirwan, 2011). Table 4‑5 was generated to show the thermal properties of the cassette by using the material specification sheet shown in Appendix 2 data sheet,
[bookmark: _Ref39580988][bookmark: _Toc43064653]Table 4‑5 – Key Material Properties adapted by (Exxo Mobil, 2019).
	Material Property
	Specification

	Cassette Peak Melting Temperature
	150 °C

	Cassette Deflection Temperature Under Load at 4.5Bar
	93.3 °C





Dwell Time
Dwell time is the duration of time that the laminated film foil is brought into intimate contact to the thermoplastic cassette by the heated bars during the heat-seal cycle. The optimum dwell time setting is important to ensure,
· enough time is applied to result in a good seal,
· not too much time is applied which resulted in a bad seal or product damage,
· not too much time is applied which would result in reduced production speed. 
The greater the heat flow rate, the shorter the dwell time required. ExxonMobil (Exxo Mobil, 2019) stated that the PP1605 cassette has heat mass flow rate of 230°C/2.16 kg. Thus, heat flow rate is a significant variable which will determine the dwell time of the process. The aluminium layer is used as a metallic foil to conduct heat for sealing (Kazuo, 2009). Material mechanical properties associated to the aluminium foil film named AW-8021B are unknown. Due to limited material data on the Therefore, the theoretical Dwell Time set point would be 600ms. 
Pressure
During the heat-sealing process, the heated portions of the thermoplastic cassette and aluminium foil need to be held together securely so that the molten plastic will not slide. Non-secure sealed part has a risk of producing a bad seal, with failure modes including wrinkles, bubbles, delamination or leaks. Thus, it is crucial that pressure is exerted continuously at correct angle and in the right direction to press the heated packaging materials together throughout the entire heating cycle (Yuan, 2007). Theoretically, a sealing application requires enough force to fully entangle two polymer layers together. If this force is not achieved, then the resultant seal strength will be too low (Kazuo, 2009).
The heat seal provides product protection and hence effective shelf life are a function of the quality of sealing of the package. Sealing strength is influenced by the thickness of the film web. With the same coating, a doubling of the base film thickness almost doubles the seal strength. Conflictingly, the thicker the material, the narrower the temperature sealing range under normal sealing conditions. The thicker film does not allow heat to flow so easily to melt the sealing coating or polymer, and when heated, the film retains the heat, allowing the sealant to remain fluid, with a detrimental effect on hot seal strength. Thick film also requires more pressure to bend the film and make intimate contact (Kirwan, 2011). Therefore, the theoretical Pressure set point would be estimated at 6 Bar (Dupont, 2019).


Theoretical Heat-sealing Parameter Set Points
Shown in Table 4‑6 is the theoretical set points for the three CTQ’s based on the research above,
[bookmark: _Ref39758116][bookmark: _Toc43064654]Table 4‑6 – Theoretical Heal Sealing Parameters.
	Parameter
	Set Point

	Temperature
	150°C

	Dwell Time
	600ms

	Pressure
	6 Bar.



Original Heat-sealing Parameter Set Points
Shown in Table 4‑7 is the original set points for the three CTQ’s,
[bookmark: _Ref39580925][bookmark: _Toc43064655]Table 4‑7 – Original Heal Sealing Parameters (Ortho Clinical Diagnostics, 2019).
	Parameter
	Set Point

	Temperature
	240°C

	Dwell Time
	285ms

	Pressure
	5Bar



When the foil manufacturer Amcor (Amcor Plastics, 2020) perform quality inspections of their foil reels in the factory, they heat seal the foil at a force of 600N before peeling it to check the peel force values. The pressure currently used to seal the BioVue cassettes is 5 Bar which equates to a force of around 400N per cassette indicating that our original parameters could be further optimised. 
The melting point of Polypropylene is 180°C therefore any temperatures above this will sufficiently melt the heat seal providing there is enough time for the heat to transfer from the heat plate to the bonding area. Higher sealing temperatures carry the risk of de-lamination and an over exerted heat seal.  Lower temperatures do not carry as much risk and therefore dependent on the dwell time should allow for a good seal between the cassettes and foil layer.
Dwell Time is estimated over the double the time than the current heat-sealing setpoint. Even though a longer Dwell Time may be recommended from the theoretical findings, a time increase of 315ms is too long as it would negatively affect the takt time.
[bookmark: _Toc43064592]Root Cause Analysis
Reminder, the problem statement was defined as; Peel force strength results for BioVue cassettes are lower than the 4.1N lower limit defined, therefore there is an increased likelihood of bubbles developing inside the cassette column which increases the risk of false blood diagnostic results.
Using the 5 WHYs technique defined with the Literature Review, Table 4‑8 was created.
[bookmark: _Ref41241332][bookmark: _Toc43064656]Table 4‑8 - 5 WHYs Investigation
	5 WHYs

	WHY
	WHY are the RHT3 peel force results suddenly lower than limit?
A new batch of aluminium foil is producing RHT3 results which are either below or too close to the lower peel strength limit.

	WHY
	WHY is the new batch of aluminium foil producing low peel strength results?
The new batch of foil is as per the material specification however, due to the nature of the unpredictability of the aluminium material, there is variability to the previous foil stock. The heat-sealing station is not capable of withstanding material variability.

	WHY
	WHY is the heat-sealing station not capable of withstanding material variability?
The current heat-sealing parameters are not producing optimum results even when known good foil material is produced from supplier. Historic set points have not been optimised. 

	WHY
	WHY are the heat-sealing station parameters not at optimum?
The heat-sealing station was introduced over 10 years ago since introduction many operational changes have been made but the parameters were not updated accordingly. 

	WHY
	WHY were the parameters not updated after operational machine changes?
After operational machine changes, the equipment still produced product which passed the peel strength test, however the quality of the seal was massively reduced over time. Time was not planned to optimise the sealing parameters as it was not categorised as critical as the product was still passing QC checks, just.







5. [bookmark: _Toc43064593]Measure
The measure phase will include,
· Parameter Risk Assessment 
· Sources of Variation 
· Investigation Plans
· Methods of Data Capture 
· Measurement Systems & Process Capabilities


[bookmark: _Toc43064594]Parameter Risk Assessment
The three CTQ parameters have been risk assessed within Table 5‑1 to determine the events associated with the following sceneries. In each instance, the risk level was identified as ‘Low’ because there are quality checks in place therefore the likelihood of detection is very high.
[bookmark: _Ref39581629][bookmark: _Toc43064657]Table 5‑1 – Parameter Risk Assessment (Ortho Clinical Diagnostics, 2019).
	
	TIME
	Outcome
	Risk
	Reason

	[image: Image result for time arrow]
	Too Little
	Inadequate product seal.
	LOW – detectable.
	Too little heat transfer from the sealing head to the PP adhesion layer and cassette.

	
	Optimum
	Optimum seal and peel results.
	N/A
	Sufficient heat transfer.

	
	Too Much
	Over seal resulting in closed column.
	LOW – detectable.
	Too much heat transfer from the sealing head to the PP adhesion layer and cassette.

	
	HEAT
	Outcome
	Risk
	Reason

	[image: Image result for heat arrow]
	Too Little
	Inadequate product seal.
	LOW – detectable.
	Too little heat transfer, therefore insufficient melt on the polypropylene layer – no / little bond.

	
	Optimum
	Optimum seal and peel results.
	N/A
	Sufficient melt. 
The ideal temperature is where the PP adhesion layers on the cassettes and lid foil melt allowing the crystal PP structures to entangle with one another

	
	Too Much
	Over seal resulting in closed column.
	LOW – detectable.
	Too much heat transfer therefore separation of foil layers resulting in damage foil seal. High temperature also cause stress to heat seal layer which can generate pin holes through the seal which allows air into cassette columns. 

	
	PRESSURE
	Outcome
	Risk
	Reason

	[image: Image result for pressure arrow]
	Too Little
	Inadequate product seal.
	LOW – detectable.
	Too little pressure therefore insufficient bond between cassette and foil.

	
	Optimum
	Optimum seal and peel results.
	N/A
	Sufficient bond. 
The ideal pressure is where the PP adhesion layers on the cassettes and lid foil bond allowing the crystal PP structures to entangle with one another

	
	Too Much
	Over seal resulting in closed column.
	LOW – detectable.
	Too much pressure therefore causing cassette damage such as material fractures. Resultantly, the cassettes could have 


[bookmark: _Toc43064595]Sources of Variation
The premise of an Ishikawa is that generally when a problem occurs the effect is obvious, and the temptation is to treat the effect, instead of the cause. Once the cause is known and eliminated, the effect will not be seen again (Basu, 2010). 
The Ishikawa diagram was completed as a brainstorming exercise to determine sources of variation. The Ishikawa diagram shown in Figure 5‑1 uses the 6M’s, Measurement, Machine, Method, Mother Nature, Material and Man as categories. 
[bookmark: _Toc43064692]Figure 5‑1 – Ishikawa Diagram 
[image: ]

To summarise, the results determine from the Root Cause Analysis by using Lean Six Sigma methodologies including 5 Why’s and Ishakawa diagram, the report must be directed to look at the following 3 core areas, 
1) Material Specification Review
2) Process Review
3) Machine Parameter Optimisation


[bookmark: _Toc43064596]Investigation Plans
Resultantly, the Root Cause Analysis has prompted the investigations listed within Table 5‑2;
[bookmark: _Ref39581554][bookmark: _Toc43064658]Table 5‑2 – Investigation Plan
	
	Summary
	Objectives

	Investigation Number
	1
	Material 
Specification 
Review
	· Review all material specifications to confirm components are correct to Certificate of Acceptance (CofA).
· Determine if any unusual events occurred during manufacture of foil material. 
· Confirm no contaminants on material surfaces which affect the seal.

	
	2
	Process 
Review
	· Confirm equipment parameters as per validation. 
· Confirm each parameter is in control, and 
· Investigate peel strength differences between heat-sealing lanes.

	
	3
	Machine Parameter 
Optimisation
	· DOE study to determine the correlation between parameters and peel strength results.



Note,
The investigation numbers must be carried out chronologically. The next investigation cannot begin until the previous investigation is complete. If the prerequisites are not completed, then there is a high risk of producing false results.
Investigation 1 and Investigation 2 will be completed within the Analysis phase of the DMAIC, where Investigation 3 will be completed in the Improve phase instead. Each investigation is critical to the project’s success, however Investigation 3 - Machine Parameter Optimisation study will define the parameter recipe recommendations.

[bookmark: _Toc43064597]Methods of Data Capture
Table 5‑1 describes the methods required to complete data collection. Additionally, Table 5‑3  explains when, how and who must collect the data. 
[bookmark: _Ref39581582][bookmark: _Toc43064659]Table 5‑3 - Methods of Data Capture
	
	Summary
	When
	What
	How
	Who

	Investigation Number
	1
	Material 
Specification 
Review
	01 Feb 2020
-
14 Feb 2020
	· Review CofA’s.
	· Organise with Incoming Inspection
	· Incoming Inspection
· Process Engineering

	
	
	
	
	· Audit Amcor foil supplier.
	· Supplier Quality to conduct audit.
	· Amcor
· Supplier Quality 
· Process Engineering
· Quality Engineering

	
	
	
	
	· Confirm no contaminants on foil.
	· Confirm no contaminants on foil.
	· Amcor
· Supplier Quality 

	
	2
	Process 
Review
	14 Feb 2020
-
01 Mar 2020
	· Compare current parameters to validated parameters.
	· Collect validation documents.
· PLC program for current parameters.
	· Process Engineering
· Quality Engineering
· Automation
· Operations

	
	
	
	
	· Analyse parameter graphs.
	· Collect parameter graphs.
	· Process Engineering
· Quality Engineering
· Automation
· Operations

	
	
	
	
	· Analyse samples from different heat-sealing lanes.
	· Operations to manufacture samples and group by heat-sealing lanes.
	· Process Engineering
· Quality Engineering
· Operations

	
	3
	Machine Parameter 
Optimisation
	01 Mar 2020
-
01 May
2020
	· Create DOE sample plan.
	· Team meeting
	· Process Engineering
· Quality Engineering

	
	
	
	
	· Review of DoE results.
	· Minitab Analysis
	· Process Engineering
· Quality Engineering




[bookmark: _Toc43064598]Measurement Systems & Process Capability
This section intended to specify a review of the measurements systems associated to the foil recovery project such as information specified below,
· The Heat-sealing Station
· Process Capability
· Accuracy and Reliability of Sealing Equipment
· Will Process Capability Change when Parameters Change?
· Repeatability Study
· Maintenance and Calibration Frequency

· The Peel Strength Station
· Gage R&R for Repeatability of Results
· Maintenance and Calibration Frequency of Jig and Tensiometer
· Accuracy and Percentage Error Associated
Unfortunately, due to COVID-19, a respiratory virus pandemic, access to the OCD BioVue manufacturing facility was not possible. Therefore, it was not possible to conduct a measurement system analysis.

6. [bookmark: _Toc43064599]Analyse
This section will include,
· Investigation 1 
– Review of Materials Specifications
– Improvements and Recommendations
· Investigation 2 
– Review of Process
[bookmark: _Ref39590728][bookmark: _Ref39590758][bookmark: _Ref39590771]– Improvements and Recommendations

[bookmark: _Toc43064600]Investigation 1 – Review of Materials
As previously identified the material properties heavily influence and therefore are critical to the quality of the heat seal therefore, Investigation 1 will determine whether there are any material issues. 
The BioVue heat-sealing process involves interaction between two components, the aluminium lidded foil, and the thermoplastic cassette. Despite the foil being the suspected troublesome component; both the cassette and the foil were analysed for increased certainty. 
Component 1 - Cassette 
Cassette Specifications 
The BioVue cassette is made from a Polypropylene (PP) thermoplastic material named Exxon Mobile Achieve PP1605, in colour Natural. The material data sheet is displayed in Appendix 2. The full cassette drawing is listed within Appendix 1 due to the large size of the drawing. Instead the main cassette dimensions from the part drawing has been summarised within Table 6‑1, all dimensions passed quality checks by incoming goods;
[bookmark: _Ref41241237][bookmark: _Toc43064660]Table 6‑1 – Cassette Dimensions (Ortho Clinical Diagnostics, 2019).
	Cassette Model
	Drawing Dimension

	[image: ]
	Cassette Width – 54 ±0.25mm
Cassette Height – 64 ±0.25mm
Column Height – 28 ±0.25mm
Column Thickness – 8.9 ±0.1mm
Bottom Thickness – 1.1 ±0.1mm
Column Outer Diameter – 8.5 ±0.1mm
Column Inner Diameter – 6.1 ±0.1mm


Cassette Conclusion
As previously suspected, the cassette component review confirmed that there are no issues associated to the cassette. The cassette passed all associated quality checks, and the parts were awarded a CofA. The CofA concludes that the cassettes are not the root cause. 


Component 2 – Aluminium Foil
Foil Specifications 
There are no drawings associated to the foil as the material is supplied as a sheet which is wound over a hollow core to create a reel. Table 6‑2 highlights key material properties which have been collected from the material data sheet is shown in Appendix 3,
[bookmark: _Ref41241212][bookmark: _Toc43064661]Table 6‑2 – Amcor Foil Material Specification.
	Material Composition

	Top Lacquer
	Chemical Base
	Epoxy

	
	Colour
	Gold

	
	Weight
	3g/m² ± 0.9g/m²

	

	Foil 
	Material
	Aluminium

	
	Specification
	EN AW-8021B

	
	Thickness
	70µm ± 5.6 microns

	 

	Heat Seal
	Material
	Polypropylene Epoxy

	
	Weight
	9g/m² ± 1.8g/m²

	 

	Total
	Thickness
	[bookmark: _Hlk536685951]82µm ± 16µm

	
	Weight
	201g/m² ± 17.8g/m²



Foil Review
An audit was conducted at the foil manufacturing company named Amcor, by an OCD Process Engineer (OCD, 2019). It was discovered that the manufacturing process has not changed, and there were no manufacturing events which could have negatively impacted the product.
The foil was analysed, and the material passed the material specification defined by OCD. It was confirmed that there were no contaminations of the foil material surface which could affect the sealing quality. However, the quarantined foil was found to have a slightly different composition to the known good foil. Amcor explained how difficult the process is to achieve repeatable foil product, and that variation must be expected.


Data to Evidence Foil Variation
To determine the estimated variation between foil batches, a trial was conducted to run samples from each different Master reel delivered between August 2018 and December 2019 by plotting the historic CofA’s peel strength data. All other variables within the trial remained constant, only the foil reel changed. 
The graph shown in Figure 6‑1 displays the peel strength trend results, where the amber line indicates the 4.1N low warning limit. Figure 6‑1 shows a huge variation in results; peel forces as low as 1.2N, but also as high as 13N. The suspected high variability of foil peel strength results from using different foil reels batches was confirmed. There is a period where different foil reels batches were achieving similarly low peel strength results; the reason for this is unknown.
[bookmark: _Ref41241174][bookmark: _Toc43064693]Figure 6‑1 - Foil Peel Strength Force in Newton’s (Ortho Clinical Diagnostics, 2019).
[image: ]


[bookmark: _Toc43064601]Investigation 1 – Improvements and Recommendations 
Table 6‑3 concludes that both the cassettes and foil passed CofA and therefore there are no supplier faults. A supplier audit at Amcor however confirmed that the aluminium foil product has a large material composition variability due to manufacturing complexities. The audit also however confirmed that there is no opportunity to reduce the foil variability as OCD is a very small customer within their industry therefore would not accommodate such changes. Consequently, it is critical that the BioVue production line is optimised to accommodate for the foil variation. 
There are no corrective actions however, it is recommended that OCD run a separate project to determine an alternative foil supplier for improved material control.
[bookmark: _Ref39581768][bookmark: _Toc43064662]Table 6‑3 - Investigation 1 Conclusion
	
	Summary
	Conclusion

	Investigation

	1
	Material Specification
Review
	· Materials are as per specification and pass all CofA’s checks.
· Supplier audit concluded no supplier manufacturing events of concern.
· No contaminants discovered.

	
	
	
	Corrective Action/s Required

	
	
	
	· None.

	
	
	
	Recommendations

	
	
	
	· Reduce foil variance by narrowing the material specification, however it is not a capability Amcor could achieve.
· Plan an alternative project to determine an alternative supplier with more repeatable product.





[bookmark: _Toc43064602]Investigation 2 – Review of Process
As identified in the theoretical heat-sealing understanding, the three critical parameters which will affect the peel strength are, Temperature, Dwell Time and Pressure. The review of the original Operation Qualification validation documentation confirmed that the correct parameters were still programmed; no issues found. 
A PID (proportional integral derivative) is used to control the temperature of the heater plate and sealing pressure too. An automated data collection system continuously records the stations temperature and pressure outputs. Dwell time however is a PLC driven parameter; therefore, it is a fixed constant which does not require continuous monitoring. It will be beneficial however to review that the set dwell time matches the actual contact time of the cassette and the foil during sealing. 


Temperature
Before the heat-sealing temperature graphs were collected for analysis, the associated test equipment was evaluated. The thermocouples are calibrated to a specified equipment accuracy of ±0.75%, which equates to ±1.8°C.  Secondly, the PID temperature controller was checked. The PID was confirmed to be calibrated the same time as the thermocouples as a closed loop task therefore no equipment errors are anticipated. 
Figure 6‑2 shows the temperature graph which is an output of the thermocouples within the heat-sealing plate. The heat-sealing plate is set at 240°C, but as expected the temperature fluctuates both above and below the set point. The heat drops below the set point due to escaped heat via conduction during sealing of parts. The heat raises above the set point due to PID delays when trying to normalise temperature back to the set point. 
From evaluating Figure 6‑2, it can be seen that the temperature peaks at 244.3°C and troughs at 235.8°C, therefore there is a data range of 8.5°C. Using both the minimum and the maximum temperature values as stated previously, it can be determined that when including equipment accuracy to the graphical values, the absolute widest temperature values would be 234.0°C and 246.1°C. Even though the heat-sealing plate has a set point of 240°C, the Mean is 238.5°C, which is 1.5°C less. Consequentially, the lower mean shows that the process is on average below the set point, however the data has a Standard Deviation of 8.91 which is good for a heat-sealing packaging system of this specification. Even though the repeatability of the temperature values could be improved, the temperature graph confirms that the process is in control, thus no changes are required. 
[bookmark: _Toc43064694]Figure 6‑2 - Sealing Temperature Data (Ortho Clinical Diagnostics, 2019).
[image: ]

Pressure
Next, the sealing pressures were evaluated. The machine set point was 5Bar, however it was apparent the system would provide a heat seal with a pressure variance up to 0.6Bar as shown in Figure 6‑3. A variance of up to 0.6Bar meant that a cassette could potentially only receive 88% of its required force which would result in potentially not enough force to fully entangle the two polymer layers together and subsequently resulting in a lower seal strength. Data analysis of the Pressure readings evidenced that there is a large spread of data from the mean, with a Standard Deviation value of 21.93. Ideally OCD should aim for a Standard Deviation value of 3 so that 99.7% of pressure values are close to the mean. It is critical that the pressure variance is reduced to improve repeatability and to standardise the pressure application. 
[bookmark: _Ref39581851][bookmark: _Ref39581964][bookmark: _Toc43064695]Figure 6‑3 – Original Sealing Pressure Data (Ortho Clinical Diagnostics, 2019).
[image: ]

Dwell Time
Next, the dwell time was reviewed. Even though the parameter is set within the PLC program, the mechanical set up of the sealing station can alter the actual time. The foil sealing stations have independently controlled cylinders that lift the cassette onto the sealing head with a common pressure regulator, allowing for adjustable dwell times for the cassettes and a fixed sealing pressure. Legacy peel force data showed that predominantly, Lane C had the greatest number of rejects. It was decided to compare the number of rejects per lane to a slow-motion recording of the cylinder’s movements. 
A high specification camera was used to record the contact time between the heat-sealing plate and a cassette in situ. The slow-motion videos showed which cylinders actuated longest, therefore exposing the most heat to the cassette. The differences in dwell times would differ only by milliseconds, however milliseconds are enough to see inconsistencies in peel force results. Figure 6‑4b showed that Lane C actuated first and released last too, therefore exposing the cassettes to the most heat. The second cassette with the greatest heat exposure was Lane D, which also corresponds to the graph within Figure 6‑4a.
[bookmark: _Toc43064696]Figure 6‑4 - Individual Cylinder Sequence Differences (Ortho Clinical Diagnostics, 2019).
	Comparison to  Different Cylinder Positions

	[image: ]
Figure 6‑4a - Number of Rejects by Lane, 
Data Collected from (Ortho Clinical Diagnostics, 2019).
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Figure 6‑4b – Slow Motion Still of Heat-sealingProcess (Ortho Clinical Diagnostics, 2019).


Only the foil sealing station is directly impacted by the proposed change to the sealing head sensors which may in turn potentially have an impact on foil sealing ring height, foil peel strength and seal integrity.  Other stations on the filler module for the foil system such as cassette cleaning, foil punching, foil placing, and foil tacking will not be affected. 


Conclusion and Actions
To improve the process of heat sealing, the actions listed within Table 6‑4 must be implemented,
[bookmark: _Ref39581933][bookmark: _Toc43064663]Table 6‑4 – Investigation 2 Summary 
	
	Summary
	Conclusion

	Investigation

	2
	Process 
Review
	· All parameters were set as per validation. 
· Capability review of parameters complete, corrective actions required.

	
	
	
	Corrective Action/s Required

	
	
	
	· Pressure
- Reduce 0.6Bar variance when heat sealing.
- Introduce capability to seal with higher than 5Bar.

	
	
	
	· Dwell Time
- Standardise lanes heights and match the actual sealing time with the PLC set time.

	
	
	
	Recommendations

	
	
	
	· None.



The corrective actions listed within Table 6‑4 are prerequisites which must be completed before starting Investigation 3, otherwise any data collected within the parameter optimisation study will be invalid. 

[bookmark: _Toc43064603]Investigation 2 – Improvements and Recommendations
Corrective Action 1 - Reduce Pressure Variance
The introduction of a 300-litre receiver was introduced to reduce the pressure variance. The receiver acts as a temporary air storage tank to accommodate the peak pressures associated to heat-sealing and therefore optimised the equipment efficiency. The heat-sealing station had an original pressure variance of 0.6Bar, which was reduced to 0.06Bar, a mere 10% of its original value as shown in Figure 6‑5. A huge variation reduction was achieved which was confirmed by the original Standard Deviation value of 21.93, being reduced to 2.84. The new lower Standard Deviation value of 2.84 means that cumulative probability and percentile is 99.78%, which is extremely good.
[bookmark: _Ref42534861][bookmark: _Toc43064697]Figure 6‑5 - Improved Sealing Pressure Data (Ortho Clinical Diagnostics, 2019).
[image: C:\Users\Nia.David\Downloads\pastedImagefile.png]

Corrective Action 2 – Introduce Capability to Seal with Higher Pressures.
It was determined (Yuan, 2007) that Pressure has a large influence on the quality of a heat seal. Currently the BioVue production line runs at 5Bar, however it has been decided that the parameter optimisation study wants to investigate the heat seal effect by providing higher pressure. The production line will aim to increase pressure capacity up to 7Bar, this pressure value was determined by recommendations from Amcor, the foil manufacturer.
A video conference was held at OCD BioVue production line manufacturer named Harrö. A Harrö engineer, Thomas Joos (Joos, 2019) confirmed that there are no foreseeable issues associated with running the machine at higher pressures, up to a maximum of 7Bar. Hence, mechanical changes could be made to allow the higher-pressure trial to be completed during the parameter optimisation study. The trial could proceed with reduced risk of equipment damage.
The pneumatic changes consisted of the following. The on-site compressors responsible for providing the site compressed air have a maximum safe working pressure of 8Bar, therefore the necessity to increase the main incoming pressure to the BioVue Line to permit the increase in final sealing pressure would be achievable. Prior to making any physical changes to the pneumatic system, all pneumatic cylinders and valve blocks used on the final sealing station were checked to confirm they were sufficiently rated to safely handle the planned increase in pressure. To increase the current sealing pressure from 5Bar to 7Bar, several physical changes to the pneumatic configuration were required. Firstly, due to the increase in final sealing pressure, the main incoming pneumatic pressure sensor was changed for an alternative version with an increased working pressure range of 0 – 10Bar, this was coupled with a change to the main incoming pneumatic pressure regulator fitted on the BioVue Line. Secondly, to ensure the stability of the final sealing pressure was maintained a large pneumatic reservoir was fitted inline.



Corrective Action 3 - Standardise Lanes Heights 
& Match the Actual Sealing Time with the PLC Set Time.
Corrective action 3 was to standardise the cylinder lane heights to ensure they all extended and retracted simultaneously. Standardisation was completed by the Maintenance team by manually driving each cylinder to the datum point, which was the heat-sealing plate, with housed cassettes in the holders to be representative of the heat-sealing process. 
Next, the corrective action linked to implementing process modifications to the heat-sealing station. An alternative sensor technology was used to precisely detect the exact position when the cassette has reached the heat-sealing surface for the initiation of the sealing time phase controlled by the PLC. The sensors require an adjustable micrometre scale to allow a more accurate setting to be achieved.  The detailed modifications are shown in Table 6‑5 and Table 6‑6.


[bookmark: _Ref42536126][bookmark: _Ref39582039][bookmark: _Ref39582069][bookmark: _Toc43064664]Table 6‑5 - Station Panel Changes Images are for OCD (Ortho Clinical Diagnostics, 2019)
	 Station Panel Changes

	4 sensor holders to be introduced onto the 4 cylinders.

Spindle for height adjustment at the bottom.

Clamping screw in the middle for locking the adjustment.

Light barrier sensors on top for detecting the upper position.
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	Laser light barrier sensor with sender and receiver, type WS/WE 100L-F1131 from Sick. 
This sensor type replaces the currently used Sick cylinder reed switches;
=1270-B3.1.1, 
=1270-B3.2.1, 
=1270B3.3.1, 
=1270-B3.4.1.
	[image: ]

	Micrometre adjustment screw.
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[bookmark: _Ref39582041][bookmark: _Ref39582071]

[bookmark: _Ref42536131][bookmark: _Toc43064665][bookmark: _Hlk42974660]Table 6‑6 - Machine Bed Change, Images are for OCD (Ortho Clinical Diagnostics, 2019)
	Machine Bed Changes

	Current sensor;
Sick cylinder reed switch =1270-B1.1.

New sensor,
DiSonic fork light barrier, OGU 021 P3K-TSSL.

A fork light barrier to be used for detecting the lower position of the upper sealing tool. 
	[image: ]

	The fork light barrier will detect a small nose to guarantee that the upper sealing tool is in the correct height relative to the lift up cylinders.
	[image: ]


All critical measurements were recorded and documented in a standard set up procedure. The heat-sealing station maintenance task was also updated to include these newly introduced critical set up measurements.


7. [bookmark: _Toc43064604]Improve
The Improve stage will include, 
· Investigation 3 
– DOE Trial Design
– DOE Raw Data
– DOE Data Analysis
– DOE Parameter Optimisation
– DOE Conclusion
· Implementation of Improvements 
· Root Cause Analysis Review
· Recommendations
· Capture Bigger Picture
· Theoretical Control Phase Recommendations
· 

[bookmark: _Toc43064605]Investigation 3 – Parameter Optimisation
Both the prerequisite Investigations have been completed, and any improvements which required implementing before the DoE trial could be started have been completed.
DOE Trial Design
This trial will investigate the effects on peel strength when varying the Temperature, Pressure and Dwell Time. The range of temperatures and times have been chosen based on both the manufacturer’s guidelines and the production line capabilities. The test will use quarantine foil which failed the RHT3 4.1N lower limit when peeled. 
As identified in the literature review, the most efficient way to understand how multiple parameters interact with each other is by completing a factorial DOE. Due to there being 3 variables; a  Factorial DOE structure was used. Table 7‑1 summarises the variables as well as their low-level and high-level values.
[bookmark: _Ref39582113][bookmark: _Toc43064666]Table 7‑1 - Factorial Variables
	Variable
	Low Level 
(-)
	High Level (+)

	Temperature (°C)
	A
	200
	300

	Pressure (Bar)
	B
	5
	7

	Dwell Time (ms)
	C
	200
	600


A full factorial design was chosen over a half factorial design, because any less than 8 samples would not provide sufficient data to realistically predict parameter interactions. The  full factorial design produced 8 run combinations which required executing, as shown in Table 7‑2.
[bookmark: _Ref42974707][bookmark: _Toc43064667]Table 7‑2 – DOE Experimental Run Combinations
	Combination
	A
	B
	C

	(1)
	-
	-
	-

	A
	+
	-
	-

	B
	-
	+
	-

	AB
	+
	+
	-

	C
	-
	-
	+

	AC
	+
	-
	+

	BC
	-
	+
	+

	ABC
	+
	+
	+


For such a factorial design, it is recommended by (Mukerjee, 2007) and (Antony, 2014) to complete each test combination three times. For each test combination however, four samples were manufactured instead of the recommended three due to the BioVue line producing 4 cassettes per cycle.


DOE Raw Data  
The peel force results are listed in Table 7‑3.
[bookmark: _Ref40298358][bookmark: _Toc43064668]Table 7‑3 - Peel Force DOE Results
	
	Peel Force Result (N)

	Combination
	A
	B
	C
	1
	2
	3
	4

	(1)
	-
	-
	-
	2.36
	1.72
	1.59
	2.09

	A
	+
	-
	-
	3.11
	2.88
	2.91
	3.99

	B
	-
	+
	-
	2.96
	2.89
	3.02
	4.19

	AB
	+
	+
	-
	4.91
	4.76
	5.88
	4.94

	C
	-
	-
	+
	5.67
	6.59
	5.77
	6.90

	AC
	+
	-
	+
	5.98
	6.71
	6.68
	6.37

	BC
	-
	+
	+
	6.70
	6.83
	6.90
	7.69

	ABC
	+
	+
	+
	8.23
	7.99
	8.26
	8.65



The remaining three quality criteria must be tested after the foil peel strength test. The additional three testing criteria listed below must also ‘pass’ for the cassettes to qualify as saleable product,
1) Ring Heights – Visual inspection against shadow graph
2) Column Merge – Visual inspection against reference standards
3) Column Diameter – Manual insertion of column diameter gauge  
The results for the three last inspection tests are shown in Table 7‑4, where ‘P’ is Pass, and ‘F’ is Fail however there were no visual inspection fails recorded.
[bookmark: _Toc43064669]Table 7‑4 - Visual Inspection Data Results
	
	Ring Heights
	Column Merge
	Column Diameter

	Combination
	A
	B
	C
	1
	2
	3
	4
	1
	2
	3
	4
	1
	2
	3
	4

	(1)
	-
	-
	-
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P

	A
	+
	-
	-
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P

	B
	-
	+
	-
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P

	AB
	+
	+
	-
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P

	C
	-
	-
	+
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P

	AC
	+
	-
	+
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P

	BC
	-
	+
	+
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P

	ABC
	+
	+
	+
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P
	P



Despite not all cassettes passing the peel strength tests, the remaining three testing criteria all passed, therefore only cassettes with a peel strength equal or less than 4.1N will categorise as failed. Consequentially, the Minitab data analysis will only investigate the peel strength trends achieved from altering the heat-sealing parameters.


DOE Data Analysis
The peel strength (N) results from Table 7‑3 were entered into Minitab; a data analysis software package; with the objective of analysing the factorial results. Data analysis will not discuss value shown within the various tables and graphs, instead the analytics will only discuss the most important aspects, the foil peel strength.
Coded Coefficient 
The Coded Coefficient information shown within Table 7‑5 allowed interpretation of the coefficient terms. A coefficient term is described as the following,
“The coefficient for a term represents the change in the mean response associated with an increase of one coded unit in that term, while the other terms are held constant. The sign of the coefficient indicates the direction of the relationship between the term and the response” 
- (Minitab, 2020).
Therefore, the size of effect is double the size of the coefficient, where the effect signifies the change in the predicted mean response when a factor changes from its low level to its high level. The highest effect value listed in Table 7‑5 is Dwell Time at 3.6075, which implies that Dwell Time has the most practical significance of the effect that a term has on a response variable. Factors which also have high practical significance are Temperature and Pressure, then lastly the combined factors of Temperature*Pressure. 
Terms that are not factors, such as the ‘constant’ will have a coefficient but no effect. The constant coefficient is 5.1913 which represents the mean value of all 32 data sets.
The ‘SE Coef’ represents the standard error of the coefficient, which is a value that estimates the variability seen if a sample was repeatedly taken from the same population. The higher precision of the estimate, the smaller the standard error. The ‘SE Coef’ value of 0.0838 shows reasonably small standard error. 
[bookmark: _Ref40455208][bookmark: _Toc43064670]Table 7‑5 - Coded Coefficient Data Results
	Coded Coefficients
	Term
	Effect
	Coef
	SE Coef
	T-Value
	P-Value
	VIF

	Constant
	 
	5.1913
	0.0838
	61.94
	0.000
	 

	Temperature
	1.1488
	0.5744
	0.0838
	6.85
	0.000
	1.00

	Pressure
	1.4675
	0.7338
	0.0838
	8.75
	0.000
	1.00

	Dwell Time
	3.6075
	1.8037
	0.0838
	21.52
	0.000
	1.00

	Temperature*Pressure
	0.4063
	0.2031
	0.0838
	2.42
	0.023
	1.00

	Temperature*Dwell Time
	-0.4212
	-0.2106
	0.0838
	-2.51
	0.019
	1.00

	Pressure*Dwell Time
	-0.1450
	-0.0725
	0.0838
	-0.86
	0.396
	1.00

	Temperature*Pressure*Dwell Time
	0.1188
	0.0594
	0.0838
	0.71
	0.486
	1.00





Next, the T-Value is a measure of ratio between the coefficient and its standard error. Since the P-Value associated with the T-Values are less than then significance level, you conclude that the coefficient is statistically significant.
Model Summary
Table 7‑6 displays the Model Summary,
[bookmark: _Ref40455312][bookmark: _Toc43064671]Table 7‑6 - Model Summary Data Results
	Model Summary
	S
	R-sq
	R-sq(adj)
	R-sq(pred)

	0.474135
	96.15%
	95.03%
	93.16%







‘S’ indicates that the standard deviation between the data points and the fitted values is approximately 0.474 units. The relatively low value of ‘S’ implies that the model describes the response well. A low ‘S’’ value by itself however does not indicate that the model meets the model assumptions, instead the residual plots must be checked to verify the assumptions.
The ‘R-sq’ represents that there is 96.15% variation in the response model. The ‘R-sq’ value is considered high, which implies the model fits the data mostly. A high ‘R-sq’ value however does not indicate that the model meets the model assumptions, instead again the residual plots must be checked to verify the assumptions.
Analysis of Variance 
Table 7‑7 displays the Analysis of Variance data, where variance represents an ‘error’.
[bookmark: _Ref40455343][bookmark: _Ref40298336][bookmark: _Toc43064672]Table 7‑7 - Analysis of Variance
	Analysis of Variance
	Source
	DF
	Adj SS
	Adj MS
	F-Value
	P-Value

	Model
	7
	134.919
	19.274
	85.74
	0.000

	  Linear
	3
	131.898
	43.966
	195.57
	0.000

	    Temperature
	1
	10.557
	10.557
	46.96
	0.000

	    Pressure
	1
	17.228
	17.228
	76.64
	0.000

	    Dwell Time
	1
	104.112
	104.112
	463.13
	0.000

	  2-Way Interactions
	3
	2.908
	0.969
	4.31
	0.014

	    Temperature*Pressure
	1
	1.320
	1.320
	5.87
	0.023

	    Temperature*Dwell Time
	1
	1.420
	1.420
	6.31
	0.019

	    Pressure*Dwell Time
	1
	0.168
	0.168
	0.75
	0.396

	  3-Way Interactions
	1
	0.113
	0.113
	0.50
	0.486

	    Temperature*Pressure*Dwell Time
	1
	0.113
	0.113
	0.50
	0.486

	Error
	24
	5.395
	0.225
	 
	 

	Total
	31
	140.314
	 
	 
	 








When analysing the listed Error values, it is important to understand what error means, it is defined (Pennsylvania State University, 2020) as "the variability within the groups" or "unexplained random error." Note that there are three forms of errors listed; Degrees of Freedom (DF), Adjusted Sum of Squares (Adj SS) and Adjusted Mean Squares (Adj MS). 
‘DF’ Error is calculated as shown in Equation 7‑1. Where,  is the total data points collected and  is the number of compared groups,
[bookmark: _Toc43064714]Equation 7‑1 - DF Error Equations
	






‘Adj SS’ Error is calculated in Equation 7‑2. Where,  is the total data points collected, therefore  represents source of operator variability and  is a constant value of 1.174, where  represents the source of part variability,
[bookmark: _Toc43064715]Equation 7‑2 – Adj SS Error Equations
	









‘Adj MS’ Error is calculated as shown in Equation 7‑3. The calculated ‘Adj MS’ Error value represents the mean of the squared difference between the predicted parameter and the observed parameter.
[bookmark: _Ref39840097][bookmark: _Toc43064716]Equation 7‑3 – Adj MS Error Equations
	





In addition to the information related to Error, Figure 7‑3 displays more important data such as p-values. The p-value is a probability that measures the evidence against the null hypothesis; therefore, the lower probabilities provide stronger evidence against the null hypothesis. To determine whether the coefficient was statistically different from 0, the p-value was compared to the significance level to assess the null hypothesis. The significance level alpha is denoted as 0.05 as shown later in Figure 7‑5. Since the p-values are all less than significant level of 0.05, it is indicated there is a 5% risk on concluding that the coefficient is not 0 in error. To summarise the p-value ≤ αlpha, therefore the association between the response variable and term are statistically significant.

Pareto Chart of the Standardised Effects
The Pareto chart shown in Figure 7‑1 shows the absolute values of the standardised effects from largest effect which is ‘C’ to smallest effect ‘ABC’. It is stated (Minitab, 2020) that the standardised effects are t-statistics that test that the null hypothesis effect is 0. 
The reference line for statistical significance depends on the significance level which is denoted by the ‘α’ alpha symbol. Figure 7‑1 has the reference line plotted at 2.06 which indicates that terms greater than 2.060 are statistically significant. In this case, all terms are statistically significant in Figure 7‑1 apart from ‘BC’ and ‘ABC’. The chart shows that the factor which has the largest magnitude of effect is ‘C’ Dwell Time. Dwell Time has over double the effect of Pressure, and nearly three times the effect of Temperature. 
[bookmark: _Ref42974818][bookmark: _Ref42974822][bookmark: _Toc43064698]Figure 7‑1 – Pareto Chart of Standardised Affects
	[image: ]





Normal Plot of Standardised Effects
Displayed in Figure 7‑2 is the normal probability plot which displays the standardised effects relative to the distribution fit line for the case when all the effects are 0. As explained by 
“Positive effects increase the response when the settings change from the low value of the factor to the high value. Negative effects decrease the response when they settings change from the low value of the factor to the high value of the factor. Effects further from 0 on the x-axis have greater magnitude. Effects further from 0 are more statistically significant.”
· (Minitab, 2020)

[bookmark: _Ref39582376][bookmark: _Toc43064699]Figure 7‑2 - Standardised Effect Graph
	[image: ]


The insignificant effects are plotted as blue circles. The red square plots represent the significant effects, and these plots can be seen furthest away from 0. The significant effects are ‘A’, ‘B’, ‘C’, ‘AB’ and ‘AC’ when alpha is 0.05. Furthermore, the direction of the effects is indicated on the graph too. All significant effects have a positive standardised effect other than ‘AC’ which has a negative standardised effect. Therefore, a significant negative affect for ‘AC’ means that when Temperature ‘A’ and Dwell Time ‘C’ are increased together, the response decreases. 

Factorial Plot 
A mean factorial plot was completed as shown in Figure 7‑3 with the purpose of examining the different trends for Temperature, Pressure and Dwell Time. All three factors positively affect the peel strength results which is shown by the non-horizontal blue data lines. Dwell Time has the steepest line slope so therefore has the greatest magnitude of positive effect. The reference line represents the overall mean which is 5.19N, showing the overall mean is above the 4.1N lower requirement.
[bookmark: _Ref42974955][bookmark: _Toc43064700]Figure 7‑3 – Factorial Plot Fitted Means
[image: ]


Normal Factorial Regression 4 in 1 Plot
Figure 7‑4 shows 4 graphs displaying the normal residual plots for the DOE data results. The four plots were used to determine data patterns relating to what the residuals are for each value of y, where y represents the variables.
[bookmark: _Ref39582565][bookmark: _Toc43064701]Figure 7‑4 - Normal Residual Plots
[image: ]
Graph 1 - Normal Probability Plot 
To verify whether the residuals are normally distributed, the normal probability plot was analysed. The downward curve implies a right-skewed normal distribution. 
Graph 2 - Residual Versus Fits
The Residual Versus Fit graph plots the residuals on the y-axis and the fitted values on the x-axis. Ideally, the points should fall randomly on both sides of 0, with no recognizable patterns in the points. The Versus Fit results show an unbiased, homoscedastic nature, which means each vertical strip has an average value of zero, and the spread of the residuals should be the same in any thin vertical strip.
In the book Transformation and Weighting in Regression, (Rupper, 1998), it was stated that “the usual plots are often sparse and difficult to interpret, particularly when the positive and negative residuals do not appear to exhibit the same general pattern”. The graphical nature of the evaluation consequently results in subjective determination of ‘good’ from ‘bad’ plots. For further residual versus fit analysis the Breusch-Pagan Statistic test can be used.
Graph 3 - Histogram 
The histogram indicated that the model does not fully meet the assumptions that the data is normally distributed due to there being right-skewed data shown by a long tail in the positive x direction. Most of the data falls between 0.4-0.0 residual data values which matches the normal probability plot findings in Graph 1. The histogram could be considered however to follow a relatively normal distribution pattern however, the use of the normal probability plot is better used to assess the normality of the residuals.
The histogram has identified that there are no outliers. To increase the effectivity of a histogram, the sample size could be increased as the current 32 sample size is relatively small therefore each bar may not contain enough data points to show an accurate trend. 
Graph 4 – Versus Order
The Versus Order plot shows the residuals in the order that the data were collected. The residuals fall randomly around the centre line and therefore no trend was identified. The lack of trend confirmed that the residuals are independent, and do not influence each other.

Data Analysis Summarised 
All data analysis is summarised in Table 7‑8;
[bookmark: _Ref41240845][bookmark: _Toc43064673]Table 7‑8 - DoE Data Analysis Summarised
	Analysis Summarised

	DF Error = 24,
Which Means High Power to Reject a False Null Hypothesis.

	Adj SS Error = 5.395,
Which Means the Operator by Part Variability is Relatively Low. 

	Adj Ms Error = 0.225
Which Represents Low Variation Around Predicted Parameters.

	P-Value ≤ αlpha ∴5% Risk That the Coefficient is Not 0 in Error.

	Significant Terms; ‘A’, ‘B’, ‘C’, ‘AB’ and ‘AC’.

	Term with Largest Magnitude of Effect: ‘C’ Dwell Time.

	‘AC’ is the Only Significant Term to Have a Negative Effect, ∴ when 
Temperature ‘A’ and Dwell Time ‘C’ are Increased, Peel Strength Response Decreases.

	Non-Significant Terms; ‘BC’ and ‘ABC’.

	Main Effects Factorial Plot Mean of 5.19N.

	Slight Right-Skewed Normal Distribution.

	Versus Fit shows Unbiased, Homoscedastic Data.

	No Outliers Identified.

	Residuals are Independent, and Do Not Influence Each Other









Parameter Optimisation
The Minitab feature named a ‘Response Optimiser’ was used to identify the combination of input variable settings that optimise the peel strength response. Where, (y) = mean peel strength in Newtons and (d) = individual desirability which evaluates how changes in the parameters optimise the peel strength response. 

Minimised Parameters
As shown in Figure 7‑5, Minitab calculated that is the following parameters are used; 200°C, 6Bar and 350ms; then the manufacturing line will achieve peel strength cassette samples that match the exact target of (y) = 4.1N. It is not recommended to proceed with settings which fall on the pass-fail limit. Further optimisation is required to achieve higher peel strength results. 
[bookmark: _Ref39582674][bookmark: _Toc43064702]Figure 7‑5 - Parameters to Achieve 4.1N Peel Strength
[image: ]





Maximised Parameters
Each parameter must be maximised to its upper limit as shown in Figure 7‑6 to achieve the maximum peel strength mean of (y) = 8.28N. Maximising each parameter will result in mean peel force result over double the qualified controlled 4.1N limit, however even though the peel strength results dramatically improve, the process line may have consequently negative effects. 
[bookmark: _Ref39582690][bookmark: _Toc43064703]Figure 7‑6 - Parameters to Achieve Maximised Peel Strength
 [image: ]
Despite the manufacturing line being capable of running at highest specification of 7Bar and 300ms, it is not recommended however because it means there is no future upper adjustment available as both parameters are already at their upper recommended limit. 
If the Dwell Time is increased from 285ms to 600ms, the process cycle time will have over doubled therefore the manufacturing line could potentially run slower. It is critical that the manufacturing line is not noticeably slower otherwise less product will be produced. The PLC program was checked to determine the effect of the takt time of the heat-sealing cycle time was increased. The PLC program confirmed that the cycle time should be less than or equal too 600ms, however lower than 600ms would be preferred to account to ensure the process is below the takt time. 


Optimised Parameters
As discussed above, the Dwell Time needed to be less than or equal to 500ms to not negatively affect OEE; both the Pressure and Temperature needed to remain as high as possible without using the uppermost limit.
The Minitab response optimiser graph was manually moved for each parameter to see what recipe gave the highest achievable (y) of 6.12N value whilst following the above conditions. With a 90% Confidence and 99=5% Reliability level which is not high enough for high risk, critical medical products such as the BioVue cassettes. As shown in Figure 7‑7; 260°C, 6.5Bar and 450ms was chosen. 
[bookmark: _Ref39582887][bookmark: _Toc43064704]Figure 7‑7 - Parameters to Achieve Optimum Peel Strength
[image: ]




Investigation 3 Conclusion
[bookmark: _Toc38875761]The DOE parameter optimisation trial considered all the test criteria’s, 1) ring heights of the columns, 2) column merge and 3) the internal diameters of the reaction chamber and 4) peel strength. However, only peel strength was statistically analysed as part of this report due to all other criteria passing first time. There is no created risk by not analysing the other visual inspection criterions as they will continue to be monitored as per the initial QC sampling plan; 30 first-off and 30 last-off samples. However, further analysis would be recommended to determine whether these additional testing criterions pass repeatedly with a larger sample size.
To improve the peel force strength, the actions listed within Table 7‑9 must be implemented.
[bookmark: _Ref41241083][bookmark: _Toc43064674]Table 7‑9 – DOE Parameter Optimisation Conclusion
	
	Summary
	Conclusion

	Investigation

	3
	
	· Optimised Parameters can achieve a mean peel strength of 6.12N by the following defined parameter recipe;
- Temperature 260°C
- Pressure 6.5Bar
- Dwell Time 450ms

	
	
	
	Corrective Action/s Required

	
	
	
	· None.

	
	
	
	Recommendations

	
	
	
	· Small feasibility trial with low RHT3 foil.
· Small feasibility trial with high RHT3 foil.
· Large validation run with low RHT3 foil.
· Large validation run with high RHT3 foil.





[bookmark: _Toc43064606]Implementation of Improvements
Investigation 3 concluded that adjustment of the parameter set point for Temperature, Pressure and Dwell Time will yield stronger peel strength results. 
Parameter Evaluation 
Table 7‑10 compares the original CTQ parameter set points from Table 4‑7 against the optimised parameter set points. All three set points have been increased: Temperature by 108%, Pressure by the largest adjustment of 158%, and finally Pressure by 130%. These increased set points have achieved substantially higher peel strength results and are expected to achieve 6.1N with a 90% Confidence and 95% Reliability level.
[bookmark: _Ref41241100][bookmark: _Toc43064675]Table 7‑10 – Original vs Optimised Parameters Comparison.
	
	Original
	Optimised

	Parameter
	Set Point
	Set Point

	Temperature
	240°C
	260°C

	Dwell Time
	285ms
	450ms

	Pressure
	5Bar
	6.5Bar


Furthermore, it was interesting to compare the theoretical parameter set points defined within  Table 4‑6 against the optimised parameters too. The findings were that despite the theoretical sealing parameters suggesting a much lower temperature of 150°C, the DOE study proved that increasing the temperature to 260°C improved the integrity of the heat seal without compromising quality or causing delamination of the aluminium foil however due to the strong interaction of temperature and time, this is likely be due to the reduced dwell time. The theoretical findings concluded that a longer dwell time would produce a successful seal which is true, however due to process takt time limitations the heat-sealing process of the BioVue cassette it was not appropriate to increase the dwell time over double the original set point. The theoretical pressure was very similar to the optimised parameter, providing the heat-sealing station with additional pressure encouraged the two polymer layers to fully tangle.  
[bookmark: _Toc43064676]Table 7‑11 – Theoretical vs Optimised Parameters Comparison.
	
	Theoretical
	Optimised

	Parameter
	Set Point
	Set Point

	Temperature
	150°C
	260°C

	Dwell Time
	600ms
	450ms

	Pressure
	6 Bar.
	6.5Bar





[bookmark: _Toc43064607]Root Cause Analysis Review
As highlighted at the beginning of the report, the first identified root cause was the high variability within the material composition of the aluminium foil used on the BioVue product. It was recognised that the foil supplier Amcor were providing aluminium foil which met all material requirements, however yet still did not yield acceptable peel strength results. 
The  Factorial DoE design was used to conduct the parameter optimisation study. The DOE was very useful for producing predicted parameter values to optimise the peel strength force; however the DoE study does not guarantee that the 6.1N peel strength value is repeatedly achievable. Minitab predicts 90% Confidence and 95% Reliability level, it is not therefore possible to verify that the parameter optimisation will guarantee improvement. An additional investigation is required with much larger sample sizes to verify the issue has been rectified, see the suggested sample size within the report recommendations.



[bookmark: _Toc43064608]Recommendations
It is recommended to complete further investigations before allowing the implementation of the optimised parameter set points. The further trials must consider the effect on peal strength for both foil with known low RHT3 and with known high RHT3 too.
1) Feasibility trial with low RHT3 foil with a sample size of at least 250 cassettes.
2) Feasibility trial with high RHT3 foil with a sample size of at least 250 cassettes.
3) Validation with sample size of 40,000 cassettes for foil with low RHT3.
4) Validation with sample size of 40,000 cassettes for foil with high RHT3.
Task 1) & 2) must provide 100% peel strength results above 4.1N to allow Task 3) & 4) to be completed. These four tasks are outside of scope of this report due to manufacturing time restrictions associated with COVID-19.
As briefly discussed above, the additional tasks need to be conducted to prove successful peel strength results are achievable and repeatable over a larger sample size. It is not recommended to implement the optimised parameter set points without testing a larger non-saleable sample first to reduce risk of scrap. Conducting heat-sealing trials on actual product which contains reagent is three times more expensive than samples without reagent, therefore it is critical that any heat-sealed cassettes produced which include reagent are saleable. 
If a significant positive result is not achieved in both feasibility tests 1) & 2), then additional considerations should be conducted to determine whether the costs of implementing the changes are worth the benefit. If the peel strength value (N) is not improved, then an alternative solution must be considered. 
[bookmark: _Hlk42537864]Task 2), the validation run must run a much larger sample size to gain further confidence. The required sample size was determined by analysing the PFMEA. The PFMEA stated that a poor seal integrity is classified as high risk because the critical defect could result in life threatening actions for the patient due to false medical test results. It is therefore a necessity to meet the required regulatory risk acceptance for a high and critical failure modes, by achieving a 95% Confidence and 99% Reliability level. In other words, the trials must prove the claim that 95% of the time, 99% of the products produced will exceed the minimum peel force of 4.1 Newtons. A sample size of 80,000 saleable BioVue cassettes must be manufactured as per the sampling plan. The validation run will be as representative of the production environment as possible and will resemble the exact working conditions of a normal works order, with the only difference of the optimised heat-sealing parameters; everything else will be identical. Therefore, the validation runs will complete an array of quality checks; both on-line and off-line. 
Due to Covid-19, the measurement system analysis was not completed as part of this report however, it is recommended to complete the analysis separately once the OCD manufacturing facility is functioning again, before finalising any parameter optimisations. 
Project Charter
[bookmark: _Hlk42980248]Within the report introduction, an initial project charter was created to map out the expenses associated to completing DMAIC, minus the implementation of improvements and the ‘control’ phase. Now that there is clarity on what is required to complete these remaining aspects of the recovery foil project, a new Project Charter has been created within Table 7‑12. The project charter details the obvious project costs associated to completing the 4 remaining tasks such as materials, storage, labour, and equipment. Table 7‑12 however does not consider the hidden factory costs associated as listed,
· Resource used for these tasks may mean other projects will suffer delays,
· Feasibility trial and validation runs will use production line time therefore delaying actual work orders, if poorly planned service levels could be disrupted.
· Feasibility trial and validation runs will use production line time therefore potential disruption to maintenance schedules.
· Downtime implications if samples fail validation and parameters require reverting.
[bookmark: _Ref42869342][bookmark: _Toc43064677]Table 7‑12 - Project Charter
	Category 
	Variant 
	Quantity 
	Cost

	Capital 
	Process Changes Complete.
	N/A
	N/A

	  

	Material 
	Cassettes 
	80,500
	£4,800 

	
	Reagent (AHC) – 15kg
	15kg 
	£359 

	
	Sleeves 
	4,000 
	£120

	
	Trays 
	4,000 
	£120  

	
	Cases 
	800 
	£50

	  

	Storage
	Cassette Storage
	14,000
	£8,600

	  

	Labour 
	Operator Line Time 
	60 Hours
	£780

	
	Lab Trial Tests 
	435 Hours
	£5,655

	
	Process Engineering Time
	10 Hours
	£200

	
	Quality Engineering Time 
	5 Hours
	£100

	  

	Equipment 
	Ortho Vision Time 
	20 Hours
	£800  

	  

	Total Cost = £21,584



Overall, the payback period for these additional tasks is estimated at 0.0023 Years, which is less than 1 month as per the calculations in Table 7‑13;
[bookmark: _Ref41237180][bookmark: _Toc43064678]Table 7‑13 - Payback Period Calculated
	


*Note payback period will be faster as equation does not include hidden costs such as scrap, rework, labour associated to supplier audits and much more. Additionally, it should be assumed that all parts manufactured within the validation runs which pass quality checks will be saleable product.





Capturing the Bigger Picture
It is critical not to lose sight of the bigger picture when conducting a project. Even when a project is categorised as critical, the project leads must be mindful that the changes within a project will affect the wider company. The aluminium foil recovery project within this report is a great example of a project which affects the customers, stakeholders, and environment.
Customers and Stakeholders
Without successful completion of the foil recovery project, by the implementation of optimised heat-sealing parameters OCD Pencoed will not have high quality saleable BioVue product. OCD would then need to consider whether it is better to ship product with small risk of incorrect diagnosis assuming that the product passes regulatory compliance or whether to instead ship no product at all which would result in reduced volume of patients who can undertake blood diagnostics. OCD’s company reputation is at stake, if lower quality product is sold then customers may not repeat ordering from OCD again, or even worse regulatory compliance bodies such as FDA could halt production entirely until they are sure that the high critical risks are reduced. Halted production would negatively affect many individuals including OCD employees which could result in reduced working hours, the supply chain would then be behind on sales orders and moreover, the market share value of OCD could drop.  
Environmental Waste Reduction
OCD should consider alternative seal integrity test methods than the destructive peel strength test method currently implemented. Alternative non-destructive test methods include ultrasonic, radiation, vacuum decay, carbon dioxide or helium penetration, bubble emission and laser deflection (Dudbridge, 2012). 
Ultrasound signals  can be used to bounce off an area of package seal, showing a difference in the amplitude of the reflected signal at certain frequencies depending on whether the seal contained a fault or not (Raum, 2006). The method for ultrasound scanning of medical packaging however is not effective due to the inability of ultrasound to travel through air, meaning that the ultrasound transmitted into air-filled faults only passes through the first layer before bouncing back (Adams, 2000).
Alternatively, vacuum testing could be used. The objective of vacuum testing is to cause the movement of air out of a sealed container through leaks by using external vacuum within a testing chamber (Parkinson, 2019) (Capaccio, 1998). Closed packages are placed inside a sealed testing chamber and vacuum is created to cause movement of air through leaks in the packages (Arndt, 2017). If vacuum chamber contains water, bubbles from holes in packages may be observed however, for small packaging units such as the BioVue cassettes this method may not have enough precision.
Cassette Environmental Impact
In Europe, out of all the plastics produced in 2018, 19.3% was Polypropylene used for food or medical applications (Plastics Europe , 2019). Polypropylene is the plastic which also makes the BioVue cassette. In 2018, European plastics production reached 62 million tonnes, which attributed to a global plastic production of 360 million tonnes. Distribution of European plastics converters demand by segment shows that packaging is by far represent the largest end-use market share, which accounted for 39.9% of the total usage (Plastics Europe , 2019). OCD could improve global sustainability by considering alternative manufacturing materials than plastics.
Worldwide environmental issues are being caused by the rapid growth of plastic usage, and therefore accumulated waste. Depending on the plastic product, the lifespan can vary from single use, one year, 15 years and some have a service life of 50 years or more (British Plastics Federation, 2020). Thus, the amount of collected plastic waste does not necessarily correlate with the plastics demand of the same year. In 2018, 9.4 million tonnes of plastic post-consumer waste were collected in Europe to be recycled (Plastics Europe , 2019), which a 24.5% was not suitable for recycling and therefore went to landfill. 
Despite the large volume of waste generated, the material plastic is most appropriate for the BioVue cassettes. (British Plastics Federation, 2020) Plastics are hygienic, as it keeps products free from contamination which is particularly useful for medical packaging as packaging can be filled and sealed without any human intervention. Plastics are also lightweight, take up less space than alternatives which mean lighter transport costs, lower emissions; versatile therefore can be formed by many processes such as blown, injected or thermos-moulded and lasted plastics are durable (Hongbing, 2011). Plastics can also take fewer resources to produce than alternative materials, however sustainability should be considered with the aim to reduce negative environmental impact, where reasonably possible.


Foil Environmental Impact
The aluminium foil packaging market was valued at $17.9 billion in 2019 and is expected to reach $24.18 billion by 2025, at a compound annual growth rate of 3.27% over the forecast period 2020 to 2025 (Mordor Intelligence, 2020). The global aluminium foil packaging market size is estimated even higher at $46.19 billion by 2025, exhibiting a revenue based compound annual growth rate of 4.0% by Cision, a leading business analytic company (Grand View Research, Cision, 2020). The growing demand for ready-to-eat confectioneries and pharmaceutical products is expected to be the primary driver for the aluminium foil market but what happens to all the aluminium foil waste? 
Aluminium is one of the most recycled and most recyclable materials on the market today, nearly 75% of aluminium produced in the United States has been recycled and then used to create an alternative product (International Aluminium Institute, 2020). The reason that aluminium demand for continues to increase rapidly is because recycling aluminium is 100% recyclable and saves more than 95% of the energy required versus producing new metal (Europeon Aluminium Analytics, 2019). It was estimated in 2019 (Statistics, 2019) that around £36,000,000 worth of aluminium is sent to landfill sites within the United Kingdom each year, and that’s with an estimated 28% of aluminium not being recycled. Consequentially manufacturers which use aluminium foil is encouraged as it is a very sustainable, environmentally friendly material.


[bookmark: _Toc43064609]Theoretical Control Phase Recommendations
The Control phase of any DMAIC is often considered one of the most critical aspects because without it, all efforts made to correct the issue by the implementation of a solution is wasted. Without introduction of control measures, the improvements made have an opportunity to revert. 
In addition to the recommendations made to complete the heat-sealing stations parameter optimisation, there are also recommendations which were identified to be completed in a separate project entirely.
Again, the root cause of the lower foil peel force results was because of foil variability at the foil manufacturer Amcor but due to limited supplier control the root cause was not rectified. It is therefore recommended that either of the following actions are taken.
1) Introduction of an alternative supplier is considered.
2) OCD support Amcor to develop supplier initiatives.

Introduction of an Alternative Supplier
One method to control the incoming foil is to add an alternative foil supplier to the approved supplier list. The addition of a new approved supplier, which is more appropriately scaled to OCD demands will bring the following benefits.
· Improved quality of incoming aluminium foil,
· Increased leverage for material controls if needed
· Option to reassess the supplier audit level 
· Option to narrow foil material specifications 
The introduction of a new foil manufacturer however is not a small task, especially as OCD is a highly regulated medical engineering company. The project would be very expensive and take may months of hard work by multiple departments including Process Engineering, Supplier Quality, Quality Engineering, Regulatory, Technical Authority, Operations, Purchasing and more.
All of OCD’s customers however want to see a solution to the problem statement, it is not good enough to accept the likelihood of manufacturing BioVue cassettes with a peel strength lower than the 4.1N lower limit defined and resultantly risk of false blood diagnostic results.


Internal customers such as OCD employees want high quality, reliable and trustworthy medical diagnostic kits to be provided to the external customers. External customers such as medical practitioners and patients want consistent, accurate and correct diagnostic results; customers should not worry that they could potentially receive a false positive or false negative results; such results could have a detrimental effect on an individual’s life. Lastly, the Stakeholders such as FDA, EMA and the community in general want to ensure only true diagnostics are achieved.   
Develop Amcor Supplier Initiatives
If the introduction of an alternative foil supplier is not deemed a task with a fast enough solution, then OCD could consider an alternative approach where instead they work closely with Amcor to improve their manufacturing techniques with the aim of reducing the variability of the aluminium foil produced. Lean Six Sigma methodologies can be included at Amcor to build a Toyota culture to achieve continuous improvement activities to reduce the foil material variation created from its manufacturing process. Additionally, OCD could improve their control with Amcor by revising the supplier audit level. Listing Amcor as a higher, more critical supplier level would encourage more frequent audits and therefore prompt corrective actions to improve quality. However, OCD should be mindful that Amcor may not want to undergo the completion of supplier initiatives. As discussed previously and reinforced within Figure 7‑8, Amcor are the global leaders by both volume and turnover for the manufacture of aluminium foil. If Amcor do not respond kindly to quality criticism, then OCD’s supply chain could suffer detrimentally. Maintaining a long-term relationship with raw material suppliers, distributors, and retailers is essential in any business.
[bookmark: _Ref42878913][bookmark: _Toc43064705]Figure 7‑8 – Amcor as Global Aluminium Foil Leader (Mordo-Intelligence, 2020).
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[bookmark: _Toc43064610]Project Reflection
Displayed within Figure 7‑9 is the updated Gantt chart, which reflects the achieved performance of the Foil Recovery project. The project ran to the scheduled plan up until January 2020, when due to unforeseen circumstances relating to COVID-19, a global respiratory pandemic, the project experienced difficulties.  
[bookmark: _Ref42981361][bookmark: _Toc43064706]Figure 7‑9 - Gantt Chart Displaying Actual Academic Project Plan.

The only project objective not achieved was to assess the accuracy and reliability of the measurement systems associated to the heat-sealing equipment. This objective was not met due to the closure of the OCD manufacturing facilities due to COVID-19. This objective is listed as a recommendation for further analytical analysis.
All project aims were successfully achieved, and a solution was recommended weeks before production would have halted. The project determined that the BioVue cassettes were experiencing lower peel force results due to aluminium foil material issues which consequently caused lower peel strength results. A solution was determined by optimising the heat-sealing parameters to strengthen the peel strength results to produce saleable product, without compromising on the quality of the goods. 
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[bookmark: _Toc43064707]Figure 9‑1 – Cassette Technical Drawing (Ortho Clinical Diagnostics, 2019). 
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[bookmark: _Toc43064708]Figure 9‑2 - Plastic Cassettes Material Data Sheet (Ortho Clinical Diagnostics, 2019). 
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[bookmark: _Toc43064709]Figure 9‑3 - Foil Specification (Ortho Clinical Diagnostics, 2019). 
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TSH - Thyroid stimulating hormone
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Checking criterias:

1~ Foil presence check
Checking if the foil is present by a conirast check.
2 - Foil width check
Measuring the width X of the foil.
The dimension X has to be within 8.9mm and 9.9mm.
3 - Foil position check
The Cassette is good, if jus! the foil is visible and
no Cassette.
The Cassette is bad, if the edge of the Casselte
can be delected oulside the foil by a contrast
check at the two long sides of the Cassette or the
short side opposite of the fab.
4 - Tab presence check
Checking the presence of the tab by a
conlrast check.
5 - Foil damage check
Checking if the foil is damaged by a conrast check.
Detection of damages > 1.0mm.




image18.png
CT2 CT3 CT4 CT3 CT6

CT1

Z1dH

11
0l

o
EE | ZE | 2E | ZE

&





image19.png




image20.png




image21.png




image22.png




image23.png
MEASUREMENT

MACHINE

METHOD

catbrated i

et sealing piate

Temperature probes

Cassete ting cylinders

il st pre-sesl Tac

st seaing presre \

amers Vi chicks

ontine Qualty checks

Quaty control

MOTHER
NATURE

Work nstructions

Standard Opsrating racies (507)

uromatad Manfacturing el

MATERIAL

MAN

Failed
Peel Strength
Results (N)





image24.png




image25.emf

image26.png




image27.png
Pressure Bar

PRy O

Cassette Numbers

Yy I I F I J PR




image28.png
Number of Rejects

AHCO094H - Rejects by Lane

Reject Lanes




image29.png
14 August 2019

08:38





image30.png
Sealing Pressure

a9 |

a8

as7

a6

ass

a9a |

as3

a92

as1

as
22 2681 5409 5009 10601 13242 15843 18406 20955 23504 26056 28602 31168 33731 36287 38843 41379 43921 46454 48995 51538 4088 56627 59191 61734 64254 66834 69369 71955 74529 77082 79644 82212





image31.png




image32.png




image33.png




image34.png




image35.png




image36.png
Term

208

Pareto Chart of the Standardized Effects
(response is Results 1, @ = 005)

Factor Name

A Temperre
5 b
©  OwenTme

o 5 0
Standardized Effect




image37.png
Percent

%

s
%0

Normal Plot of the Standardized Effects
(response is Results 1, @ = 005)

mie

Efect Type.
® NotSignifcant
B Sigacant

Factor Name
A Temperre
5 b

©  OwenTme

H o 5
Standardized Effect

0 =




image38.png
Main Effects Plot for Results 1
Fitted Means

Temperature Pressure Dwell Time

Mean of Results 1

200 300 H 7 200 00

All displayed terms are in the model




image39.png
percent

Frequency

Residual Plots for Results 1
Normal Probabilty Plot Versus Fits

3
Rescuat Fited Vaue
Histogram Versus Order

Residual

Residual Observation Orcer




image40.png
Temperat Pressure Dwell Ti

N iigh 3000 70 6000
. igl X 4 X
D:0AT13 e [200.0] [6.0] [350.0]
Low 2000 50 2000
Results
Maximum
y=41133

d=041133





image41.png
Temperat Pressure Dwell Ti

it g 3000 70 6000
X igl X 4 X
D:08282 ¢ [300.0] [7.0] [600.0]

Low 2000 50 2000
Results
Maximum
y=82825

d=082825





image42.png
Temperat Pressure Dwell Ti

. High 3000 70 6000
D:06126 0" 12600] 16:50] [450.0)
Low 2000 50 2000

Results L /
Maximum /
y=6.1261

d=061261





image43.png
Major Players

Amcor Limited
Constantia Flexibles

Nicholl Food Packaging
Ltd(Bawtry Carbon International

Limited)

Hindalco Industries Limited(Aditya
Birla Group)

China Honggiao Group Limited




image44.emf

\1/

X R.040
|
Ol

2X

+

90°

|

//>
4

- —

~

o D-00057

SHEET NO. . OF D

L031+.005 ON SHEET 2 WAS
.038+.005
.816+.005 ON SHEET 2 WAS
1.8051.005

45 K. 0404+.005

230005 — | SPC32673 ON SHEET | WAS PMS20410
G [.014/AB|C N \‘ \'/ 125+.010 @65 ON SHEET | WAS
\ 125+, 006/-.0172
‘ 1052010 @C5 ON SHEET | WAS
6X & 3344+.005 105+.006
‘ L053+.005 @C5 ON SHEET | WAS
@ . 014|AJE[F / 053+ 003
| f ADDED 24X R.005+.002 @B4 ON
. SHEET |
N -
MOLD CAVITY [.D. LOCATION
J? SEE DETAL DETALL B ' gﬁo %Oi T
6x . 310+.007 :
G N 120t 000 CTQ: BIOVUE-CAS-03 G
& [ 010O][6]E[F @ | 04O [6[E|T SPECIAL LEVEL $4
AQL= 0.695
—— L0574+ .00
[F 2. 1254010 1 005
].005]A
) :
B
l'.: 1 1 IHI 1 1 IHI 1 1 I1--fl 1 1 IHI 1 1 IHI 1 1 I"l J] 1 1
CROSS-HATCHED SURFACE | | | | | | | | | | | | L0974+.005
FINISH MOLD STEEL TO SPI A3 SURFACE FINISH ! | ! ! | ! ! | ! ! | ! ! | ! ! | ! Y |
DRY BEAD BLAST WITH BT-8 GLASS BEAD | | | SR | |
AT 4 DISTANCE OF 12 - 20 INCHES !___% !___% '___% !___% !___% !___% G
\ \— "1 — AN AN J I\ N\ "1 AN AN /
\\ / \\ / \\ / \\ / \\ / \\ / E a
N | N | N | N | N | N | z
- '\'“FM '\'“FM | |"|M' ] |"|M' | |"|M' | |"|M' ' T -
AR AR )] )] )] )]
C :'||'| :'||'| ] ] | NARN C
| 267+ 010 SRR SRR ) ) ) s
NO DRAFT T SR SR NN SN SN ? |
- - :|+|' -:':Hn Ay - b ¢ - H :
|||||| |||||| NN NN NN NN
”I||I| ”I||I| NN NN NN NN
|7 |7 N N N N A
\y \y \Y | \y \y \ |
L/ L/ L/ L/ L/ L/
r 2. 5524+.010
SPECTAL LEVEL 2
‘ D 2. 4254 010 I AOL = 1.0
21474010
- , » -
|
CROSS-HATCHED SURFACE (BOTH SIDES)—
FINISH MOLD STEEL TO SPI A3 SURFACE FINISH : L osos o1 /. 406 REF
DRY BEAD BLAST WITH BT-8 GLASS BEAD ”HPOST[D MG/ONN
AT A DISTANCE OF 12 - 20 INCHES
| |
|
|
$ | | oo D-00057
; /
A 4 4 /4( T ] 2
f | \ X\\\\¥ A ‘T
L0584+, 005 2X 030+, 005 — S P 1094 005 2N R.0754£.005 | s ol A
907 — |
R.040+. 005 —= = . 043+.005
== 4/, 005 == . 4/34+ 005+
*ATTRIBUTE SPECIFICATION ** ACCEPTANCE
Weldlines Holes/bubbles on or in contact CTQ: BIOVUE-CAS-05 [ 055+.005
with columns/reaction chambers | GENERAL LEVEL II NORMAL
AQL = 0.010
Short Shots/Pin Holes None Allowed General Level 11 2 1054+ 0/0
Normal Inspection
AQL = 0.015
Voids Voids in rib cannot break surface | General Level 11
of inside reaction chambers Normal Inspection
C AQL = 0.015 C
Molded-in-Contamination .008" Max CTQ: BIOVUE-CAS-06
GENERAL LEVEL II NORMAL
AQL = 0.65 888 = 888
Nicks & Dings On foil sealing surface CTQ: BIOVUE-CAS-07
Depth .010" Max GENERAL LEVEL II NORMAL
Width .020" Max AQL = 0.65 oX . 12724.005 — —= = 60X . /80+.005
Length .020" Max S 010@[AlE]r 533 533 & [.008]alB[C
Warp .010" Max Special Level S4 : :
AQL = 0.65 CTQ: BIOVUE-CAS-0] Y
SPECIAL LEVEL S? F
Loose Particles/Foreign Matter On inside of General Level II AOL= | 0 178 178
column/reaction Normal Inspection :
chambers AQL = 0.65 24X R 0054+, 007
Bubbles/Cold Slugs (in column/reaction One allowed General Level I1 ——
chamber) .060" Max as long as it does Normal Inspection Jy ( / /\\( WN W\\\_// N WN ) // \% 4 R 0102005
not break surface or contact AQL = 0.65
reaction chamber / ;_7:/\ /f _7\>\ J /[ 7\7/\ /f v /[ 7\7/\ /f o
Bubbles/Cold Slugs (in frosted area) Féi(\)r(()e"albl[owed 1(i‘rrenerallILevel 1{1 > J/% K‘(\L })% KJJ \g j/; ‘ J/ i%
. ax ormal lnspection
AQL =1.0 ] /\\/t K% NOTE
Parting Line Flash On edges and foil sealing surface | General Level II ox . 060+. 000 am g
.027" Max Normal Inspection @ .O\O@ ALE|F — 6X 140+ . 005 | USE OF MOLD RELEASE IS PROHIBITED
AQL = 1.0 & | oo8|alB]cC |
: : " CTQ: BIOVUE-CAS-0? : 2. USE OF REGRIND IS PROHIBITED
Bjector Pin Flash 027" Max General Level I1 24X R.0314.005 90 399 16X R 0664 005 — 3. SURFACE FINISH TO BE SPI A3 UNLESS SPECIFIED OTHERWISE
Normal Inspection SPECITAL LEVEL S¢?
AQL = 1.0 AOL- |0 o s . 4. REFER TO SPC32673 FOR ADDITIONAL REQUIREMENTS
Core Pin Flash 027" Max General Level 11 . .
Normal Inspection
AQL =1.0 —= | = 4X 070+.005
Sink .010" Max General Level 11
o cion SRR CREO
Scratches (on column/reaction chamber) | Length .050" Max General Level II 10 10 DATUM PRECEDENCE (UNLESS OTHERWISE SPECIFIED): FIRST A SECOND B THIRD _ : :
Width .005" Max Normal Inspection Ortho Clinical Dlagnostlcs
AQL =1.0
Gate Remnant .030" Max General Level I.I UNLESS OTHERWISE SPECIFIED: MAJOELF;PQ(EPYLENE
iarfilllfgsmcmn SECTION C-C CXXONMOB 1L ACHIEVE 1605
Scratches (in frosted region) Length .050" Max General Level 11 - DIMENSTONS ARE IN IS | NCHES NAME
Width .005" Max Earlrlnzlzhéspection - ASME Y14 5-2009 STANDARDS APPLY BIOVUE CASSETTE
Gate String 1.00" Max General Level 11 SURPACE TREATMENT AND - COATING
Normal Inspection SEE NOTE #3 m—
AQL =25 ECO NO. 1%t AQO

*Attributes per Society of Plastics Industry Cosmetic Specification of Injection Molded Parts

** Acceptance per ANSI/ASQ Z1.4

/4
o oo D-0000¢

- THIRD ANGLE PROJECTION @—6—

SCALE

4.000






. D-00057

SHEET NO. »  OF

| L031+.005 ON SHEET 2 WAS
13-0CT-08 §.0381.005
|.816+.005 ON SHEET 2 WAS
.805%.005
SPC32673 ON SHEET | WAS PMS20410

2 125+.010 865 ON SHEET | WAS
05-NOV-18 2. 125+.006/-.012
105+.010 6C5 ON SHEET | WAS
‘005 I
1053+.005 8C5 ON SHEET | WAS
.36 545 1003
ADDED 24X R.005+.002 @B4 ON
S|P 014D JAJEST SHEET |
SPECIAL LEVEL S? ~—— . 3/0 REf ——= SEE DETAIL FOIL SEAL FEATURE —= g 242 REF =—
AQL = 1.0 /\
1 o
'jA ' / L' \\ fp ’/A_ —= 310 REF
¢ I |
- ’ 60° | —= = 004+ 002
_;;7/////,_ 56 “¥?i7\7<%2 ;7/4//////’_ \\\\\\if;;; | |
Yi 004+ 007 —=
| | —FOIL SEALING SURFACE
. 286+. 007 SEE- ATTRIBUTE TABLE ON SHEET |
\ ) \ B (@ 0080 |G|E|F FOR NICK AND DING  SPECTFICATIONS.
R.030+.005
7 2424005 —
& (D . 0140 |A|E|F
122 REF % /| %

L0104, 000 /' L0104+, 005

—/ |

N2/ 000

. S— P 070+, 005 ‘
0 \\\ﬂ,///
' |
065 REF
- 140 REF :
8164005
: 8304+ 005 —1 907
/,.30041
[ | 30°
i REF 77

|
/f\\ \\// 092 REF
: |
0314005
30504 005 7/&77 $
E o e
R 064+ 005 T

N\ﬁ

g

SK. 015 REF G

SK.0154#.005

SCALE  40.000

TYPICAL 6 PLACES
/{/ /. 406+. 005

. |
: |
|
d |

: T
A~ : W
SECTION B-B SECTION A-A
?iéégAzgéongCES TYPICAL 6 PLACES

CREO

DATUM PRECEDENCE (UNLESS OTHERWISE SPECIFIED): FIRST A SECOND B THIRD C . i ]
Ortho Clinical Diagnostics
UNLESS OTHERWISE SPECIFIED: MATERIAL
‘ POLYPROPYLENE
EXXONMOBIL ACHIEVE 1605
- DIMENSIONS ARE |IN S | \C [ S NAME
- ASME Y14.5-2009 STANDARDS APPLY BIOVUE CASSETTE
SURFACE TREATMENT AND COATING
SEE NOTE #3
ECO NO. 1% A
- THIRD ANGLE PROJECTION
= o oo D-00057
SCALE 4.000
DATE 19-JUL-2005

DETAIL  FOIL SEAL FEATURE D - 00052 H






		Sheet 1

		Views

		main_view

		right_1

		top_1

		new_view_7

		new_view_8

		DETAIL B

		bottom_21





		Sheet 2

		Views

		new_view_11

		right_11

		FOIL SEAL FEATURE








image45.png
o Ex¢onMobil
Achieve™ Advanced PP1605

Polypropylene Homopolymer

Product Descrption
Aoy e sl estoce techciogy i o mesel o and e s g e
e vt s Aot s b carty oo PPt

it - Mot Amercs

—— - Ao Senlzobe - GoodOrganipic Properis  LowExrcsbies
 Eiien OndeSeetzable - Low Emons ey

= it Rolisiors - Libwats edcalbestbens
il Aopsons - M Pakageg Agcaors”

e Mot Colo

Formte) el

Procesingidhod ~inectonvioing

Fevaonse < ouovz0n

Pl ey (Engie) i vae 5) Test s 0n

e s Fow Rt (R 30°C2161) 32 gomn 32 giomn _astupis

ey 0500 gremt 0900 gt et

- ey (el i vake 5) Test s O

TendeSyength st veld Asmanas

20 51 mei) 0 s 53w

Eongaton s v (20 /e 51 ] o2 % Cxy o

et Mo Secart 98000 i 250 s emomon

(0051 13 i)

st eV (el i vake 5) Test s 0n

Noched zod inpect (13 23°0) 019 kam 2 JENTSENS

sl ey (Engie) i vake 5) Tt s 0

Pesketing Temperse e 150 c Enonitatd

eection Tempestr Unde Losd BT) R e om0

bt Unnpeed




image46.png
Description

Specification

Raw Material References

“Aluminum foil alloy AA 8021, sofi-tempered with peelable heat seal coating LA2413
and a heat resistant gold stoved lacquer coating LA2458

‘Gold Stoved Lacquer

3.0 g/m2 £ 0.9 g/m2

Aluminum Foil

70.0 = 5.6 microns

Heat Seal Lacquer

9.0 g/m2 = 1.8 gm2

Reel Weight Maximum <10Kg

Reel Length ‘Aim is 800m

Strip widih 62.0=02 mm

Max outer diameter of reel | < 300mm

Core Material Nylon (No Cardboard Fiber allowed)

Reel core diameter Tomm = 2mm

Splicing Splices shall be avoided, however if required no more than I splice per finished individual
reel, marked with a red flag on top (gold) side. Splice shall butt against the roll.

Winding Foil shall be wound onto nylon cores with gold side out

Film flatness No creases

Seal Strength 10.020.0N/I5mm.

Delamination No delamination. No inclusions >0.05mm

Cleanliness Free from contamination

Puncture/Lacerations/Cuts
(Through Laminated Layers)

No Defects

Edge and surface damage

None acceptable

‘Quality of packaging

Must be received in good condition.





