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[bookmark: _Toc73784833][bookmark: _Toc73784877]Introduction
This report was created the investigate and develop an effective design for a container that would be used to transport vaccines. The parameters set on this investigation are the use of two containers (Inner and Outer) and the containers must be manufactured from expanded polystyrene (EPS) with a wall thickness of 20mm. This report will be split into two sections, one section will investigate the temperature calculations involved with the storage container, the other section will focus on the design element of the storage container. 
As part of the first section, temperature calculations a program called Matlab will be used. Matlab is a program designed for scientists and engineers that can be used for programming to analyse systems and products. Within this report Matlab will be used to calculate the mass of the box and calculate the evolution of temperature of the container based on two materials filling the container, air and ice. In the evolution of temperature calculations, the methods that will be used are ‘Explicit Finite Difference Method’ for air and ‘Apparent Heat Capacity Method’ using the ‘Explicit Finite Difference’ formulation for ice. 
In the second section of the report the aim will be to create a design that is as efficient as possible for manufacturing and assembly. In this section the following elements will be taken into consideration as requirements during the design: 
· Reusable Container
· Stackable Containers (at least 3 high)
· Minimized potential for Error During Assembly
· Allowance for Manual Handling
To achieve these requirements there are a number of different manufacturing and assembly methodology tools that will be used, these are: 
· Voice of Customer (VOC) and Critical to Quality (CTQ) 
· Quality Function Deployment (QFD)
· Design Failure Mode Effects Analysis (DFMEA) 
· Design For Manufacture / Assembly (DFM / DFA) 
Once these tools have highlighted the key design elements that need to be taken into consideration this report will then use Computer Aided Design (CAD) software to create a visual image of the final design.  To complete the methodology a process flow diagram will be created for the assembly process. 


[bookmark: _Toc73784834][bookmark: _Toc73784878]Task 1
CODE REQUIRED: 
clear all
close all
clc

s='IT?'
x=input(s)

figure(1)
run varargin.m
run Varargin1.m

figure(2)

rectangle('Position',[x+30 x+30 140 120])
rectangle('Position',[x+20 x+20 160 140])

rectangle ('Position',[20 20 (180+2.*x) (160+2.*x)])
rectangle('Position',[0 0 (220+2.*x) (200+2.*x)])

axis 'equal'

%Box 1 dimensions

        length1=0.140;

        width1=0.120;

        height1=0.140;

        length2=0.180;

        width2=0.160;

        height2=0.180;

        volume1=(length2*width2*height2)-(length1*width1*height1);

        fprintf('Box 1 has the inner dimensions of %gm x %gm x %gm. With the outer dimesions of %gm x %gm x %gm. \n', length1, width1, height1, length2, width2, height2)

      
        %Box 2 dimensions

       X1=x/1000;

        length3=0.18+2*X1;

        width3=0.16+2*X1;

        height3=0.18+2*X1;

        length4=0.22+2*X1;

        width4=0.2+2*X1;

        height4=0.22+2*X1;

        volume2=(length4*width4*height4)-(length3*width3*height3);

        fprintf('Box 2 has the inner dimensions of %gm x %gm x %gm. With the outer dimesions of %gm x %gm x %gm. \n', length3, width3, height3, length4, width4, height4)

        

        %Volume and mass of containers

        totalvolume=volume1+volume2;

        D=23;

        massempty=totalvolume*D;

        icevolume=(0.3*0.3*0.28)-(0.18*0.16*0.18);


        icemass=icevolume*1000;

        massfull=massempty+(0.18*9)+icemass;

        fprintf('The mass of the full container assembly once filled with ice and the vials is %gkg. \n', massfull)   

Evidence of Code working:
[image: ] 
Fig 1. Evidence of Code Being effective in Matlab Online Software
[image: ] 
Fig 2. Evidence of Code Being effective in Matlab Online Software

[image: ]
Fig 3. Evidence of Code Being effective in Matlab Online Software


[bookmark: _Toc73784835][bookmark: _Toc73784879]Task 2
Heat transfer, mass transfer, fluid dynamics and other partial differential equations can all be solved using numerical methods. At present there are two widely used methods for solving partial differential equations, these are the ‘Finite Difference Method (FDM)’ and the ‘Finite Element Method (FEM)’ (Ozisk, 1994). 
The finite-differential methods (FDM) are methods that approximate derivatives with finite differences to solve differential equations. This finding is supported by Zhou (1993) when they state ‘The finite difference method (FDM) is an approximate method for solving partial differential equations.’


[bookmark: _Toc73784836][bookmark: _Toc73784880]Task 3
Within an ice formation a liquid phase of ice will occur when areas of the ice reach temperatures that exceed the melting point of ice. 
When a material absorbs heat causing the temperature to change, the ratio of heat absorbed is known as the heat capacity.  Commonly this ratio is specified as one calorie per degree Celsius or joules per kelvin (J/K). The heat capacity of a system can depend on a variety of variables, these are Pressure, Volume and Temperature of the system.  
To determine the amount of heat that would need to be applied to a mass of ice to achieve a unit change in temperature is calculated by:

Where:
C = An objects Heat Capacity
Q = Heat Transfer
ΔT = Change in Temperature

During the phase change process that occurrs when a material changes from solid to liquid there is a section of material that can be partly considered both liquid and solid, this area of the material is reffered to as the ‘mushy zone’ (Lewis, et al., 1996). The mushy zone identified is said to exist between the temperature range e -0.5 °C < ΔT < 0.01 °C 
The heat capacity method is a temperature-based method used to calculate temperature by correlating the heat capacity with the slope of the enthalpy-temperature curve (Datas, 2020).  In this method the temperature can be calculated by using the following energy equation:
[image: ](Datas, 2020)
It is acknowledged by Datas (2020) there are two variations of the heat capacity method, these are: 
· Apparent Heat Capacity
· Effective Heat Capacity
Hashemi and Sliepcevich where the first people to present the Apparent Heat Capacity Method using a 1D finite difference formulation that was based on the Crank-Nicolson scheme (Yang, 2008).  The apparent heat capacity method has been shown to be effective where materials show a mushy zone around the phase change and been defined the method as:
‘The apparent heat capacity formulation provides an implicit capturing of the phase change interface, by solving for both phases a single heat transfer equation with effective material properties. The latent heat of phase change is taken into account by modifying the heat capacity.’

The formula given by Lewis, et al., (1996) for calculation of the Effective Heat Capacity is:
Effective heat capacity:  



[bookmark: _Toc73784837][bookmark: _Toc73784881]Task 4 
[bookmark: _Toc73784838][bookmark: _Toc73784882]Design and Development
In this task this report will use a variety of different design tools to aid in the design of a vaccination container. The aim of the vaccination container will be to ensure it suitably protects the integrity of the vaccinations being transported whilst taking into consideration other areas such as assembly process, stackable container, reusability and safety of design. 
[bookmark: _Toc73784839][bookmark: _Toc73784883]Voice of customer (voc) and Critical to quality (ctq)
The Voice of the Customer is used to collect information regarding any needs that a customer may have that could be considered necessary customer value factors (Yang, 2007). 
Before carrying out a QFD analysis this report will first investigate into the Voice of the Customer (VOC). The reason for this action is because the key issues highlighted from VOC can then be translated into measurable metrics known as Critical to Quality (CTQ) characteristics (Martin, 2008). Within the VOC there can be considered two types of customers, internal and external. External customers are defined as the final user of the product or a customer who purchases a product or service as a consumer. Internal customers are considered purchasers of the work within the process before the product in completed (Kimura, 2017).  This is supported by (Hartline & Bejou, 2004) when they consider the internal customer as the employees of the process.



[image: ]
Fig 4. VOC and CTQ Table for Vaccine Assembly and Delivery
In the table show in Fig 4 the internal customers have been considered as the vaccine assembly and delivery team, and the external customers have been considered as the ‘Vaccine Administer – Nurse’ and the ‘Vaccine Recipient – End User’. It is the belief of this report that all the internal and external customers highlighted are relevant as they can all be considered as stakeholders in the vaccine roll out. Due to current lockdown conditions the report author was unable to make contact directly with current vaccine assembly and delivery workers and so will draw on experience from many years of employment in both assembly and distribution facilities. 
The VOC that has been suggested for the ‘Vaccine Transport Assembly Team’ is ‘Difficult Assembly Processes Affecting Production Targets’. The reason for this was because assembly processes are highly driven by production targets and the need to meet them. To be able to meet the production targets set out the CTQ developed for this VOC was to design the assembly process to be simple and error proof. By doing this it would allow the assembly team to carry out production at a high pace without errors. The ‘Vaccine Distribution Team’ VOC was established by a similar need to meet delivery schedules on time. This VOC led to the CTQ of the need to design the product so it can be stacked at least three high during transportation. This would allow for greater volumes of vaccine to be delivered on each lorry, this however could have a negative impact on the potential to cause damage to the product during transit.   
The VOC’s for the external customers in this process were ‘Wasted vaccines due to damage or above required temperature during transit’ and ‘Effective vaccine administration’ for the Vaccine Nurse and Vaccine Recipient respectively.  To ensure these VOC concerns are reduced for the concern for damage and improved with respects to effective administration the CTQ’s developed were to deliver the Vaccines intact and undamaged and withing the recommended temperature range.  
The CTQs developed from this investigation will be used to aid in the creation of the Quality Function Deployment table. 



[bookmark: _Toc73784840][bookmark: _Toc73784884]Quality Function Deployment (QFD)
Quality Function Deployment is a customer driven tool that is commonly used within engineering design to establish design specifications by transforming the needs of the customer previously highlighted in the VOC (lapinskiene & Motuziene, 2021). This finding is supported by (Park, et al., 2021) when they state ‘QFD identifies customers’ needs and wants while converting them into a particular product or service design in order to meet those requirements.’. 
QFD was first being implemented by Mitsubishi Heavy Industries Limited in japan during the early 1970’s. By the early 1980’s the QFD model was being used in many large organisations in the US such as 3M and Ford Motor Company (Chan & Wu, 2002).  An example of QFD can be seen in Fig 5.
[image: ]
Fig 5. Example of QFD Layout. (Maritan, 2014)
QFD uses the House of Quality format to identify the customer attributes (what’s) and  Engineering Characteristics (How’s) and the strength of relationship between the two.  In addition to these the House of Quality also identifies the correlations between the engineering characteristics and where they positively or negatively influence each other. Further to these the table will also determine the importance of each of the engineering characteristics and how difficult and costly they are to achieve (Maritan, 2014). 
The QFD table created for the vaccine assembly and delivery process can be seen in Fig 6. 
[image: ]
Fig 6. QFD Developed for Vaccine Assembly and Transportation
Withing the QFD table created for the Vaccine Assembly and Delivery this report highlighted 6 customer requirements (what’s). these customer requirements were:
· On Time Delivery
· Minimized Environmental Impact 
· Delivered at Recommended Temperature
· Delivered Undamaged
· Fast Assembly Process
· Minimized Costs
These customer requirements were given customer importance ratings. These ratings were a value between 1-5 with 1 being low and 5 being high. These ratings are used to assign how important a customer requirement is to the customers (Chan & Wu, 2002). This report assigned the values 5 to both ‘Delivered at Recommended Temperature’ and ‘Delivered Undamaged’. The reason for the high importance rating was due to the vaccine being considered unusable if it is out of the recommended temperature or damaged. This wastage is further worsened by being at the end of the supply chain where they have incurred the most value invested into them. 
The customer requirements given an importance rating of 3 were ‘On Time Delivery’ and ‘Fast Assembly Process’.  The reason for this value assignment was because both of these requirements impact how fast the vaccine can be received by the end users. Any delays in delivery to end users could have the potential to cause further deaths as a result of not being protected from the virus.
The last remaining customer requirements were ‘Minimized Costs’ and ‘Minimized Environmental Impact’ and were given values of 2 and 1 respectively. These low values were given due to their non-threat to life and so were considered ‘delighters’ rather than ‘needs’.
To be able to achieve these customer requirements the following ‘Functional Requirements (How’s) were created: 
· Error Proof Assembly Process
· Simple Assembly Process 
· Stackable Containers
· Reusable Containers
· Flexible Production
Each of these functional requirements where give a ‘Relationship Score’ in reference to how much they have to potential to affect the outcome of the customer requirements. The scores being used for this report were: 
· 9 = Strong
· 3 = Moderate
· 1 = Low
· 0 = None
Once these scores were assigned it was then calculated which of the functional requirements were the highest priority based on the relationship scores assigned. The outcome of these calculations assigned the following priority rank:
1. Simple Assembly Process
2. Stackable Containers
3. Flexible Production
4. Error Proof Assembly Process
5. Reusable Containers
It was also taken into consideration the ‘Difficulty’ and ‘Time and Cost’ of these functional requirements before arriving at a final ‘Priority to Improve’. The values for difficulty and time and cost were between 1 for low / very easy and 5 for high / very difficult. After these additional considerations were taken into account the final ranking for priority to improve was: 
1. Simple Assembly Process
2. Stackable Containers
3. Reusable Containers
4. Errorproof Assembly Process
5. Flexible Production
From this final list it can be seen the functional requirements Reusable Containers and Flexible Production have switch priority rankings. The reason for this is due to Flexible production being considered difficult and expensive to implement and therefore receiving scores of 4 and 5 respectively. 
It was also highlighted by this table the correlation between each of the functional requirements, this correlation determines how much each of the requirements affect each other when implemented. The most notable correlations highlighted in this table were a strong positive correlation between error proof assembly process and simple assembly process. This reason for this was due to as the assembly process simplifies the number of errors generated from the assembly workers will reduce. Another notable correlation was between reusable containers and flexible production where the correlation was a strong negative. 

[bookmark: _Toc73784841][bookmark: _Toc73784885]Design failure mode effects analysis (DFMEA)
All designs have the potential to fail is enough usage and time is given as there are no designs that can last forever (Kolich, 2014). To reduce the frequency of design failures the Design Failure Mode Effects Analysis (DFMEA) tool is commonly used within the design process of a product to highlight the potential areas in which the design may fail. (Porter, 2004).  FMEA was originally developed in the 1950’s by military reliability engineers to study the failuers arising from failurs in military systems (Rausand & Hoylan, 2004). 
DFMEA, when used effectively has the potential to: 
· Improve Development Time
· Improved Time to Market
· Customer Satisfaction Improvements
· Reduction of Warranty Claims
· Improved Reliability and Quality (Kolich, 2014). 
This Finding is supported by (Lipol & Haq, 2013) when they found FMEA had benefits that incuded better reliability, better quality and improved customer satisfaction. 
[image: FMEA | Failure Mode and Effects Analysis | Quality-One]An example of DFMEA can is shown in fig 7.
Fig 7. Blank Example of DFMEA Table (Q1 International, 2020)
When completing a DFMEA / FMEA table the user will fill in each of the columns in each row. A brief description of what would need to be input into each cell of the rows can be seen below: 
· Item / Function - In this field the input would be what the process step is being investigated. 
· Requirements - What would need to happen during the process step identified in Item Function.
· Potential Failure Modes - What way the key input failure could impact the customer requirements. 
· Severity (SEV) – In this field a value between 1 – 10 would need to be entered, with 10 being the highest severity and 1 being the lowest. Example of severity are 1 being no effect at all and 10 being the potential to cause harm to life and would occur without warning. 
· Potential Causes / Mechanisms of failure – What causes the failure to occur. 
· Current Design Controls Prevention – What control Measures are in place to prevent the failure to occur.
· Occurrence (OCC) – In a scale of values 1 – 10 what is the probability of the failure occurring, with 10 being very high and 1 being very low. 
· Current Controls Design Detection – In a scale of values 1- 10 what is the probability of the failure being detected if it occurs. 
· Detection (DET) - In a scale of values 1 – 10 what is the probability of the failure being detected after occurrence. 
· Risk Priority Number (RPN) – the risk priority number is a value that is calculated by:  . This higher this resultant value is the greater the risk rating. 
· Recommended Actions, Responsibility and Completion Date – in these cells the user should establish how the calculated RPN values can be reduced by putting steps in place to reduce the severity, occurrence, detection or all three. 
Lastly the user should calculate the new severity, occurrence and detection values after the improvement steps have been completed. These can then be used to calculate the new RPN value. 
The parameters for the values given for severity, occurrence and detection by this report can be seen in Fig 8, Fig 9, and Fig 10, 



[image: ]
Fig 8. Severity Parameter used by This Report.
[image: ]
Fig 9.  Occurrence Parameter used by This Report.
[image: ]
Fig 10. Detection Parameter Used by This Report.
The DFMEA table created by this report for the vaccine container design, assembly and transportation can be seen in fig 11. 




	#
	Process Function (Step)
	Potential Failure Modes (process defects)
	Potential Failure Effects (KPOVs) 
	SEV
	Potential Causes of Failure (KPIVs)
	OCC
	Current Process Controls
	DET
	RPN
	Recommend Actions
	Responsible Person
	Taken Actions 
	SEV
	OCC
	DET
	RPN

	1
	Assembly of Container
	Mislocated inner box
	Box Lid Unable to Close - Rework
	3
	Assembly Operator Error
	3
	Multiple Operators - Awareness
	2
	18
	Design Location Points to Poke Yoke Assembly
	LG
	Designed Internal Locator Pins Inside Outer Container to Place Inner Container.  
	3
	1
	1
	3

	2
	Assembly of Container
	Mislocated inner box
	Box Lid Unable to Close - Vaccine Out of Temperature at Delivery
	10
	Assembly Operator Error
	3
	Multiple Operators - Awareness
	2
	60
	Design Location Points to Poke Yoke Assembly. Also Input Go/NoGo Letter box into Assembly Conveyor
	LG
	Designed Internal Locator Pins Inside Outer Container to Place Inner Container. 
Include Letterbox Go/NoGo on Conveyor to Ensure Correct Lid Fitment.  
	10
	1
	1
	10

	3
	Assembly of Container
	Box Lid Not Fitted Correctly
	Vaccine Temp Uncontrolled - Wastage
	10
	Assembly Operator Error
	2
	Multiple Operators - Awareness
	2
	40
	Design Box Lid Lips to Ensure Correct Fitting. Also Input Go/NoGo Letter box into Assembly Conveyor 
	LG
	Designed Male and Female Locator Lips on Lid and Outer Box to Ensure Correct Fitment. 
Include Letterbox Go/NoGo on Conveyor to Ensure Correct Lid Fitment.  
	10
	1
	1
	10

	4
	Filling of Water into Container
	Water Displacing Inner Box
	Box Lid Unable to Close - Rework
	3
	Inner Box Displaced by Water
	5
	Single Operator Awareness
	6
	90
	Design Location Points for Inner Box Within Outer Box
	LG
	Designed Internal Locator Pins Inside Outer Container to Place Inner Container. 
Include Letterbox Go/NoGo on Conveyor to Ensure Correct Lid Fitment.  
Include Placing a Weight Equal to the Weight of the Displaced Water into the Inner Box During Filling and Freezing Process.
	3
	1
	1
	3

	5
	Filling of Water into Container
	Water Displacing Inner Box
	Box Lid Unable to Close - Vaccine Out of Temperature
	10
	Inner Box Displaced by Water
	5
	Single Operator Awareness
	6
	300
	Design Location Points for Inner Box Within Outer Box
	LG
	Designed Internal Locator Pins Inside Outer Container to Place Inner Container. 
Include Letterbox Go/NoGo on Conveyor to Ensure Correct Lid Fitment.  
Include Placing a Weight Equal to the Weight of the Displaced Water into the Inner Box During Filling and Freezing Process.
	10
	1
	1
	10

	6
	Filling of Water into Container
	Water Overflowing 
	Box Lid Unable to Close - Rework
	3
	Water / Ice Level too High - Operator / Machine Error. 
	3
	Multiple Operators - Awareness
	2
	18
	Design Water Overfill Relief Holes Into Outer Box
	LG
	Include Water Overflow Relief Holes into Design of Box. 
Include Letterbox Go/NoGo on Conveyor to Ensure Correct Lid Fitment.  
	3
	1
	1
	3

	7
	Filling of Water into Container
	Water Overflowing 
	Box Lid Unable to Close - Vaccine Out of Temperature
	10
	Water / Ice Level too High - Operator / Machine Error. 
	3
	Multiple Operators - Awareness
	2
	60
	Design Water Overfill Relief Holes Into Outer Box
	LG
	Include Water Overflow Relief Holes into Design of Box. 
Include Letterbox Go/NoGo on Conveyor to Ensure Correct Lid Fitment.  
	10
	1
	1
	10

	8
	Filling of Water into Container
	Water Overflowing 
	Slippage - Personal Injury
	8
	Assembly Worker Overfilling
	3
	Single Operator Awareness
	4
	96
	Incorporate Bunded Conveyor and Flooring Around Filling Station
	LG
	Advise Non-Slip Flooring in Assemble Area and Non-Slip Safety Boots. 
Install Bunded Flooring in Water Fill Area.
Install Bunded Area on Section of Conveyor for Process Step.
	5
	3
	1
	15

	9
	Manual Handling
	Accidental Dropping of Box
	Vaccines Damage
	7
	Box Slipping from Grip
	2
	Single Operator Awareness
	2
	28
	Design Lifting Handles
	LG
	Designed Lifting Handles into Outer Transportation Box
	4
	1
	2
	8

	10
	Manual Handling
	Accidental Dropping of Box
	Personal Injury
	8
	Box Slipping from Grip
	2
	Operators, Management and Occupational Health.
	1
	16
	Design Lifting Handles
	LG
	Designed Lifting Handles into Outer Transportation Box
	3
	1
	1
	3

	11
	Transportation
	Low Volume Transportation
	Delivery Schedule Not Met
	9
	Single Layer Transportation of Vaccine
	8
	None
	1
	72
	Allow for Box Stacking
	LG
	Included Male and Female Locator Lips on the Bottom of the Outer Container and Lid of the Container Design To Allow for Secure Stacking.
	9
	2
	1
	18

	12
	Transportation
	Damage During Transportation
	Delivery Schedule Not Met
	9
	Vaccines Falling from Stack During Transportation
	5
	None
	10
	450
	Design Non-Slip locations Lips to Securely Stack Boxes.
	LG
	Included Male and Female Locator Lips on the Bottom of the Outer Container and Lid of the Container Design To Allow for Secure Stacking.
	9
	2
	10
	180


Fig 11. DFMEA for Vaccine Container Design and Assembly.



In Fig 11 there are various cells such as ‘Process Function (Step)’ where the input is the same across multiple cells. The reason for this is to capture the different ‘Potential Failure Effects’ can occur during the process step. This is also true vice versa, there are areas where the same failure can derive from different process steps and so this has been captured also. Due to the vaccine container still being under development this report has used the assumption that there are no current control measures in place other than the human element being able to recognise where a fault has occurred. As a result of this finding the detections used for the DFMEA outlined consider whether a single operator, multiple operators or no persons will have to opportunity to identify the failure before the product reaches its destination.  
This report has identified twelve potential failure modes that can result from the following process functions ‘Assembly of Container’, ‘Filling Container with Water’, ‘Manual Handling’ and ‘Transportation’.  The areas of this report where the most severe values were found was in situations where the process failure resulted in the vaccines being delivered out of the recommended temperature range, the reason for these extremely high values is because out of temperature vaccines could result in these doses not being administered, thus leaving the end users vulnerable to contracting the virus with the potential for loss of life. It was for the same reason the same value was given for vaccines being damaged during transportation. 
With the DFMEA created by this report the highest scoring RPN values before any design alterations were implemented were: 
1. Transportation where damage had occurred during transit. This was due to any damaged vaccines being damaged would not be able to be administered and so could have the potential to delay vaccine administration and put lives at risk. It was for this reason the Severity value was given as 10. The value 5 was given for occurrence and 0 given for detection because it is entirely reasonable to think the vaccines could fall from their stack if the packing was not designed to be able to achieve secure stacking, and this damage would not be detectable until it arrives at its delivery destination. At this point the maximum financial investment had been given for the vaccine and it is deemed waste. The overall RPN for this was 450.
2. The second highest RPN value was 300. This was given during the process of filling the outer container with water and the water displacing the inner box. The result of this could prevent the lid being able to be closed properly and so the container not being able to maintain its temperature. The out to temperatures vaccine would then not be able to be affective. 
3. The third highest RPN value was given because the process step could have the potential to cause personal injury to the assembly operators. This injury was deemed to be a possibly by the spilling of water onto the working floor during the filling of the inner container. During this step, this report found the only detection would be from the single person responsible of filling the container with water. This was given a RPN value of 96. 
The design considerations that were highlighted by this report during the DFMEA were:
· Design Location Points for Inner Box Within Outer Box 
· Design Water Overfill Relief Holes Into Outer Box  
· Design Lifting Handles 
· Design Non-Slip locations Lips to Securely Stack Boxes 
· Design Box Lid Lips to Ensure Correct Fitting 
The DFMEA also highlighted multiple assembly considerations that should be taken into account, these are: 
· Bunded Flooring Area Around Water Filling Station 
· Bunded Conveyor Section Around Water Filling Station
· Input Go/No-Go Letter box into Assembly Conveyor
By implementing the recommended design and assembly considerations, this report found the highest three valued RPN values would be reduced to 180, 10 and 15 respectively. After these improvements, the new highest three valued RPN values would be 180, 18 and 15.  Across all the Process Functions (Steps) there was an average RPN reduction of 81.14% when the recommended actions were implemented. 






[bookmark: _Toc73784842][bookmark: _Toc73784886]Design for ‘x’ Considerations
[bookmark: _Hlk72179209]Design for X (DFX) is a methodology that offers different strategies that can support fundamental decisions during the early planning and designing stage of a products development (Clarkson & Eckert, 2005).  The term ‘X’ in the ‘Design For X’ methodology represents a number of possible sub-categories.  This finding is further supported by Setti, et al., (2021) when they highlighted “Design-for-X (DFX) methods, where “X” indicates the focus of the design tool to be used (A = Assembly; M = Manufacturing; E = environmental; S = Social; among others)”. An example of the various categories that can be considered for the DFX process can be seen in fig 12. 
[image: ]
Fig 12 – An approach for Structuring DfX Criteria(Clarkson & Eckert, 2005)
As can be seen in fig 12 as you drill down through the various categories and sub-categories for DFX there is Design for Manufacture and Design for Assembly. 
Due to the nature of the product being developed by this report the Design for X considerations that will be considered are Design for Manufacture and Design for Assembly. 
[bookmark: _Toc73784843][bookmark: _Toc73784887]Design for Manufacture / Assembly Considerations
Boothroyd, et al., (2009) described ‘to manufacture’ something is to create the individual components of a product and ‘to assemble’ is the joinery or addition of the multiple individual components into a finished product. The purpose of using the design for manufacture is to simplify the manufacturing process, reduce costs and minimize opportunity for failures. With regards to the design for assembly process Setti, et al., (2021) state that these methodologies have been created to aid the designer in achieving the most efficient and economical solution to the design being considered. Boothroyd, et al., (2009) found that by implementing a Design for Manufacture and Assembly approach during the product development stage the user can expect to achieve reduced design lead time by over 50%, improved quality and staggering cost improvements. Further to this Morgan (2021) states there are 7 DFA Principles which are:
1. Components are Assembled from Above.
2. Parts Are Self Aligning
3. Components do not need to be orientated.
4. Component can be assembled with one hand.
5. No tools required for assembly.
6. Components is assembled from a single direction.
7. Part does not require further fastening once located.
Morgan (2021) also states the aims for the seven principles above are: 
· Reduce Inspection Times
· Improve Assembly Difficulty
· Reduce Assembly Times
· Efficiency Improvements
· Reduce Defects
· Reduce Time for Assembly.
The design being suggested by this report meets a number of the DFA principles suggested by Morgan (2021). The design performance against the seven principles can be seen in the fig 13.
	No.
	Principle
	Design Performance

	1
	Assembled from Above
	YES

	2
	Components Self Aligning
	YES

	3
	Components do not Need Orientating
	NO – However Orientation is Required to Maintain Required Ice Thickness

	4
	Assembled with One Hand
	NO

	5
	No Tools Required
	YES

	6
	Assembled from a Single Direction
	YES

	7
	No Fastening Required Once Located
	YES


Fig 13. Proposed Design Performance
As Fig 13shows the proposed design meets five of the seven principles. The two principles it does not meet are ‘Assembled with One Hand’ and ‘Components Do Not Need Orientating’, however the reason for not meeting the orientation principle is because the vaccination transportation box is not square and so correct orientation is required to maintain the required ice thickness. 
When considering DFA there are two well-known methodologies that can be used to evaluate the design efficiency, theses methodologies are known as ‘The Lucas Methodology’ and the ‘Boothroyd and Dewhurst Methodology’ (Molloy, et al., 2021). Both methodologies identify essential and non-essential components within an assembly and then encourage the designer to design out the non-essential components, however it has been acknowledged by Lit & Delchambre, (2003) that the Boothroyd-Dewhurst methodology is the most used DFA approach. It is for this reason this report will use the Boothroyd-Dewhurst methodology in its analysis. 
The Boothroyd-Dewhurst DFA component elimination scheme is shown in Fig 14.
[image: ]
Fig 14. Process of component elimination (Matuszek, et al., 2020)
The model works by evaluating each of the components in a product to determine if they are considered essential or non-essential, if they are categorized as non-essential they are given a value of 0 and essential components are given value of 1.  For the purpose of this report there will be fours components being evaluated, they are:
· Outer Box
· Outer Box Lid
· Inner Box
· Inner Box Lid
The scores obtained for each component of the assembly were;
	Component
	Essential / Non-Essential
	Value

	Outer Box
	Essential
	1

	Outer Box Lid
	Essential
	1

	Inner Box
	Essential
	1

	Inner Box Lid
	Essential
	1


All components were deemed essential as they are all critical to maintaining the integrity of the vaccines being transported. It could be disputed the inner and outer box could be one component however this would make it extremely difficult to manufacture due to the hidden features. 
With the values appropriately established the following calculation is used to establish the design efficiency of the product: 



As a result of this calculation this report finds the design efficiency of the recommended design to be 100%.


[bookmark: _Toc73784844][bookmark: _Toc73784888]Poka Yoke
Poka-Yoke has been around for many years in various different forms and was eventually created into the methodology commonly known today by a Japanese Manufacturing Engineer Shigeo Shingo (Shimbun, 1987). The term Poka-Yoke means to error proof or prevent defects by introducing measures or mechanisms that will help avoid operator or human error. This finding is supported by Saurin, et al., (2012) when thet state ‘Poka-Yoke is the use of process or design features to prevent errors or the negative impact of errors’. 
In an effort to Poka-Yoke the vaccination transportation device being developed by this report there have been a number of design characteristics included.  These characteristics can be seen in fig 15.
[image: ]B[image: ]


Fig 15. Poka-Yoke Design Features
A
D[image: ]
C[image: ]

In fig 15 the design features identified by the letters A – D are: 
A. Locating lips for the internal and external containers. These lips will ensure the lids are located correctly. Building from this the container will need to pass through a shape fit letter box to ensure the lid is correctly located, if it is not correctly located then it will get caught on the letterbox and will stop the assembly line until resolved. 
B. Stacking Lips on the outer container lid and on the underneath of the outer container. These locator lips will ensure the containers are correctly stacked for transportation and will help ensure they do not fall during transit. 
C. Inner Box Supports. These supports are set at the correct height the ensure the minimum ice thickness of 60mm is obtained. Further to this the supports are different shapes, the purpose for this is because the container is not square and so will need to be correctly oriented to ensure the minimal ice wall thickness can be maintained. 
D. Water Relief Holes. These holes have been designed so when the container is filled with water before freezing it cannot be over filled. Any excess filling of the inner container will leak out of the relief holes before freezing. The purpose of this is because any overfilling will potentially dislodge the inner container or prevent the lids from being closed correctly. 


[bookmark: _Toc73784845][bookmark: _Toc73784889]Container Design and Process Map for Preparing and Using the Transportation Storage Container 
This report has considered three options for the preparing of the transportation container. Although the three methods of preparation are similar for a majority of the assembly process they all differ in the process step / steps of filling the container with ice. 
One of the methods identified would consider filling the container with pre-frozen ice such as ice cubes. The second method would use water to fill the container and then freeze, this would happen in two phases. Finally this report would consider filling the lower 2/3 of the container with water and then freezing before adding pre-frozen ice to the remaining 1/3 of the container. 
The first method that was eliminated from consideration was the filling the container completely with pre-frozen ice chips or cubes. One reason for this was due to the potential difficulty it would take to ensure all areas of the container are filled and so the minimum ice wall thickness is met. This difficulty is highlighted in fig 16.

[image: ]
Fig 16. Container Design highlighting Difficult to Fill Areas
Difficult to Fill Areas

As is highlighted in fig 16 the area under the inner container that would be difficult to confirm if the space were filled with ice, this introduces a potential failure mode into the process. This failure could be difficult to detect and would have an extremely negative impact on the containers ability to maintain the temperature required. 
The assembly of the remaining two potential process flow diagrams can be seen in fig 17 and fig 18. 






Fig 17. Process A - Assembly Process Flow for Filling Container with Wate Before Freezing

Fig 18.  Process B - Assembly Process Flow for Filling Container with Wate Before Freezing
As is highlighted in the process flow diagrams, process A has a greater number of steps than B, this is because water would need to be added into the container over two different steps with freezing being carried out between the filling steps. The purpose of this is if the water were to be filled on one step, it is the belief of this report the buoyancy of the air within the inner container would cause the container to float or become dislodged, potentially compromising the integrity of the container or vaccine. Filling the container in the suggested two steps would allow the addition of a weight equal to the density of the water displaced into the inner container during the freezing process to ensure it remains in position. 
It is the suggestion of this report that if the container can maintain the required temperature with the pre-frozen ice being added to the remaining 1/3 of the container after freezing, then the process B should be used. This report does acknowledge that using process A would allow for the temperature to remain lower for a longer duration however there are multiple benefits to process B.  These benefits are reduced assembly process steps, simplified assembly, less Work in Progress (WIP) stock required and simplified opening at vaccination centre. 

[bookmark: _Toc73784846][bookmark: _Toc73784890]Solidworks Modelling
Fig 19highlights the engineering design of the suggested vaccination container. Fig 20 illustrate the 3D model of the suggested container. 
[image: ]Fig 19. Engineering Drawing of Suggested Vaccination Container
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Fig 20. 3D Models of Suggested Vaccination Container






[bookmark: _Toc73784847][bookmark: _Toc73784891]Conclusion and Recommendation
This report began its investigation into creating a vaccine delivery container by highlighting the customers of the container to identify the VOC and CTQ’s. For the internal and external customers there were four identified, these were: 
· Vaccine Transport Container Assembly Team
· Vaccine Distribution Team
· Vaccine Administer – Nurse
· Vaccine Recipient – End User
From these customers it was identified the CTQ’s for this product would be: 
· Error Proof and Simple Assembly Process 
· Product Able to be Stacked Three High 
· Vaccines Delivered Undamaged and Within Recommended Temperature Range
· On Time Delivery
These CTQ’s where then used to help build a QFD table to highlight functional requirements that would be required ad part of the container design and the assembly process.  As part of the QFD there was a total of seven customer requirements used. These were on time delivery, minimized environmental impact, delivered within recommended temperature range, delivered undamaged, fast assembly process and minimized costs. By analysing how these customer requirements could be achieved this report found there were a total of five functional requirements that could be implements the achieve these. These five functional requirements were assigned importance ratings and priority number based on how vital they were to the success of the design. The five requirements in order of priority were: 
1. Simple Assembly Process
2. Stackable Containers
3. Reusable Containers
4. Error Proof Assembly Process
5. Flexible Production
The reason for the flexible production being ranked last on the priority scale was due to the being difficult and potentially expensive to implement. 
The next tool used by this report was DFMEA, this tool identified twelve potential failure modes that can result from the following process functions ‘Assembly of Container’, ‘Filling Container with Water’, ‘Manual Handling’ and ‘Transportation’. In its analysis the DFMEA found the three highest RPN vales were given for Transportation Damage during Transit, Container Filling Error and Overfilling Container with Ice/Water. To reduce the amount of failure mode that occur or reduce their RPN value there were multiple design and assembly considerations created. The design considerations were: 
· Design Location Points for Inner Box Within Outer Box  
· Design Water Overfill Relief Holes Into Outer Box  
· Design Lifting Handles 
· Design Non-Slip locations Lips to Securely Stack Boxes 
· Design Box Lid Lips to Ensure Correct Fitting.
Further to the assembly considerations were creating Bunded Flooring around the operator’s station for water/ice filling, a Bunded Conveyor Section in the same area and a Go/No Go letterbox into assembly line to ensure the lid is fitted correctly as it moves through the process. As a result, designing these elements into the product and assembly process it was estimated by this report there would be an average reduction of 81.14% in the RPN values.
With these elements now being designed into the product and assembly process this report next evaluated the efficiency of the design by using a DFA approach. There were two DFA principles where the design failed, these were component does not need orientating and product could not be assembled with one hand. However it was found by this report that both of these principled needed to fail to achieve a high performing product. Building from this during evaluation using the Boothroyd-Dewhurst model, all four components deemed essential to the design and a design efficiency of 100% achieved. 
Lastly this report investigated three methods of assembly for the container, these methods were filling the container completely with water and freezing, filling the entire container with ice cubes or filling the container 2/3 with water and freezing then adding 1/3 ice cubes to complete the assembly.  After careful consideration it was suggested by this report a highly effective container design and a method of assembly using water and ice to fill the container if evolution to temperate allowed. 
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