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1. [bookmark: _Toc73797910]Introduction

This report aims to gather substantial knowledge around the areas involved with designing a new product to be manufactured and assembled. This will be done through a series of stages from background product research through to a final design solution accompanied by a production process map. For the purpose of this report the product looking to be designed and manufactured is a vaccination transportation container. 
The first aspect of this report will look at 2 individual Matlab scripts, the first script looks at generating a code which displays two figures to give a visual representation of what the code is producing along with the dimensions for the boxes when considering a 60mm ice thickness value, this code will also look to generate the total mass of each fully loaded container. The second script focuses around temperature evolution using the explicit finite difference method to calculate how long the air inside of box 1 would take to reach 0 °C based upon the initial boundary and domain conditions set out within the brief.
The report then moves onto looking at what design methodologies and tools are available when looking to create a new product as per the requested specifications. By implementing methodologies such as design for manufacturability and design for assembly, the overall cost and time to produce a product can be significantly decreased (Hessing, 2019). From this customer focused tools were implemented to understand what criteria are important to the customer and how through tools such as a QFD these demands can be met with solutions (Mehta, 2017), (Lapinskiene & Motuziene, 2021). 
Once the design tools and methodologies had been understood and implemented, the report then went onto look into the initial design solutions aimed at meeting the requirements of the customer, and the validation as to why certain design criteria had been adopted. From here a final design solution was presented alongside a manufacturing process map and assembly process map as to how this final design could be achieved. 
The final stage of this report looks at concluding the findings of developing a vaccination transportation system, and how future studies could look into how 3D printing of materials such as polystyrene could impact this sort of product due to its reusable properties (Waterman, 2018).


2. [bookmark: _Toc73797911]Matlab
2.1 [bookmark: _Toc73797912] Task 1 - Matlab Script.

The following Matlab script is what has been produced in order to generate the outcomes displayed within (Figure 1.), (Figure 2.) and (Figure 3.). Alongside the script displayed below, two function scripts have also been run to generate (Figure 1.), and have been emailed alongside this script. 

clc
clear all
close all
 
IT=input('What ice thickness would you like to consider to help keep the medicine at a low temperature during transportation? ');
X=IT;
    
if X~=60;
    disp('Try selecting the value 60.')
    
else X==60;
        
        figure(1)
        run Task1a.m
        run Task1b.m
        
        figure(2)
        rectangle('Position',[X+20 X+20 180 160])
        rectangle('Position',[X+40 X+40 140 120])
        
        rectangle('Position',[0 0 (220+2.*X) (200+2.*X)])
        rectangle('Position',[20 20 (180+2.*X) (160+2.*X)])
        axis 'equal'
        title('Container assembly cross section view.')
        xlabel('Size of container in mm.')
        ylabel('Size of container in mm.')
        
        %Box 1 dimensions
        L1=0.140;
        B1=0.120;
        H1=0.140;
        L2=0.180;
        B2=0.160;
        H2=0.180;
        V1=(L2*B2*H2)-(L1*B1*H1);
        fprintf('Box 1 has the inner dimensions of %gm x %gm x %gm. With the outer dimesions of %gm x %gm x %gm. \n', L1, B1, H1, L2, B2, H2)
      
        
        %Box 2 dimensions
        X1=X/1000;
        L3=0.18+2*X1;
        B3=0.16+2*X1;
        H3=0.18+2*X1;
        L4=0.22+2*X1;
        B4=0.2+2*X1;
        H4=0.22+2*X1;
        V2=(L4*B4*H4)-(L3*B3*H3);
        fprintf('Box 2 has the inner dimensions of %gm x %gm x %gm. With the outer dimesions of %gm x %gm x %gm. \n', L3, B3, H3, L4, B4, H4)
        
        %Volume and mass of containers
        TV=V1+V2;
        D=23;
        ME=TV*D;
        IV=(0.3*0.3*0.28)-(0.18*0.16*0.18);
        fprintf('The mass of the container assembly prior to being filled with ice and the vials is %gkg. \n', ME)
        IM=IV*1000;
        MF=ME+(0.18*9)+IM;
        fprintf('The mass of the full container assembly once filled with ice and the vials is %gkg. \n', MF)   
end
 
 
[image: ]
[bookmark: _Toc73797938]Figure 1 - Box 1 inside of Box 2
(Figure 1.) displays the requirement of box 1 in the centre of box 2, to generate this image using the plot cube function two functions where run, and adjusted to the required size and origin point, alongside the transparencies and colours being manipulated to display the required outcome. 

[image: ]
[bookmark: _Toc73797939]Figure 2 - Square cross section of container assembly
Using the ‘rectangle’ function within Matlab (Figure 2.) was generated to show the square cross section of the container assembly, as the outer box dimensions are a product of the ice thickness, the size of this container can alter, in this example an ice thickness (IT) of 60mm has been considered. Within the code to try ensure the container remains within the size displayed within (Figure 1.) of the assignment brief an ‘IF’ statement has been used to try ensure that the code user inputs an IT value of 60mm. 

[image: ]
[bookmark: _Toc73797940]Figure 3 - Command Window displaying IT, dimensions, and mass
Within (Figure 3.) the command window can be seen, this displays to the codes user the requested input being IT, the then dimensions of the two boxes and the mass of the unfilled boxes, if the user was to enter a value which wasn’t 60mm, the command window would display a different message which can be seen within (Figure 4.).

[image: ]
[bookmark: _Toc73797941]Figure 4 - Command Window for different IT
2.2 [bookmark: _Toc73797913] Task 2 – Matlab Script.

clc
clear all
close all
X=0.340;
Y=0.340;
h=0.020;
T=zeros(Y/h+1,X/h+1);
T(:,:)=-20;
T(1,:)=12;
T(:,1)=12;
T(18,:)=12;
T(:,18)=12;
T;
 
%EPS Properties
k=0.0345; %conductivity
Deps=23; %density
c=1.28*10^3; %specific heat
Alpha_eps = k/(Deps*c);
 
%Air Properties
kair=0.02; %conductivity
Dair=1.3; %density
cair=1006; %specific heat
Alpha_air= kair/(Dair*cair);
 
%Max time to comply with F0=0.25
DTeps=h^2/(4*Alpha_eps);  
DTa=h^2/(4*Alpha_air);
 
%F0eps=Alpha_eps*DT/h^2;  
DT = min(DTeps, DTa);      
F0eps=Alpha_eps*DT/h^2;    
F0air=Alpha_air*DT/h^2;    
 
B=zeros(Y/h+1, X/h+1);
 
for i=1:18
    for j=1:18
        
        if (i>=1 && i<=2 && j>=1 && j<=18)...
                || (i>=1 && i<=18 && j>=1 && j<=2)...
                || (i>=1 && i<=18 && j>=17 && j<=18)...
                || (i>=17 && i<=18 && j>=1 && j<=18)...
                || (i>=5 && i<=14 && j>=5 && j<=6)...
                || (i>=5 && i<=6 && j>=5 && j<=14)...
                || (i>=13 && i<=14 && j>=5 && j<=14)...
                || (i>=5 && i<=14 && j>=13 && j<=14)...
                B(i,j)=1;
        end
        if (i>=3 && i<=16 && j>=3 && j<=4)...
                || (i>=3 && i<=4 && j>=3 && j<=16)...
                || (i>=15 && i<=16 && j>=3 && j<=16)...
                || (i>=3 && i<=16 && j>=15 && j<=16)...
                B(i,j)=2;
        end
        if (i>=7 && i<=12 && j>=7 && j<=12)
            B(i,j)=3;
        end
    end
end
 
inner_air_logical_map = B == 3;
 
NT=T;
Iteration = 0;
 
while NT(inner_air_logical_map) < 0  
    T=NT;
    for i=2:17
        for j=2:17
            if (i>=1 && i<=2 && j>=1 && j<=18)...
                    || (i>=1 && i<=18 && j>=1 && j<=2)...
                    || (i>=1 && i<=18 && j>=17 && j<=18)...
                    || (i>=17 && i<=18 && j>=1 && j<=18)...
                    NT(i,j)=F0eps*(T(i-1,j)+T(i+1,j)+T(i,j-1)+T(i,j+1)-(4-1/F0eps)*T(i,j));
            end
            if (i>=5 && i<=14 && j>=5 && j<=6)...
                    || (i>=5 && i<=6 && j>=5 && j<=14)...
                    || (i>=13 && i<=14 && j>=5 && j<=14)...
                    || (i>=5 && i<=14 && j>=13 && j<=14)...
                    NT(i,j)=F0eps*(T(i-1,j)+T(i+1,j)+T(i,j-1)+T(i,j+1)-(4-1/F0eps)*T(i,j));
            end
            if (i>=3 && i<=16 && j>=3 && j<=4)...
                    || (i>=3 && i<=4 && j>=3 && j<=16)...
                    || (i>=15 && i<=16 && j>=3 && j<=16)...
                    || (i>=3 && i<=16 && j>=15 && j<=16)...
                    || (i>=7 && i<=12 && j>=7 && j<=12)
                    NT(i,j)=F0air*(T(i-1,j)+T(i+1,j)+T(i,j-1)+T(i,j+1)-(4-1/F0air)*T(i,j));            
            end
        end
    end
    Iteration = Iteration + 1;  
end
 
% time to reach zero degrees = Iteration * DT
time_to_reach_zero_degrees = (Iteration * DT)/60;     
 
fprintf('For the air inside of Box 1 to reach 0¬∞C it takes %g minutes. \n', time_to_reach_zero_degrees)

[image: ]
[bookmark: _Toc73797942]Figure 5 - Command Window result for Task 2
(Figure 5.) can be seen returning the time taken for the air inside box 1 to reach the specified temperature. 

































3. [bookmark: _Toc73797914]Task 4.
3.1 [bookmark: _Toc73797915] Background Knowledge

Cold Chain Management refers to the handling and controlling of goods which are time and temperature sensitive, and is required in a large number of vaccination campaigns due to the characteristics of these medications (NHS, 2015). (Unicef , 2021) defines a cold chain as “a chain of precisely coordinated events in temperature-controlled environments to store, manage and transport these life-saving products” (Unicef , 2021), without an effective Cold Chain system in place these vaccines would lose their desired effects (Lau, et al., 2021). For a Cold Chain to be deemed successful, the product must remain within its prescribed optimal temperature range from the start of its life cycle until the end (Logmore , 2020).
3.2 [bookmark: _Toc73797916] Market Research

Owing to the issues presented by the Coronavirus pandemic, and the development of successful vaccination programmes, the need for effective medicine transportation methods is a key issue which needed and still needs to be addressed. Due to the nature of these vaccinations they need to be stored at ultra-low temperatures, such as “-70°C±10°C” (Pfizer , 2021), this has created multiple issues as storage conditions such as these haven’t previously been easily accessible. Although (U.S. Food and Drug Administration, 2021), have approved certain vaccines to be stored and transported at different temperatures set by the original vaccination provider to allow for conventional pharmaceutical freezers to be used. 
The current method being employed by Pfizer utilises a “thermal shipper” which can be identified within (Figure 6.), this product looks to fully insolate a box to significantly delay the aspects associated with external temperature affecting the medicine vials, and uses dry ice to help ensure the internal box temperature remains within the desired zone. 

[image: FAQs on the Pfizer Vaccine: Shipping, Handling, Preparation, and  Administration]
[bookmark: _Toc73797943]Figure 6 - Pfizer Thermal Shipper (PHF, 2020)

In order to manufacture a product of this nature, it is important to gather an understanding of the regulations involved. For a medical based product being manufactured within the European Union, there are a set of strict requirements which must be met and include the need for correct labelling and documentation within the design stage (Medicines and Healthcare Products Regulatory Agency, 2021). Other aspects which also need to be considered when working with EPS is the vapours present within the manufacturing process as the common method of cutting EPS involves melting the plastic using an electrically charged wire (Karmakar & Subbaih, 2018), and when using dry ice as a cooling medium for these products a number of COSHH regulations need to be followed to reduce the danger to operators working with these substances (HSE, 2021).




































3.3 [bookmark: _Toc73797917] Design Methodologies  and Tools 
3.3.1 [bookmark: _Toc73797918]Design for Excellence

Design for Excellence, also abbreviated to (DFx) or Design for ‘X’ is a commonly used methodology when aiming to develop new products, as by adopting the approach at the design concept phase can help produce “higher quality products, lower product cost, and shorter product development cycles” (Palmer, 2019). When implementing the DFx methodology, a systematic approach is adopted which looks at achieving targeted objectives, or specific characteristics of the chosen product. Within this stage, a number of considerations are typically made and can include aspects such as:
· “Cost.
· Quality.
· Reliability. “
(Hessing, 2019).
By utilising the aspects under the design for X umbrella, can help maximise efficiencies throughout all aspects of the product development phase, and help provide guidance in the later steps of product production (Clarkson & Eckert, 2005). 
3.3.2 [bookmark: _Toc73797919]Design for Manufacturing.

Design for manufacturing or design for manufacturability (DFM), is a technique which is implemented in the product design stage which looks at how a product can be manufactured easier at lower costs. By adopting this approach early on in the design phase can help minimise the chances of mistakes further in the production process when the alterations can become a lot more costly (TWI Global , 2021). The aspects typically considered under design for manufacturability include design simplification, material selection, minimising manufacturing operations, and utilising standardised parts with multiple uses (Selvaraj, et al., 2009). Due to the development in multiple CAD software packages, DFM can now be considered in the initial design step with the aim of identifying and eliminating any potential manufacturing issues (Gupta, et al., 2001), this corresponds with (Savage & Smedley, 2021) who discuss how CAD software can now help designers have an overall understanding of the manufacturing process and constraints surrounding there designs in real time.  
3.3.3 [bookmark: _Toc73797920]Design for Assembly.

This aspect focuses on how easy a product can be assembled, and has a direct relation to how its manufactured which is why design for assembly can also be looked at as design for manufacture and assembly (DFMA). It is understood that by focusing on designing components which can be easily assembled, and the number of assembly operations involved is the optimum method for reducing assembly costs and increasing assembly efficiencies (Rolls Royce, 2019), (Boothroyd, 1994). Within design for assembly (DFA) the individual components are also studied to analyse whether they are required or whether a design change could remove the need for that individual component which can improve the assembly process. This can also involve looking at the potential for components to get tangled or jammed which can increase assembly time. Looking at the information displayed within (Table 1.), can show some of the considerations which need to be made when looking at part handling. 

[bookmark: _Toc73797968]Table 1 - Part Handling Considerations (Rolls Royce, 2019)
	Size.
	Fragile.

	Thickness.
	Slippery.

	Nesting.
	Sharpness.

	Weight.
	Stickiness.

	Tangles.
	Requires two hands.

	Requires tools.
	Requires magnification.

	Requires mechanical assistance. 
	




3.3.4 [bookmark: _Toc73797921]Design for Disassembly.

As mentioned within the requirements specified within the brief, it is important that the storage/transportation container is reusable, due to this it is important that the product is easy to disassemble so that cleaning and refilling can be done easily, because of this design for disassembly (DFD) becomes an important aspect to implement into the product design. As with many products, increasing concern is growing surrounding recycling and end of lifetime disposal, which means each component of the design should be as easily separated as possible. With disassembly to be efficient, it needs to be considered within the design stage, this can then allow for designers to integrate aids to help with disassembly into the product design (Soh, et al., 2015). It is discussed by (Åkermark, 1997) that there are two main methods of disassembly and these are reverse assembly which is non-destructive and destructive or forced separation, these methods also depend upon the life cycle point of the product as destructive might be required for recycling/disposing of certain components whereas reverse assembly could be required for reuse. 

3.3.5 [bookmark: _Toc73797922]Design for Safety 

When designing a new product, it is important to take into consideration all of the safety factors involved with that product, and any regulations which need to be met. By taking into account the product safety issues within the design stage can also help determine the most effective method for production as designated areas can be identified and utilised for certain product manufacturing techniques, alongside the safety equipment to be used when manufacturing and using the product (Hessing, 2019).


3.3.6 [bookmark: _Toc73797923]Voice of customer

Voice of the customer (VoC) and critical to quality (CTQ) are two major aspects which need to be identified within the design stage of a product as it advises what expectations and demands a customer has regarding the product, alongside why they want this and how much they are willing to pay for that aspect (Mehta, 2017). When looking at customers it is important to understand that this isn’t always the end user of a product, as within production facilities there can be multiple internal customers before the product is sent to external customers and finally end users (Ford Motor Company , 2006). Gathering information from each customer form can take a significant number of resources, although it is believed to result in a superior final product due to having the input of the users. Once the VoC information has been collected and analysed it is important to convert this data into measurable metrics, also known as CTQ points, these characteristics help give an understand of how the product meets the demands of the customer (Ford Motor Company , 2006).
3.3.7 [bookmark: _Toc73797924]Quality Function Deployment 

Quality function deployment (QFD), is a tool which is commonly used within engineering design as a way of setting design specifications and requirements based on the findings of the VoC and CTQ characteristics (Lapinskiene & Motuziene, 2021). The generation of a QFD can be extremely useful when design a new product as it also helps to give a visual representation of the customers wants/demands and the relationship this has to the quality characteristics. Additionally, a QFD has the option of then comparing the product with products of their competitors to help identify where any weakness could lie and the weighting that each aspect carries (Vries, 2009).  
As the QFD technique has developed, it no longer solely focuses around the product, but the whole production chain which utilises 4 QFDs which all flow into each other as displayed within (Figure 7.).
[image: ]
[bookmark: _Toc73797944]Figure 7 - Cascading QFDs (Buglione & Herrmann, 2016)
A typical template for a standard QFD can be seen displayed within (Figure 8.).
[image: ]
[bookmark: _Toc73797945]Figure 8 - QFD Template (Buglione & Herrmann, 2016)
3.3.8 [bookmark: _Toc73797925]FMEA 
Failure Mode Effect Analysis typically comes in two forms, these being Design Failure Mode Effect Analysis (DFMEA) and Process Failure Mode Effect Analysis (PFMEA). Both of these forms of FMEAs both follow a similar structure and core principles, but look at analysing different aspects. Within a DFMEA, a step by step approach is used to critically analyse all the aspects of the design and determine how the product could potentially fail, alongside the implications of this failure, the severity, occurrence and detection of failure are also studied to advise on whether any correctional action is required. Similarly, to DFMEA, a PFMEA looks at the potential of failure within a process, and takes into account all the aspects and reasonings of these failures to help generate corrective actions (Ghosh, 2010). A typical FMEA template can be identified within (Figure 9.).
[image: General Item Potential Failure Mode Function Potential Effect(s) of Failure S e v C]
[bookmark: _Toc73797946]Figure 9 - FMEA Template






3.4 [bookmark: _Toc73797926]Product Design and Development 
3.4.1 [bookmark: _Toc73797927]Voice of the Customer 

Key requirements which have been specified by the customer include:
· The container should be reusable (as far as is possible).
· The integrity of the storage containers should be maintained over multiple uses.
· The containers should be stackable (3 high has been suggested)
· The process of preparing, filling, and using the storage containers should be as efficient and free from potential error as possible.
· Provision or allowances for carrying and handling the storage containers should be incorporated.
· It should be made up of two individual boxes made of expanded polystyrene (EPS).
· Must be able to carry 9 vials of medicine safely. 
· The dimensions for box 1 should be 180x160x180mm and box 2 should be 340x320x340mm with a wall thickness of 20mm. 
(University of Wales Trinity St David , 2021)

Additionally, to the points displayed above key customers within the process have been identified and their requirements have been outlined within (Table 2.) and (Table 3.).

Internal Customers
[bookmark: _Toc73797969]Table 2 - Internal Customer VoC
	Customer 
	VOC
	Key Issues
	Requirements 

	Assembly line operator.
	Difficult assembly process increasing assembly time. 
	Assembly process which involves error proofing and automation. 
	Simple assembly design.
Automation.
Error proofing. 

	MP&L operator. 
	Poor design resulting in movement waste and underutilised vehicles. 
	Fit more containers into lorries for transit. 
	Easy to handle.
Need to be stackable. 








[bookmark: _Toc73797970]Table 3 - External Customer VoC
	Customer 
	VOC
	Key Issues
	Requirements 

	Vaccine administrator.
	Unusable vaccines due to transportation damage or incorrect temperature storage. 
	Containers falling during transport resulting in damaged vials and containers. 
	Vaccines to arrive in a usable condition. 

	Vaccine recipient. 
	Administered as required and specified by OEM. 
	Unable to have vaccine due to a usable batch caused by temperature. 
	Administered on time at the correct temperature. 



The results displayed within (Table 2.) and (Table 3.) are an example of internal and external customers who would be involved within this products life cycle, although other customers could be involved such as raw material suppliers. Due to Covid-19 the data displayed within these tables are the opinion of the author as the actual customers couldn’t be interviewed under the current guidelines, but the opinion has been drawn from experience of working in a manufacturing environment. 

Looking at the ‘assembly line operator’ discussed within the internal customer section, it can be seen that they are currently struggling to meet demand due to complexed assembly sequences, this is causing a longer than necessary cycle time, this advises that when developing the new product that a simple easy to assemble design must be considered, this aligns with the aspects discussed by (Boothroyd, 1994) and (Rolls Royce, 2019) under Section 3.3.3 Design for Assembly. The results of this identified a CTQ characteristic which involves lower cycle time due to easier assembly.
The next internal customer which was considered was the MP&L operators responsible for the distribution of the final product, it was noted that the current designs aren’t optimised to allow for stackable containers which is wasting transport resources, and by establishing a CTQ characteristic which involves containers being stackable would allow for larger volumes of vaccines to be delivered. Due to them becoming stackable a consideration for the design would need to be noted for some sort of anchoring method to ensure the safety of MP&L personnel. 
It was noted by both of the external customers that a key issue was raised which involved unusable vaccines caused by damage in transit or insufficient thermal storage containers, a CTQ point resulting from this is that vaccines need to arrive in a usable condition. 






3.4.2 [bookmark: _Toc73797928]Design QFD

Using the data revealed in the VoC and CTQ, a QFD has been generated to help visualise how the demands of the customer can be linked to quality aspects of the product. Looking at the QFD displayed within (Figure 10.), it can be noted that there is a strong relationship present between a number of ‘what’s’ and ‘how’s’.
[image: ][image: ]
[bookmark: _Toc73797947]Figure 10 - QFD for Container Assembly and Transportation
It can be noted in (Figure 10.), that each of the customer demands has been given an important rating 1-5, with 5 being the most important aspect (Vries, 2009), the reason ‘delivered in a usable condition’ was scored the highest in this instance is due to this being the main goal of the vaccine. It can then be seen how each customer demand corelates to the quality requirement, the corelation of these values have been scored as 9, 3, 1 and 0, which has been calculated within (Figure 11.). It can be noted that delivered in a usable condition and effective thermal insulation have a very high corelation and are joined by the symbol representing a 9, to better understand the reasoning behind this refer to Section 3.1 ‘Cold Chain Management’.

As requested by the assembly line operator, an easy to assemble container was a CTQ characteristic which would allow for more efficient assembly and a faster cycle time, it can be seen that a by implementing error proofing into the design and assembly process through a poka-yoke system would directly affect this alongside the use of automation to carry out some of the assembly protocols.  
The next demand was requested by both of the external customers and is believed to be the most important, due to this it was found that by error proofing the design and assembly, but also ensuring sufficient thermal insulation within the containers would ensure the medicine arrives in a usable condition. To ensure that more vaccines are available to help ensuring end users aren’t left waiting, it was determined that designing a stackable container layout would ensure greater volume and utilisation of transport resources, whilst also having reusable containers to help meet the demand, this also helps with the CTQ aspect of reduced costs, and being environmentally friendly. 
[image: ]
[bookmark: _Toc73797948]Figure 11 - QFD for Container Assembly and Transportation1
Looking at (Figure 11.), it can be seen that a difficulty score has also been given to each quality aspect, this has been determined by the authors personal experience and is subjective, but helps to give a visual aid to how by implementing error proofing into the design and assembly will have a major impact to the success of the product. 

[bookmark: _Toc73797929]3.4.3 Design FMEA

Carrying out a DFMEA when looking to develop a new product can help guide the design due to understand what and how something could go wrong, along with suitable solutions to help increase the longevity of a product and reduce the impact a failure could have. As discussed within Section 3.3.8, it is understood that an FMEA looks at calculating values for severity, occurrence and detection which then generates a risk priority number to help guide the importance for each issue which has been revealed (Wegscheid, 2000).
Utilising FMEAs within the design stage of a product also has additional benefits such as helping to reduce development time in-turn bringing a product to market sooner, improve product quality and reliability, and has a direct link to overall customer satisfaction (Kolich, 2014), this corresponds with the findings of (Wegscheid, 2000) and the link to improved quality and overall customer satisfaction. 


[image: ]
[bookmark: _Toc73797949]Figure 12 – DFMEA
By looking at the DFMEA displayed within (Figure 12.), it can be identified that there is a number of potential issues which could occur due to the design of the vaccine transportation assembly. It was identified how aspects such as the assembly being carried out incorrectly could cause a vaccine to become unusable, due to this it has allowed for consideration to be made within the design stage to help remove this issue. Other aspects such as over/under filling of the cooling medium has now been considered to allow for a visual fill line to be designed into the inside of box 2, as previously this issue would have been difficult to detect and would have resulted in a risk priority number (RPN) value of 200, whereas now that value has been reduced to 10. Finally, as with the findings of the VoC the importance of being able to stack vaccines has been considered which will now allow for stackable containers to help maximise vaccine delivery. As displayed within (Figure 12.), it can be noted that most of these issues carry a maximum severity value and this is due to the failure rendering the vaccine useless, once the correctional measures have been applied although the severity of failure will still remain high, the chances of the issues occurring has been drastically reduced along with the chances of detection being improved. 

3.4.4 [bookmark: _Toc73797930]Manufacturing Process and Tolerancing

When manufacturing using EPS, it is can be done in either a one step, or a two-step process, although the one step process is more commonly used. This involves using polystyrene pellets which are expanded using a blowing agent such as pentane and is known as “direct thermal extrusion” (ICIS, 2010), which is fed into a mould and formed. These pellets can increase their size by up to 80% during this process.
According to (Groover, 2010), when manufacturing using EPS a typical tolerance for moulding is:
	50mm Dimension
	10mm Hole

	±0.15mm
	±0.1mm



As seen within (Figure 13.), although the larger the part the greater the tolerance required. 

[image: ]
[bookmark: _Toc73797950]Figure 13 - Tolerances for EPS (Groover, 2010)
Additionally, to the aspects surrounding tolerancing, (Groover, 2010) also provides certain considerations to take into account when looking to use expandable moulding as a manufacturing technique. By understanding some of these aspects a more efficient component could be manufactured. 
(Groover, 2010) recommends that holes are easy to achieve when moulding, but can cause difficulties when looking to remove the finished component, a draft angle should also be applied to help with removal to ensure the component doesn’t contract completely around the mould, and to consider shrinkage although it is typically factored into the manufacturing tolerances. 
3.4.5 [bookmark: _Toc73797931]Error Proofing 

When looking to add error proofing into a design or process there are a few different methods which can be implemented. Although the most commonly used and easiest to implement is a poka-yoke, this technique can be implemented into any process or assembly where there is the possibility of an error occurring. A poka-yoke is known as any mechanism which can be used to stop an error from occurring whether that is a “processing error, set up error, missing part, improper part/item, operator error or measurement error” (Kanbanzie, 2019). 
In order to try an reduce the chances of an error when assembling components, a poka-yoke can be designed into the component, an example of this can be displayed within (Figure 14.).
[image: POKA YOKE – A method to create a Safe Design - PDCA Home (en)]
[bookmark: _Toc73797951]Figure 14 - Poka-Yoke Design Example
In addition to component design, a poka-yoke can be implemented into a production process, an example of this was seen in a UK based automotive engine manufacturing assembly line which utilised video imaging to identify whether all the parts had been assembled and to identify is anything was missing, if this was the case then the line would stop until the issue was rectified.

When looking at the design requirements for the two eps boxes, a potential poka-yoke could be used to ensure the container lids are fitted correctly, this could be done in the design stage where location pins are placed on the lid and container and fit together to ensure correct alignment, another option at the final assembly stage could be for the containers to move over a weigh bridge to ensure that the weight of the containers filled are within set specifications which would ensure the containers have been filled correctly. 
3.4.6 [bookmark: _Toc73797932]Design for Manufacture and Assembly 

As previously discussed, the relationship between manufacturing and assembly are directly linked, and in order to create an optimum product at a lower price then both aspects need to be considered (Boothroyd, 1994). By implementing the methodology surrounding DFM into the design stage will help with simplifying the design and utilising standardised components which will also help to reduce the possibilities of failure (Selvaraj, et al., 2009), whereas the DFA methodology focuses around how a product can be designed so that as little assembly operations are required which reduces costs and improves efficiencies (Rolls Royce, 2019). It is discussed by (Maidin, et al., 2018) that when focusing on the DFMA methodologies within the design phase overall costs can be reduced by 50% and even up to 70% in certain cases. 

Using the information discussed within Section 3.3.3, it is known that when looking to assemble a product consideration needs to be taken into account to understand whether the component is essential or non-essential and can be established by asking 3 questions, these questions can be seen within the flow chart displayed in (Figure 15.). 
[image: ]
[bookmark: _Toc73797952]Figure 15 - Design for Assembly (Ahmad, et al., 2016)
By following the model created by Boothroyd and displayed in (Ahmad, et al., 2016), it was noted that within the assembly for the product being created for the vaccine transportation system, that there are 4 individual components which are required to be assembled. Using the Boothroyd method of calculating whether a part is essential or non-essential, it was revealed that in order for the product to operate correctly then each component is essential and needs to be assembled. The four components being discussed for this project are:
· Outer box.
· Outer box lid.
· Inner box.
· Inner box lid. 
As these components are required to be reusable as specified by the customer it is understood that each item must also be able to be disassembled to allow for cleaning and refilling, which is why each of these components should be able to be removed (Åkermark, 1997). This modular approach will also help when if one component was to become damaged it could be replaced without the need of disposing of the whole container. 
Although it could be argued that another option which could be considered could be to implement a live hinge design which could allow the outer box and out box lid to become one component, and the inner box and inner box lid, which in turn halves the number of components needing to be assembled, an example of how this live hinge could operate can be identified in (Figure 16.). This method would also act as error proofing for assembling the lids to the bases correctly. 

[image: How to model a plastic, living hinge in Solidworks as a single part |  DesignPoint Blog]
[bookmark: _Toc73797953]Figure 16 - Live hinge concept
Although this could cause more issues within the manufacturing process and also reduce the modular aspect which could result in additional waste. 





3.4.7 [bookmark: _Toc73797933]Initial design 

[image: ][bookmark: _Toc73797954]Figure 17 - Initial Design 1

[image: ]
[bookmark: _Toc73797955]Figure 18 - Initial Design 1.1


Using some of the findings within Section 3.2 as a basis for the initial design, it can be understood that in order to keep a vaccine at the optimal temperature (Cold Chain) a two box design is optimal and also meets the requirements originally specified by the customer. By using the VoC, QFD and DFMEA as tools to help optimise the design and reduce development time, it can be noted that a very simplistic design approach has been used which will help with the aspects discussed within DFA. When carrying out analysis during the DFA stage it was noted that there were four essential components which would need to be assembled to meet the requirements of the customer and to ensure the functionality of the container, an exploded assembly view of the four components can be identified within (Figure 19.).

[image: ]
[bookmark: _Toc73797956]Figure 19 - Exploded Assembly

3.4.7.1 Design Features 
In order to ensure the suitability of the design and to ensure it adhered to the points discussed with the VoC and DFMEA, a number of design features have been implemented to help improve assembly efficiency and safeguard against potential errors. For both boxes a recessed lid has been designed to ensure that correct fitment occurs to help ensure the vials remain secure, and to help optimise the cold chain requirements. By using this recessed lid design along with a Go/No Go letter box design feature within the assembly line will ensure that correct fitment has occurred. The recessed lids can be observed within (Figure 20.).

[image: ]
[bookmark: _Toc73797957]Figure 20 - Recessed Lid Design
Another key design feature which has been developed is the use of supports within Box 2, this aspect has a key benefit to the design as it is used as an error proofing method of ensuring that the inner box is located correctly, but to also raise the inner box off of the base of box 2 so that the ice can effectively surround the whole box helping to ensure the vials remain within the specified temperature range. These supports can be identified within (Figure 21.) and (Figure 22.).

[image: ]
[bookmark: _Toc73797958]Figure 21 - Inner Box Supports
[image: ]
[bookmark: _Toc73797959]Figure 22 - Inner Box Supports 1

As specified by the customer and noted within the QFD, by being able to stack the boxes would allow for greater vaccine delivery due to optimised transportation, to help ensure that these boxes can be stacked safely, the lid of Box 2 has been concaved and the base of the box moulded to fit within, this allows for the boxes to be stacked safely whilst still maintaining their original function, the design for the base and lid can be observed within (Figure 23.) and (Figure 24.).
[image: ]
[bookmark: _Toc73797960]Figure 23 - Base and Lid
[image: ]
[bookmark: _Toc73797961]Figure 24 - Box 2 Lid
Due to the simplistic design produced, the manufacturing process shouldn’t require too many operations which helps to lower overall costs and reduce the possibility of failure occurring, although certain quality checks must be performed in the manufacturing process to ensure that conformance to specification is adhered to, as otherwise issues could occur within the assembly process. An example of this would be if the recess within the lids wasn’t within specification, then the lid wouldn’t fit securely within assembly process. To help ensure the output quality the designer suggests gauging one part every 50.
As requested in the brief by the customers, it is important that the container has the ability to carry 9 vials as per the disclosed dimensions, using these dimensions it can be seen within (Figure 25.), that 9 vials can be stored successfully. 
[image: ]
[bookmark: _Toc73797962]Figure 25 - Inner box storage unit
As previously discussed, another benefit to this design is the reusability, due to its simple assembly and disassembly process it can quickly be disassembled to be cleaned and refilled to help prolong its life cycle, and due to its modular nature, any component which becomes worn or damaged can be replaced without needing to replace the whole container. 
It is also noted that due to the material choice being EPS it is important that fillets have been used upon the edges to help increase ease of exit out of the moulds when initially manufacturing the containers. 

3.4.8 [bookmark: _Toc73797934]Final Design 
 
By analysing the initial design produced within Section 3.4.7 it is clear that most of the demands requested by the customers have been met, but some aspects could be improved to help with assembly and transportation. By adding in more ergonomics features, the aim is that although it will increase manufacturing complexity, it will help improve assembly and disassembly efficiency, without impacting the DFA already conducted. Using the advice of (Groover, 2010) it is understood that these features would still be easily producible using the manufacturing process for EPS. 
3.4.8.1 Final Design Features

By improving some of the aspects of the original design, it is clear that by moulding carry handles into the lid of Box 1 and Box 2 within the manufacturing stage reduces the need for any additional handles which would have resulted in extra assembly processes. It was thought that in order to improve assembly and disassembly to help with the reusability aspect that handles would make the operation more efficient. The handles for both boxes can be seen in (Figure 26.) and (Figure 27.). 

[image: ]
[bookmark: _Toc73797963]Figure 26 - Box 1 handle design
[image: ]
[bookmark: _Toc73797964]Figure 27 - Box 2 handle design
The final assembly drawing can be observed within (Figure 28.). 

[image: ]
[bookmark: _Toc73797965]Figure 28 - Final Assembly Drawing



3.4.9 [bookmark: _Toc73797935]Production Process and Process Map

In order to maximise the efficiency and reduce the costs involved with manufacturing and assembling components of this nature it is important to ensure that the production process is as clear as possible without having any non-value adding steps impacting the flow of goods. Based on the experience gained by the author from working within a manufacturing and assembly plant, a potential manufacturing process map has been produced, this can be noted in (Figure 29.).
[image: ]
[bookmark: _Toc73797966]Figure 29 - Manufacturing Process Map
Once the individual components have been manufactured, they will each get passed via conveyors to the required area of the assembly line where they will be converted into final products, as shown within the process map in (Figure 30.).
[image: ]
[bookmark: _Toc73797967]Figure 30 - Assembly Process Map
Due to the simple assembly process displayed within (Figure 30.) and the no need for any tools to complete the assembly, in order to disassemble and prepare the containers for reuse, the product would require reverse assembly to take place. This would then allow the parts to be fed back onto the assembly line to be assembled ready to be used again. In order to ensure product quality prior to being fed back onto the assembly line an operator would need to 100% quality check each component to assess their suitability. 








































4. [bookmark: _Toc73797936]Conclusion & Recommendations

By first looing to gain an understanding into the processes involved with producing and administering vaccinations it was discovered that in order for the end user to receive an effective vaccination the need for a sufficient cold chain is required. This cold chain ensures that the vaccine is stored within its optimal temperature range from the start till it is administered (Logmore , 2020), (NHS, 2015). Once some basic background knowledge was established, the current market solutions were analysed along with the rules and regulations in place for producing this sort of product, this allowed for certain criteria to be considered prior to the design phase. 
Prior to starting the initial design phase, a number of key design methodologies and tools were studied to understand how and why they can be implemented and how certain techniques can be used to improve speed to market time, reduce costs and improve efficiencies (Clarkson & Eckert, 2005). Once the tools and techniques which can be used to improve product design were noted, they were then implemented to help establish the demands of the customer and how those demands can be met (Mehta, 2017) with the use of a QFD. Once an initial plan was in place for how the design could look, a DFMEA was conducted to understand all the potential failure modes and how aspects of the design could remove these issues and how error proofing could be implemented into the process of manufacturing and assembly. A design for assembly critique was then carried out upon each planned part of the design to assess the suitability and requirement of the parts to remove unnecessary stages, this revealed the possibility of utilising a live hinge although this was chosen against due to the increased manufacturing complexity and loss to the modular design aspect. 
The next aspect looked at the initial design produced by the author and the justification surrounding the design choices based on the findings within the previous sections for customer demands and DFx. Although the initial design met required criteria for the product a final design was considered with minor adjustments to the manufacturing process to improve the overall efficiency of the assembly and disassembly process. Based on the final design a manufacturing process map was developed alongside a assembly process map as to a possibility as to how the product could be developed. 
Based on the findings of this report it is believed that the final design displayed within Section 3.4.8 would be an acceptable product to release to market which meets all of the demands of the customer, although developments in 3D printing technology could allow for materials such as polystyrene to soon be printed which will increase the reusability of these components and potentially provide the same thermal insulation although this would need to be researched when the technology becomes available (Waterman, 2018).
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