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1. Introduction 

In the late 18th century vaccination development began with an introduction of smallpox vaccine and that invention made an immunity against a devastating disease. In 1966, the World Health (WHO) Organisation set a campaign to destroy smallpox and in 1974 WHO established the Expanded Program on Immunization (EPI) in order improve level of vaccination to all people against devastating disease (Lloyd & Cheyne, 2017).
The main key challenges of biological products in the early stage were how to deliver the vaccines safely from the manufacturing point up to the hand of distribution system, because vaccines are temperature-sensitive products. World Health Organisation (WHO) played a great rule for developing a capacity of technologies to distribute vaccine through a cold chain. All vaccines are sensitive to heat and freezing, therefore it is critical to monitor the temperature of the vaccine and cooling equipment during transportation and distribution. World Health Organisation (WHO) guided pharmaceutical companies in all countries to monitor temperature of the vaccine end-to-end and to track heat distributed in each individual vials of the vaccine, and companies developed a cold chain monitor (CCM), and it could monitor through all the levels. After the development of CCM a Swiss company brought a new electronic device which can monitor and record in a remote and standalone with the help of alarms and data transmission based on internet reporting, that is 30-day temperature recorder (30DTR). This electronic recorder device is very useful still now in market for quick respond temperature monitoring and alarms. (Lloyd & Cheyne, 2017)
In order to maintain quality of vaccine, WHO published an international guideline during a transportation of vaccine from manufacturer to end users, and under the guideline for all vaccine manufacturing companies and responsible official bodies participate for product transport have a mandators to conduct a risk assessment examination to product in order to control its quality and integrity of vaccine during a transportation. (World Health Organization, 2020)
For pharmaceutical product, the critical responsibility is by controlling the proper temperature with respect time during a cold chain distribution system. The most common material used in cold chain distribution system as a package was expanded polystyrene (EPS) which is for many years. EPS has an advantage such as it is easily moulded in any shape, high energy absorption and dissipation, excellent thermal insulation, excellent moisture, and chemical resistance due to those outstanding merits, it is useful to protect a vaccine from thermal damage (Batt, et al., 2019). 
The research is studied the manufacturing process of vaccine transportation container, design development, temperature distribution simulation (MATLAB), quality function deployment (QFD) and failure mode and effect analysis (FMEA). The study generates a question how to manufacture the container, how to maintain the temperature range with respect time and how to study its quality. 
[bookmark: _Toc75760466]2. Manufacturing Process

[bookmark: _Toc75760467]2.1 Chemical composition of Expanded Polystyrene

The most common container used for transportation of temperature-controlled products are made from thermal packaging materials which is called Expanded Polystyrene (EPS). Expanded polystyrene is the main component of styrene (C8C8) and it is from natural gas or petroleum and formed by a reaction from ethylene (C2H4) and benzene (C6H6). Benzene is produced from oil using a refinery process. (EPS Industry Alliance, 2016)
[bookmark: _Toc75760468]2.2 Manufacturing Process of EPS

Manufacturing process of EPS is start from the raw-material beads of styrene which looks like a sugar or salt appearance colour and size. Manufacturing process of EPS is classified in several steps. The first stage of manufacturing process of EPS is to go through pre-expansion process, these raw-material resin beads are loaded to the machine and steam is injected at 100⁰ C. The heat can be softened each bead and it became very flexible but raising temperature can causes the Pentane (blowing agent) to expand and raises to 30–40-time original size which looks like a popcorn. The density of the material decreases from 630 kg/m3 to a value of 10-35 kg/m3. During expansion process the raw material turns into cellular plastic beads with a small cell and it holds air inside up to 98% (Lefteri, 2012, p. 178). (Fabricated Packaging Materials, 2020) & (British Plastics Federation , 2021)
The second stage of the process is for cooling stabilisation and maturing of the expanded particles from the first stage process and the beads are dried at the same time and improves its expansion capacity and mechanical elasticity (British Plastics Federation , 2021). After cooling some vacuum can form inside the beads, but it is better to left them up to 12 hours to allow its pressure balance with environment (Lefteri, 2012). To cool the process spraying water to the mould until the temperature reaches 80⁰C can give good quality of mould (Raps, et al., 2015).
The third and final process is the pre-expanded beads are again applied a steam (reheat again with 100⁰C) to bind the beads together and moulding processes are obtained to make a required or desired shape blocks and the final process is to remove the formed part after once cooled. The process of removing can be used pressurised air ejector or mechanical ejectors. (Fabricated Packaging Materials, 2020) & (Lefteri, 2012, p. 178)
[bookmark: _Toc75760469]2.3 Steam Chest Moulding Machine

One of the most common moulding for EPS is steam chest moulding machine which the processes complete in five steps and figure 2.1 shows steps of the mould. The first step is closing of the desire shape of the mould to make ready for the next step. After closing, the next step is filling of the foam beads to the mould by blowing air pressure with injector into the mould and in this step, it is crucial to meet homogenous distribution of the beads inside the mould. And after the filling process, welding the beads together by flowing hot steam into the mould to achieve the chain of the beads among each other, for high quality it is better to consider a measured temperatures and steaming time. If the beads of the foam are bonded together it will give a good mechanical property, so it recommends to applied force to have high contact area on the beads. The step follows the same as explained on the above section 2.2 for the rest step. (Raps, et al., 2015)
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[bookmark: _Toc75755826][bookmark: _Toc75755854]               Figure 2. 1 steam injection mould process (Raps, et al., 2015)







[bookmark: _Toc75760470]3. Manufacturing Improvement and properties of EPS

[bookmark: _Toc75760471]3.1 Energy saving and environmentally friendly process.

To reduce energy consumption for the manufacturing process, energy can be saved from each step of process. A huge amount of energy is consumed for heating up and steaming the mould, so to reduce heating cost if the wall of steam chamber is coated with insulated material it will keep the heat. A research shows making moulding systems for steaming and cooling in a separate can reduce the heating and cooling of the mould cycle. Energy consumption can also reduce by using mould with only steam distributing immediately to the mould instead of steam chamber and use of hot air as supplement energy medium. Energy reduction in the cooling step, if the spray of the water is made in time interval instead of constant spraying, it would play massive role to reduce cycle time and water consumption. (Raps, et al., 2015)
Another way of reducing energy consumption and pollution control in a research shows by complete change of the steaming mechanism. Using microwaves instead of steam can reduce the energy consumption to heat the expandable beads to expanding and to forming a part mould (Raps, et al., 2015). The microwave can be used by coating the beads with microwave blowing substance (replacing n-pentane agent with 2-propanol) for EPS expansion process. Pentane has a disadvantage which forms explosive mixtures with air, and it has high evaporation rate, but 2-propanol is not volatile organic compound, and the boiling point is at 82⁰C, which is its vapour can condense easily, and it is also offers better for recycling and emission control (Sen, et al., 2011).
[bookmark: _Toc75760472]3.2 Physical process of the moulding 

During moulding of the part, an injection is applied to the pre-expanded beads into the mould, but the heat can be above the transition temperature of the beads and the excess temperature can lead the beads to expand further (Sands & Shivkumar, 2006). A counterpressure is applied to the moulding process to arrange molecular structure among the beads, however, this would create bead fusion and it affects the property of the EPS foam. The bead fusion is controlled with the moulding conditions of the pattern and there are two ways of controlling such as inter-bead fracture (used for low bead fusion) and trans-bead fracture (used measuring degree of broken foam bead fusion) (Sands & Shivkumar, 2006). To improve the quality and technologies of the mould product of EPS, testing mechanical properties (standard measurement techniques) of moulded EPS container can monitor defect on the product and enhance quality. During heating process an inter-bead bonding is formed to spread a polymer chain in the EPS and during cooling a physical relationship of the polymer chains along the boundaries of the inter-bead to produce bonding of EPS bead, but steam temperature and moulding time are crucial influence to the properties of the moulded EPS (Raps, et al., 2015).
Most of the physical effect during bonding process relates to pressure, temperature, time, and surface roughness applied to the moulding system, therefore, bonding strength among the beads can be improved by correct choice of process setting (Raps, et al., 2015).
[bookmark: _Toc75760473]3.3 EPS Properties after moulding

EPS has been used for many applications for number of years, such as shipping companies, food packaging, construction insulation, medical and pharmaceutical industries. In this research EPS is used for vaccine transportation container. 
[bookmark: _Toc75760474]3.3.1 Light weight

The density of EPS should be considered on the design specification after moulding process to determine the weight of the material, but in most cases the density of EPS is between 10-36 kg/m3. The density of EPS depends on the thickness of the vaccine container to define proper design consideration. In this design the thickness of the EPS is 0.02 m and 23 kg/m3 density. Therefore, it has a light weight due to the advance manufacturing process, and it holds 98% of air and the rest 2% is the cellular matrix. Due to its very light weight, it has been a low energy consumption for transportation of the vaccine from manufacturer to distribution centres, and EPS use a very little amount of raw material as it compared with plastics moulding (Lefteri, 2014, p. 146). 
[bookmark: _Toc75760475]3.3.2 Mechanical properties

Mechanical properties of the EPS depend on the quality of welding (fusing) of the beads and density, as the table 3.1 shown the strength of the EPS increases with the density. In the research of (Vaitkus, et al., 2007) studied a prediction of creep strain in long term for EPS, the experimental study held with a density at a fixed compressive stress, and it determined the creep strain will not exceed 2.2% for 50 years.
The tensile strength and modulus of an EPS increases with an increase of density of material, but the time and temperature of the process is critical to control its property such as tensile strength and modulus of the EPS. Using the density of the EPS, it is easily determining the tensile modulus and strength, however if the size of the cell increases, the effectiveness of EPS tensile strength decreases. (Doroudiani & Kortschot, 2003)
EPS can be used as a good shock absorber, it can be used for shock cushioning properties and the EPS are not affected by change in temperature, a research shows a change in temperature between -17⁰C and 43⁰C cannot affect the critical characteristic of the EPS (EPS Industry Alliance, 2016). The table 3.1 shows the stress at 10% compression, tensile strength, and shear strength of the EPS with a density range 16.02-64.07 kg/m3, therefore as density increases the corresponding properties increases as well.
[bookmark: _Toc75756458]      Table 3. 1 EPS strength with respect density (EPS Industry Alliance, 2016)
	Density(kg/m3)
	Stress at 10% compression (Pa)
	Tensile strength (Pa)
	Shear strength (Pa)

	16.02
	13
	31
	31

	24.03
	24
	51
	53

	32.04
	30
	62
	70

	40.05
	42
	74
	92

	48.06
	64
	88
	118

	52.86
	67
	98
	140

	64.07
	80
	108
	175



[bookmark: _Toc75760476]3.3.3- Dimensional Stability and thermal insulation 

Dimensional stability is important property for a packaging and transport container. EPS has an ability to hold constant its original shape and size in any environmental varying conditions. Many more plastic polymers affected their original shape and size due to change in temperature and relative humidity, but EPS is dimensional stable, and its maximum dimensional change occurs less than 2% according to ASTM Test Method. (EPS Industry Alliance, 2016)
Moulded EPS consists of approximately 98% of air and the rest 2% polystyrene. The air in the EPS has been trapped heat conductor and vacuum is not conducting heat, that the EPS is a good for heat insulation. The thermal resistance an EPS is measured using R-value and EPS has R-values in a range of 0.5 to 0.8m3 ⁰C. W-1, and the R-value increase with respect to density, but with temperature increase the R-value decrease (Mohajerani, et al., 2017). Thermal resistance of EPS influence with moisture absorption, however, it resists moisture due to the fact that it has a closed cell structure.   


[bookmark: _Toc75760477]4. Temperature distribution 

[bookmark: _Toc75760478]4.1 Basic consideration of the simulation 

[bookmark: _Toc75760479]4.1.1 Discretisation, stability, and convergence 

To solve partial differential equation a finite difference technique is used, so the priority is to create a grid point through the region. These grid points are points of intersection of the grid in the region, for 2-D the consideration is to the two distance coordinates of x and y and time t. Depending on the variables grid space are ∆x, ∆y and ∆t, so the actual solution of the PDE to find temperature through the grid point can be calculated T = T (x, y, t). The finite difference method determines temperature at each grid point due to the discretisation. (Croft & Lilley, 1977, p. 11) 
Finite difference equations for PDE to express exact solution with the space and time increments are not selected random. But it should be satisfying stability criteria to establish the analysis. Stability criteria is developed to satisfy for practical application of explicit FDE method, so restrictions are applied to the Fourier number to satisfy the stability for explicit FDE that for 2-D Fourier number is greater or less than 0.25. Refining time step and grid space can give the solution of transient heat transfer accuracy but increase computing time which takes long to iterate the matrix of the problem. (Croft & Lilley, 1977, pp. 103-107)
[bookmark: _Toc75760480]4.1.2 Taylor series

The basic to the numerical solution of PDEs are derivatives of a function f(x) which is determine the values using several surrounding points and the point positioned with equal space ∆x. ∆x is determined a difference between the points if xo is the middle point and x1 and x-1 are space to the right and left, respectively. For the function difference, it can be estimated into different ways which are forward (∆f0=f1-f0), backward (f0=f0-f-1) and central difference (δf0=f1/2-f-1/2). (Croft & Lilley, 1977, pp. 39-42)
Taylor series considers equal spaced basepoints and an accurate representation of derivatives. The methods used by Taylor series are interpolating polynomials and operators and undetermined coefficients which can be use more than three values of functions. (Croft & Lilley, 1977, pp. 42-44) 

[bookmark: _Toc75760481]4.1.3 Explicit finite method 

Transient heat transfer is calculated using time-dependent heat fluxes and temperature distribution. Finite differential equation is used to determine transient heat transfer by using partial differential equation (PDE) and energy balance techniques (Croft & Lilley, 1977, p. 61).
Partial differential equation for 2-D region is considered in the simulation under given thermal conductivity (k) of the coordinate with uniform grid throughout the region. Figure below has four close points to the point O, so the difference of space h = ∆x = ∆y focusing to the point O. The PDE without internal heat generation is (Croft & Lilley, 1977, p. 61):                  
	                                        
	(1)



The energy balance for 2-D of explicit finite difference equation is 
	                  
	      (2)



Where the Fo is the Fourier number is: 
The temperature at a point o is calculated based on the old-time level t at To, the new temperature T’o at a new time t+∆t and change time step is ∆t. In 2-D Fourier number is between zero and 0.25 to ensure positive coefficient to the equation. (Croft & Lilley, 1977, p. 149) 
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[bookmark: _Toc75755958][bookmark: _Toc75756122]                                   Figure 4. 1 2 D Grid-space along axis

[bookmark: _Toc75760482]4.1.4 Limitation of explicit FDE

The explicit FDE method is simple to use, but it has unconditionally stable and has a limitation on the time step with restriction on its utility. The time step (∆t) for explicit method is limited with stability criterion in which if the time step is not enough small the explicit method oscillates, and the actual solution diverge. To amend the divergent oscillations of the temperatures time step must be keep in a certain limit established by a stability criterion. Based on the second law of thermodynamic to satisfy stability criterion the coefficients for all nodes of old temperature and new temperature must be greater than or equal to zero. Restriction on the size of time step can be different based on the different equations for the nodes, and for this to approach practical solution by applying the stability criterion must be fit to all equations in the system. Therefore, for 2-D dimension the Fourier number (F0) must be less or equal 0.25 for all two-dimension heat transfer, for the time step it values depends on the thermal conductivity of material, density, specific heat capacity and grid space.( (Cengel & Ghajar, 2015, p. 361) & (Chang, 2009))
[bookmark: _Toc75760483]4.2 Apparent Heat Capacity Method

For a conduction transient heat transfer through a phase change state (solid, liquid, and mushy), the thermal diffusion equation can solve the problem of heat transfer under the use of finite difference equation method ( (Croft & Lilley, 1977, p. 221), (Shen, et al., 2010) & (Khattari, et al., 2020)) and the equation is:
	                                
	      (3)



Phase change materials (PCMs) has been useful for long time due to its high potential energy absorbing in both energy demand and energy supply in a latent heat thermal energy storage system and solar thermal energy storage. The process of heat transfer for PCM is transient heat process, therefore it is critical to estimate the time taken of the PCM either to charge or discharge and it vary based on the use some of them can be charge or discharge, in short term or long term to have an essential latent heat thermal energy. Phase change materials are classified based on the temperature change, phase change process and composition of the materials. During the change of the phase from state to state a latent heat is present in each phase change such as solid to liquid (solidification and melting), liquid to gas (boiling and condensation) and solid to gas (sublimation) which can be stored a large amount of energy with a small change of temperature. (Ehms, et al., 2019)
Apparent heat capacity method is considered a latent heat with the rise of the heat capacity of the material during the phase change range of temperature, so the apparent heat capacity can be expressed as the following for uniform latent heat: for solid (ice) specific heat capacity is when the temperature is less than a solid state temperature, for mushy ( mixture of solid and liquid) specific heat capacity is when the temperature is between the solid and liquid state and for liquid (water) specific heat capacity is when the temperature is greater than liquid state.( (Hu & Argyropoulos, 1996) & (Ehms, et al., 2019))
	
	     (4)



The above equation is specific heat transfer of the solid/liquid state which is the mushy: where Hf is the latent heat the water, Cs is the specific heat capacity of the ice and Cl is the specific heat capacity of water. (Ehms, et al., 2019) & (Hu & Argyropoulos, 1996)
[bookmark: _Toc75760484]4.2.1 Advantage and limitation of apparent heat capacity

Apparent heat capacity method is a simple to use for transient heat transfer of phase change material. The advantage of this approach is that the solution can be directly derived from the temperature dependent variable. However, this method has a limitation, during a melting process the temperature of the control volume can rise its temperature above the water temperature and below the ice temperature in a very single time step that the latent heat absorption of the region is not considered, and it can exist the same problem during solidification as well. To solve the problem, it is better to select a very small-time steps in this method, but the computational efficiency is low due to the time step. (Hu & Argyropoulos, 1996) 
[bookmark: _Toc75760485]4.3 2D MATLAB temperature Modelling of the container 

[bookmark: _Toc75760486]4.3.1 Temperature distribution validation of the container with only air medium 

The vaccine container is made from extruded polystyrene with a density of 23 kg/m3, the dimension of the outer box with 0.34m by 0.34m, inner box 0.18 by 0.18, in every side of both boxes the EPS thickness has 0.02 m  and a gap between the outer box and inner box in all side is 0.06m. Table 4.1 shows the properties for EPS, water, air and ice and figure 4.2 shows the cross-section of the heat transfer (blue region EPS, yellow region ice thichness and green region vaccine).
For task 2 the gap between the outer box and inner box is filled with air and the inner box is also filled with air which is inside vaccine space. The grid space is selected 0.02 m and the matrix is 18 by 18, rows and columns, respectively, and 324 nodes in the cross-section. Time step of the task is selected 6.539 s that took 449 iteration in each time step and it has a total time (6.539s *449= 2936.01 s) to reach the temperature inside the vaccine upto 0⁰C, which takes below an hour to reach 0⁰C. The grid space and time step of the system is not refinied as there is only air among the gaps of the boxes, there fore to keep transporting vaccine container for less than an hour to its desired temperature is not productive in this task.   
[bookmark: _Toc75756683]      Table 4. 1 Properties of the container        
	Properties
	EPS
	water
	Air
	Ice

	k(thermal conductivity, W/m.K)
	0.0345
	0.56
	0.02
	2.3

	(density, kg/m3)
	23
	
	1.3
	

	C(specific heat capacity, J/kg.K)
	1280
	4200
	1006
	2000

	Lf (latent heat, J/kg)
	
	334000
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[bookmark: _Toc75755959][bookmark: _Toc75756123]           Figure 4. 2 container square cross-section
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[bookmark: _Toc75755960][bookmark: _Toc75756124]             Figure 4. 3 temperature simulation for task 2
[bookmark: _Toc75760487]4.3.2 Temperature distribution validation of the container with PCM (ice) and air medium

Task 3 is a bit different from task 2, an explicit FDE the same as task 2 and apparent heat transfer capacity is used in the code which is applied a phase change material because in this time ice is filled the gap between outer box and inner box. The densities of the water and ice are dependent on the temperature in the zone if the temperature is less than -0.05⁰C that calculate density of the ice and water greater than 0.01⁰C, and mushy zone temperature between -0.5⁰C and 0.01⁰C. In this task the grid space is selected 0.005m which is 69 by 69 matrix, they are 4761 nodes long the cross-section. Time step is 0.4087s with total iteration takes 199891 times and the total time took 81693 s (22.69 hours). The vaccine container can keep the vaccine up to 22 hours under the give desire temperature range. Comparing with the task 2, task 3 can keep the vaccine with the required temperature up to 22 hours but task 2 is below an hour.
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[bookmark: _Toc75756125]                       Figure 4. 4 Temperature simulation for task 3
[bookmark: _Toc75760488]4.3.3 Other numerical analysis methods use for ice melting.

Effective capacity method is another method used for melting ice numerical analysis, it is applied to improve apparent heat capacity method, this method determines the temperature between the nodes rather than nodal temperature. Effective capacity considers the integral of the control volume and study shows it is better than apparent heat capacity. (Hu & Argyropoulos, 1996)
Heat integration method is controlled the temperature of all control volume, to monitor melting if any temperature of the control volume is rise above melting temperature and the material will be assumed to phase change. The method can set melting temperature due to the amount of heat added, based on the energy equation temperature rise if the enthalpy is equal to latent heat. This method can be used for multidimensional problems either isothermal or non-isothermal phase change and computational economical. (Hu & Argyropoulos, 1996)

[bookmark: _Toc75760489]5. Methods of Quality study and recycle of the EPS Container 

[bookmark: _Toc75760490]5.1 Poka-Yoke Method

Poka-Yoke is a method used to prevent defects and errors made by human error either intentionally or without knowing at a work. The two approaches for apply Poka-Yoke method are control method and warning method. Control method is a detection of problems and acting by stopping a process or manufacturing line and maintain the problem immediately before any series defect happens. For instant, in injection moulding process of vaccine container there are setting of pressure, temperature and time, if one of those setting was in a wrong the process must stop and fix the issue to continue the process. Warning method is method used a warning light or sound to indicate any issues in work area, such as if any process is jumped due to followed to wrong workstation or wrong conveyer belt a warning light or sound would be indicate by detecting with electronic device like sensor or camera. (Dudek-Burlikowska & Szewieczek, 2009)
Poka-Yoke study for vaccine transportation container, in this study, the method applied to avoid error for the container manufacturing process and to fulfil customer satisfaction. Poka-Yoke applied in each manufacturing process to prevent defect in which step by step will monitor, and the quality test applied for the final design. Poka-Yoke is also examined the container from the manufacturer until the final stage and collects customer voice and solve any problem immediately. In this study, Poka-Yoke is applied to monitor temperature in every stage of transportation and store, by taking reading of the temperature inside the vaccine area. If the measured temperature is above or below the range a sound alarm and light will give a warning with help of the sensors and gauges.  
[bookmark: _Toc75760491]5.2 Process map for Vaccine transportation Container

After a proper design of the container manufacturer transfer the container to vaccine manufacturer with a description of full quality assessment certificate, safety precaution certificate and manual operation of the container. During transportation and storage maintaining a proper temperature for the vaccine keeps its effectiveness for immunity, a professional environmental health care should be taking responsibility (and writing information guided the professional) for proper cold chain during transportation, storing and vaccine centre (Rogers, et al., 2010). During packing of the vaccine, placement of the ice between the two boxes of the EPS is important to follow the proper guideline to balance the temperature inside vaccine, if the ice to many in the pack vaccine will be freeze and if the ice is too few temperature inside vaccine would be high (Rogers, et al., 2010). 
In this research, the simulation of temperature distribution with ice in the pack is made to show how the temperature distribution controlled in appropriate range with the help of the ice inside the container which separated with an EPS. The temperature of the container depends on the change of state (water if temperature >= 0.01⁰C, mushy temperature between -0.5 and 0.01⁰C and ice temperature < -0.5⁰C) to maintain the stacking of the vaccine.
The process map of vaccine transportation figure 5.1 shows the steps of each vaccine and container lands and it should monitor properly with professional person from container manufacturer until the hand of the patient. 
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[bookmark: _Toc75756246]                            Figure 5. 1 Process map 

[bookmark: _Toc75760492]5.3 Quality Function Deployment (QFD)

The QFD is a method which focused on voice of customer and responds to call, and QFD has a powerful structure for design process development and customer requirement. Effective use of quality function deployment inclined to customer satisfaction from the product by bringing customer to the product design and to perform high level of satisfaction with cost and reliability. QFD is not only fulfil customer needs, but also plays a role to change a product features and it has a link to all operations with what customer needs. The design and new product development in QFD framework have a quick-fix approach, and with the help of QFD to bring products quick to market line and the degree of acceptance product is high. And QFD needs an understanding of the technique, teamwork, and training are the resources to success. (Ferguson & Dale, 2003)
[bookmark: _Toc75756778]                   Table 5. 1 customer needs, design features and target value
	
	Customer needs
	Design features
	Target value

	1
	Simple to use manual
	Assembly time of the container
	Clear assembling manual

	2
	Prevent breakage of vials
	Mechanical Vibration Resistance of the container
	Vibration test for the container after packed

	3
	Temperature monitor
	Maintain temperature from environment influence  
	Property of the EPS is good in protection from environmental impact

	4
	Light weight
	Reduce size of the container
	Consideration space for the 9 vials



The customer statements have been created with in terms of what, why and who, as shown in table…. a sample format from the full study of the QFD in Appendix-A. The study approaches customer needs, design features developed, and target value assigned to the section. The customer needs are rated with a scale 1 to 5 and are rated from 3 to 5 in the house of quality. In the study, each section in the house of quality is carefully measured and rated to appropriate value. In the assessment of the QFD in this design ‘maintain container from environmental influence’ (requirement of design feature) has weighted with high point which is clearly explaining the focused of the design. The QFD in Appendix… studied and related to each customer needs, design features and target value with considerable scaling, but QFD is not used with one person it is a teamwork task.

[bookmark: _Toc75760493]5.4 DFMEA (Design failure mode and effect analysis)

Design FMEA is reached out a potential failure mode during a design and can be identified the effect by examining the causes of the failure and evaluates current control to the design of FMEA, and the potential failure causes must be studied before production of the design product. The test of DFMEA carried out by including customers and employs as part of the evaluation programme and experience could also play a great role to verify the validity of the design. Structural team of a design FMEA involves product engineer, manufacturing engineer, quality engineer, sale engineer, facilitator, and others like field service to have a critical studied DFMEA. (Aldridge & Dale, 2003)
A DFMEA is applied in this research which studied a potential failure mode of the vaccine container before manufacturing the product. The failure modes are crack over the container, vaccine breakage and uncontrolled temperature inside the vaccine area and a critical approach was applied to solve the cause and with available recommendations and actions. The ranking to determine the RPN (risk priority number) is use 1 to 10 for the severity, occurrence, and detection. In terms of ranking as the numbers are increasing from 1 to 10 the chance of the failure increases accordingly. The study of DFMEA of vaccine container is in Appendix-B. 
[bookmark: _Toc75760494]5.5 Recycle wasted container (EPS)

Recycle a wasted product is important to avoid environmental pollution, environmental waste reduction, development of sustainable products and cost reduction. Currently, EPS is used widely for different application in many industrial fields which is large quantity of EPS disposed and consumed as a waste. EPS is not decomposed naturally, so the waste can be a huge problem of pollution to water and land. Waste EPS foams can recycle after reuse and it can be recycled in many ways, and recycling methods is selected depending on it technical, economical, and environmental considerations. However, the expansion characteristics of a recycled EPS is not the same as the original EPS bead, but by using different recycle treatment techniques (material, chemical (Amianti & Botaro, 2008) and thermal recycle), it can be used for many productive applications. (Kan & Demirboga, 2009)
(Kan & Demirboga, 2009) studied experiment for waste EPS, changes of properties for waste product. The study used a heat treatment technique, wasted EPS samples were heated at different rate of temperature with respect time setting and identified the change in volume, density, and hardness. It is crucial to measure and investigate the thermal property (thermal conductivity) of waste EPS in order to study its performance for future application after recycling. The thermal conductivity of waste EPS can different based on the density and temperature, but it is high resistance to heat flow (Kan & Demirboga, 2009). Compression strength of waste EPS at 10% deformation of the test, with increase of temperature above 130⁰C, its compressive strength decreased due to brittle structure of the waste EPS at high temperature. Recycled EPS consists of a closed cellular, so it has high resistance of water which depends on the weight and volume of the EPS (Kan & Demirboga, 2009). 
[bookmark: _Toc75760495]5.6 Tolerance calculation

Tolerance of a deign can be defined by five steps such as define the size of the dimension, define manufacturing process, define relevant international tolerance grade (IT), begin with highest grade in the range and define general tolerance. In the design the size of the container is base of the container 340*340 mm which is base with width and height for 330 mm with a thickness of the EPS 20 mm, but the lid made with a thickness of 10 mm to part of EPS, 20 mm toward the box and length 340.
The manufacturing process of the vaccine container is injection moulding process as explained in section 2, so the relative IT grade is IT12- IT14 for injection moulding process, they are documented in ISO 286-1 (ISO , 2010, p. 20). For moulding process general tolerance is IT14, based on the size tolerance varies. According to the design size the tolerance is calculated for IT14, therefore for 340 mm (range 315-400 mm, tolerance is 1.4 mm but divide two that is + or – 0.7 mm), 330 mm and 300 mm (range 250-315 mm, tolerance is + or – 0.65 mm), 20 mm (range 18 – 30 mm, tolerance is + or – 0.26) and 10 mm (range 6 to 10 mm, tolerance is + or – 0.18 mm). In the technical drawing, the dimensions are shown with their tolerance in appendices (C and D).   











[bookmark: _Toc75760496]6. conclusion 

The research studied manufacturing process of the EPS container; the process is injection moulding system. In the process the first step is pre-expansion process, the EPS increase its volume 30-40 time of the original size, then injection moulding with the help of steam, cooling, and removal of the moisture. EPS injection moulding has needed a critical attention to the temperature steaming and time, the moulded part can be affecting its properties if there is no balance of temperature and time. The moulded EPS has a light weight, low density, good thermal insulation, water resistance, and good creep strain resistance. Energy consumption can be reduced for the manufacturing process, energy can be saved from each step of process. A large amount of energy is wasted for heating up and steaming the mould, so by coating the steam chamber with an insulating material can reduce heating cost partially and by separating moulding part of steaming and cooling also reduce energy consumption.
Temperature distribution of the container studied using numerical and simulation approach. The study analysis the transient heat transfer in 2D in to two ways: the first task is temperature distribution to the container during air medium to the system and an explicit finite differential equation is used, in this the vaccine controlled its suitable temperature for just less than one hour. For the second phase of the simulation an ice is place between the two barriers of the EPS instead of air and an explicit apparent heat transfer capacity method is applied, the simulation shows vaccine temperature treated in range up to 22 hours, that ice played a great role.
A quality test is also studied, such as poka-yoke, QFD, DFMEA, tolerance calculation and recycle waste EPS container. Quality function deployment studied in an excel sheet which considered the customer requirements, design features and target value in a very detail study. Design failure mode and effect analysis is also studied in a separate sheet, with a critical potential failure mode and a recommended action is taken to reduce the RPN (risk priority number). Tolerance is calculated for each size dimension based on the manufacturing process of the EPS container (moulding process) with an International Tolerance grade IT14.
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[bookmark: _Toc75760500]Appendix- C Base of the vaccine container drawing
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[bookmark: _Toc75760501]  Appendix- D Lid of the vaccine container technical drawing
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