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[bookmark: _Toc139231278]Design for Additive Manufacturing Case Study

[bookmark: _Toc139231279]Introduction

Design for additive manufacturing (DfAM) is the process of using 3D printer technology to create an optimised part through design.  The introduction of additive manufacturing has produced geometric, material choice and customisation benefits over past manufacturing methods (Gibson, et al., 2020). The process can produce a component to meet end users preferences such as the reduction of material waste or creating a more visually appealing finish. 
This report will look at a machine banding pinch roll carrier used within the Hot Mill at Tata Steel. The role of the machine bander is to package steel coils ready for dispatch to customers, it is an essential part of the process, as coils cannot be loaded for dispatch without a band in place. Therefore, having an impact on company profits and customer satisfaction. This case study highlights the pinch roll assembly as a component where DfAM could be used. The assembly is a frame with a solid base and rollers, which the band is fed through to provide stability to the process. The majority of machine failures have been caused by base breakages and strap stability issues. Also, the banding machine is a modular design which allows a maintenance team to swap parts with ease, the issue with this procedure is that modules require manual handling and are difficult to transport. These breakdowns and manual handling difficulties have resulted in the need for re-design which DfAM provides. The report will determine the material choice and additive manufacturing process to be used, while also using design tools and techniques to understand the potential for design optimisation.














[bookmark: _Toc139231280]Additive Manufacturing Process and Material Choice

To understand which process is most appropriate for the manufacturing of the pinch roll carrier, it is essential to understand the sequence of the Additive Manufacturing (AM) process flow:
1. Design 3D Model Using Computer Aided Design (CAD)
2. STL File Creation and File Manipulation
3. Machine Setup
4. Building Layer by Layer
5. Part Removal
6. Post-Processing
(Scholder, 2022)
The first step was to create a 3D Model design using Autodesk Fusion 360 software (Fig.1), this would allow the design to fit the specific rules required when using Additive manufacturing in 3D printing technology. 
[image: ]
[bookmark: _Toc138776334]Figure 1 - 3D design model of pinch roll carrier
Before deciding on a chosen AM process, it was important to understand the benefits and limitations of each. 
[bookmark: _Toc139231281]Fused Deposition Modelling (FDM)

The benefits of using FDM include the low cost required to manufacture parts and prototypes. There is also a wide range of metals that they can produce such as aluminium, stainless steel, titanium and several more. The process of FDM builds the component up using filament in a layered structure, this creates certain disadvantages to the finished product. The pinch roll carrier requires a smooth finish due to the stability requirement of its operation, this means post processing techniques will have to be used such as sanding of the frame and the polishing of rollers. This can lengthen the timescale of part delivery, which can cause delays to department production if the delivery is urgent. Anisotropy is defined by (Britannica, 2023) as the quality of exhibiting properties with different values when measured along axes in different directions . The rollers in this design are required to have specific properties along all axis to function correctly, the layering process usually causes parts to show anisotropic qualities, which could cause failures during operation. 
[bookmark: _Toc139231282]Binder Jetting

Binder jetting glues the particles to form the geometry layer by layer so no heat is required during fabrication (Ziaee & Crane, 2019). The binder jetting process only requires minimal structural supports during manufacturing as the powder used in the process acts as support. Although, there are some issues surrounding binder jetting such as dimensional accuracy from the need of sintering due to internal porosity, this can lead to shrinkage and warping of the product. Another issue surrounding the use of sintering is the potential for limiting the fatigue strength of the product due to internal voids within the structure.

[bookmark: _Toc139231283]Powder Bed Fusion 

Powder Bed Fusion has many similarities to Binder Jetting, with the use of combining powder particles to produce a product through sintering. One of the main differences between the both, is that Powder Bed Fusion uses a laser to fuse particles together rather than the printer head used in the Binder Jetting process. Also, the advantages and disadvantages are very similar with only a need for minimal structural supports but still the opportunity of large surfaces warping due to the sintering process. Also, the finished product of Powder Bed Fusion has a lower surface roughness so will not require the amount of post processing as Binder Jetting. 

[bookmark: _Toc139231284]Material Choice

Due to the failures in material of the previous design in use, it is essential to find the correct material to improve the lifespan of the component. The previous material used for the frame was mild steel but suffered fractures due to the force applied. There is also an importance on finding a material which has a high strength and low density, with the manual handling required to change parts. The first material investigated was aluminium due to its density at 2.7 g/cm^3, but the overall ultimate tensile strength was lower than steel at 310 MPa meaning it would struggle to deal with the force applied. The Inconel 718 alloy has very impressive ultimate tensile strength at 827 MPa and corrosion resistance but is very costly to purchase. After deliberation, the material chosen for this component was titanium due to the density being 4.506 g/cm^3 which is nearly half of steel at 7.85 g/cm^3. Also, titanium scored slightly better when based on strength with an ultimate tensile strength at 450 MPa compared to steel at 420 MPa. Although, financially more expensive than steel but more cost effective than Inconel. After considering all of these options, titanium contained all of the material properties required to function at an increased performance. 


[bookmark: _Toc139231285]Chosen Additive Manufacturing Process

[bookmark: _Hlk136892216]The decision was made to use a multi-laser powder bed fusion system, due to its faster speed of processing and also the lower price per part compared to the binder jetting process. The additional lasers dramatically lower processing times by sintering the powder at a faster rate. Powder bed fusion supports greater geometric complexity in the final parts, and the use of an energy source to densify the powder during printing may reduce the amount of post-print processing over binder jetting (Hendrixson, 2021). 

























[bookmark: _Toc139231286]Reducing Residual Stress and Part Consolidation

[bookmark: _Toc139231287]Residual Stress

Residual stresses are defined as self-equilibrating stresses existing in materials under uniform temperature conditions without external loading (Khanna & Long, 2010). These stresses are prominent in Additive Manufacturing due to the fusion process and can cause high concentrations of residual stress in area cross-sections, leading to warping and distortion. To minimise the risk of this occurring to the pinch roll carrier, certain features were integrated into the design. Firstly, the frame was designed to be as lean and coherent as possible to withstand the required load. Also, where certain cross sections of the frame could not be avoided, rounded edges were created to minimise the amount of residual stress contained (Fig.2).
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[bookmark: _Toc138776335]Figure 2 - Rounded edges of design to minimise residual stress.
There are also certain mitigations and controls that can be used during 3D printing and post processing. (Li, et al., 2018) explain how the most effective in-situ control was the pre-heating of substrate or powder bed, and the use of annealing in the post process to reduce residual stress amounts by 70%. 
[bookmark: _Toc139231288]Part Consolidation

The method of part consolidation utilises ways of manufacturing a product as a whole instead of separate parts that require assembly, therefore reducing processing times and cost. (Yang, et al., 2015) explain the benefits that are aligned with part consolidation, firstly the removal of tooling  and the logistical benefit of fewer parts required to be tracked, sourced and inspected. This applies to the pinch roll carrier design, as typically the rollers and bushes would require assebling to the frame leading to extra labour and increasing contractor manufacturing costs. 




[bookmark: _Toc139231289]Tessellation and STL. Creation

Tessellation is the forming of patterned geometrical shapes that repeats to cover the whole surface of a product. The STL program encodes the surface geometry of an object using tessellation. Much feature information is stored in these triangular geometries that a 3D printer uses to build the design (Langnau, 2019). When tessellating the pinch roll carrier it was important to adjust the scale to give tighter geometric shapes, leading to a greater build quality when 3D printing (Fig.3). Once completed, the design was saved as an STL file to transfer into Lychee software for printing overview.
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[bookmark: _Toc138776336]Figure 3 - Tessellation of Pinch Roll Carrier













[bookmark: _Toc139231290]3D Printing Setup

When creating final specific design features for 3D printing, Lychee software was operated to identify required structural supports and internal structures to minimise mass. A random 3D printer was selected due to no availability of my preferred choice powder bed fusion, to show the process of 3D printing machine set up.
[bookmark: _Toc139231291]Structural Supports

Support Structures are typically required in the 3D printing process for any overhanging parts to minimise damage or distortion to the component (Fig.4).  Supports are typically hollow or cellular structures to be removed after metallic AM, thus they represent a considerable waste in terms of material, energy and time employed for their construction and removal (Strano, et al., 2012). The hollow internal structures of supports, result in them breaking off with ease but surface finish can be impacted and may require post processing intervention. This led to an importance of minimising the amount of supports by manoeuvring the component into various positions to investigate the minimal amount required. 
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[bookmark: _Toc138776337]Figure 4 - Structural supports for 3D printer machine set up.

[bookmark: _Toc139231292]Internal Structures (Infill)

Internal structures are applied to the design for the minimising of mass, material waste and structural strength. There was an importance to use infill within the design but not for the whole component. Infill density is measured as a percentage: 0% is hollow, and 100% is solid. Most designers stick to 5% leaps. Standard prints range from 15-50% infill, while functional prints (such as engineering parts) have a 50-100% infill (Jenkinson, 2022). In this design 55% infill density was used to aid with distortion and warping of cross-sections, while also maintaining component stiffness and its functionality for operational use. There are multiple structures of infill that can be used such as honeycomb and grid, which are the most commonly used but there are also more variations. Different structures provide differing benefits depending on what the end user requires (Fig.5). Although, mass customisation can also be improved by using other DfAM tools such as Topology and Generative design. These tools simulate and model the product on inputted design features to create an optimised product. 
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[bookmark: _Toc138776338]Figure 5 - Infill Setup for 3D printing
[bookmark: _Toc139231293]Slicing

[image: ][image: ]The final stage of preparing the 3D model for printing was to convert into a G-code file, which takes the model and slices into layers ready for the Additive Manufacturing process. The slicing of the model basically converts it into a set of instructions for the 3D printer, understanding the correct path to take to minimise manufacturing time. Once slicing was completed, estimated information was fed back on print time, filament used and weight of component on completion (Fig.6). The final image before printing can be viewed in (Fig.7).
[bookmark: _Toc138776339]Figure 6 - Information feedback from slicing software



[bookmark: _Toc138776340]                                                                                                                                        Figure 7 - Finished pinch roll carrier after slicing
[bookmark: _Toc139231294]Finite Element Analysis (FEA)

Finite Element Analysis (FEA) is used when modelling a simulation of the product and displaying the effects that will occur when operating in real world circumstances. By splitting the design into thousands of sections, it uses a numerical equation system to predict certain mechanical property scenarios such as stress, strain and thermal. (Kurowski, 2022) explains that the aim of FEA for design  is to change the design process from numerous prototype cycles to a streamlined process where prototyping is only used for final design validation. This design tool reduces the amount of time, money and resources compared to previous methods of validating a design. Although, (Ghionea, 2007) argues that the method is only an approximate and that the end user cannot precisely estimate the differences between the obtained results and the real ones. 
[image: ]FEA was used on the pinch roll carrier to understand the effects of stress on the product’s structure under a load of 75,000 Newtons. The targeted area of the load was associated with the bed/base of the frame, as this will take the highest amount of force during operation. (Fig.8) shows the areas of stress recorded in N/mm^2. After reviewing the simulation, the predicted yield strength of 172 N/mm^2 appears to be adequate for the loads being undertaken. Some areas of the design are close to the Yield strength limit, where elastic to plastic deformation could take place if extra load was applied. Certain adjustments could be applied such as extra supports for base but this would increase product mass. 
[bookmark: _Toc138776341]Figure 8 - Finite Element Analysis simulation of stress concentrations under load.







[bookmark: _Toc139231295]Conclusion 

The aim at the beginning of this report was to design a product that could function and improve an operational assembly. The newly designed pinch roll carrier was required to bring stability to the process, while also taking mass, density and strength into consideration. While using a chosen  Additive Manufacturing process to produce a component that could meet these demands. The decision to choose a multi-laser powder bed fusion 3D printer, ultimately lead to faster processing times and reduced manufacturing costs compared to binder jetting (Hendrixson, 2021). Also, the examination of materials and their mechanical properties indicated that titanium was the best choice for design feature property demands, due to its low density but high ultimate tensile strength. Although, more cost effective materials could be examined. 
It was important to understand the constraints that come with the use of AM processes such as anisotropy, internal porosity, shrinkage and residual stress. Through noticing these potential defects certain features were implemented into the design, for example the fillets on cross sections to minimise residual stresses on completion. Also, extra mitigations that can be applied through pre-heating the AM process and annealing on post-processing (Li, et al., 2018). The process of 3D printer set up allowed areas for manufacturing to be reviewed, through product orientation for minimising structural supports and infill density for minimising mass while retaining strength. The use of FEA allowed simulation before prototyping, to understand the stress on design under a defined load. Although, the use of Topology and Generative Design would have created a more optimised design to implement within the process. Overall, the process of using Additive Manufacturing over traditional methods certainly improves part manufacturing and will only continue to improve in the future.















[bookmark: _Toc139231296]Task 2 – High Volume Production – Portable Wind Turbine Redesign
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[bookmark: _Toc138776342]Figure 9 - Portable wind turbine prototype
[bookmark: _Toc139231297]Design Concept Appraisal 

The objective was to review the design concept in (Fig.9), focusing on customer needs, perceptions of the public and aesthetics. When reviewing this design the customer requirements are essential to understand and then focus the design around these requirements, as increased sales lead to an increased profit. The customer needs for the portable wind turbine include:
· High power output
· Lightweight 
· Safety 
· Reliability 
· Inexpensive
· Aesthetically pleasing
· Ease of operation
· Quiet
· Handling

[bookmark: _Toc139231298]Quality Function Deployment

To create a record of these requirements a Quality Function Deployment was created to capture the importance of each.  According to (Kiran, 2017), Quality Function Deployment (QFD) is a structured approach to defining customer needs or requirements and translating them into specific plans to produce products to meet those needs. The “voice of the customer” is the term to describe these stated and unstated customer needs or requirements. 
To begin the development of the QFD in (Fig.10), customer requirements were submitted and weight/importance was scored between 1 and 5. The lowest importance being scored 1 and the highest importance being scored 5. There was also a need to input functional requirements for the design concept, to understand if an area required minimising, maximising or to be on target. Once both requirement fields had been inputted, relationships between each requirement were evaluated to understand the bond they have with each other.  This was carried out by symbolising the relationships through strength of bond. 
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[bookmark: _Toc138776343]Figure 10 - The relationship/importance of customer and functional requirements in QFD
Through mathematical equations, weight of importance can be calculated to show which functional requirements need to be focused on. (Lucid Chart, 2023) supports this by explaining that the requirements with the highest importance ratings or percentages are likely the features that your company should prioritize or invest in more. The highest scoring was given to the reduction of blades on the portable wind turbine. This was due to the strong relationships with customer requirements such as power output, reducing weight, reliability and ease of operation. By reducing the amount of blades would obviously reduce mass but would require less parts for assembly, leading to reducing the risk of breakdowns. Therefore, improving overall reliability of the product which has been highlighted as the most important customer requirement. Other functional requirements with high importance include the increase in handle grip. This has a strong relationship with safety and handling, as the more grip designed for handling will ultimately reduce the possibility of accidents from manoeuvring the portable wind turbine. There were also low scoring requirements for the design concept, for example style rated the lowest of importance due to their only being one strong relationship with aesthetically pleasing. This customer requirement was scored lower than the others meaning the importance overall was not significant for customers or the design team. 
To understand the relationships between each design requirement, the correlation matrix was used to identify if relationships were positive or negative when paired together (Fig.11). There are several more positive correlations compared to negative, meaning the design requirements work suitably together. For example, the increase in power has a strong positive correlation with the increase in rotor diameter. According to (Hartman, 2022), expanding the rotor diameter allows the wind turbine to capture more wind and sweep a larger area, therefore the production of greater power. Although, there was a strong negative correlation between increasing power and decreasing noise. As the extra power will lead to increased blade speeds, which ultimately will operate with an increase in noise. The decision to trade off the functional requirements will be required, to find a solution to the problem. 
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[bookmark: _Toc138776344]Figure 11 - Relationship correlation matrix of design functional requirements

[bookmark: _Toc139231299]Design Specification

The role of design specification in the design process is recognised as significant because it helps design engineers to proceed from the abstract to the concrete solution, so as to fulfil the aim of the product (Sudin, et al., 2010). A design specification was created to understand different aspects of the design concept (Fig.12). The design specification was broken down into the following categories:
· Function 
· Target Customer
· Performance
· Materials
· Environment 
· Aesthetics
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[bookmark: _Toc138776345]Figure 12 - Design Specification of Portable Wind Turbine
By defining requirements of specific areas, has outlined key details which can be handed over to the manufacturing employees. The benefit of documenting the specification will provide a true understanding of targets for all, which ultimately should provide a reduction in product re-work leading to an increase in production and quality outputs. For example, the material properties documented in (Fig.12), reduce the options of materials to be used when aligned with customer needs noted in the Quality Function Deployment such as lightweight and high power output. For this reason the material used for the blades of the portable wind turbine would be a fiberglass reinforced polymer. While the frame and casing would be made of aluminium due to its high strength to weight ratio and also, is known to be highly corrosion resistant when left in tough environmental conditions.












[bookmark: _Toc139231300]Manufacturing Process Proposal

The requirements from the business include the correct selection of manufacturing processes to create a high quality product and produce between 1000 – 2000 units per week to cope with customer demand. To create a high quality product certain areas such as product life span and safety will need to be met. The business does not require products being returned due to operational faults or safety concerns by customers. Lastly, there should be a focus on keeping manufacturing costs low so that it does not negatively affect business profit margins. 
[bookmark: _Toc139231301]Resin Injection Molding

Resin injection molding was the proposed manufacturing process for the wind turbine blades to reach production targets. The process requires a mold to be created in the shape of the blade and this is split into two halves. (Walker, 2013) explains that the inner surfaces of the mold are coated with fiberglass-resin composite mixture. Once dried, the mold is opened and the two halves are removed. Certain post-finishing processes are required such as cleaning and sanding to produce a desirable finish. Finally, the two halves are sealed and painted to the required design specification. 
When looking at cost drivers of the process, the initial tooling cost of creating the mold is the most costly. The price of mold production can cost anywhere between £100 - £100,000, depending on material used and design complexity. Also, the production volume can influence which mold will be used as they have differing lifespans such as 3D printed or aluminium molds that require CNC machining. Fixed start-up costs of this design should be closer to the lower range of the price evaluation, due to the simple design of the wind turbine blades. According to (FormLabs, 2023), fixed start-up costs may be high but variable costs of production are low. When parts are made at higher production volumes, the cost per part decreases when production targets are among hundreds or thousands. This applies to this design as previously stated targets will considerably reduce the cost per part. 

[bookmark: _Toc139231302]CNC Machining 

Due to the complex geometries of multiple parts within the portable wind turbine, a decision was required between using CNC machining, 3D printing or manual machining for mass production. As previously mentioned, the framework and housing of this design will be made from aluminium, which all of these processes can manufacture. CNC machining is a pre-programmed process that uses multiple tools and axis to subtract material for part creation. When comparing CNC against manual machining, certain areas indicate that CNC will be more applicable for this design. Firstly, the pre-programming of the machine ensures consistency in deliverance of part quality and dimensional accuracy. Also, when mass producing parts they have higher efficiency as machines can work all day and night, only requiring one specialist operator for several machines. Whereas manual machining requires one operator for each machine and would require a two shift pattern to work 24/7, which would ultimately lead to higher costs on production. Although (Universal Technical Insititute, 2021) argues that a new business may benefit more from the use of manual machining due to lower purchasing costs of equipment. 
There are more limited arguments between CNC machining and 3D printing. Though when it comes to mass production and cost savings, the CNC manufacturing process aligns with the production targets set. The use of CNC machines do incur high initial costs but higher production of parts significantly decreases the cost per part, but 3D printing costs do not change depending on part production (Fig.13). Also, CNC final products require minimal to no post surface finishing interventions such as sanding and polishing when compared to 3D printing and forming processes. These additional requirements create higher production costs. When investigating all available options, CNC machining has more benefits than limitations when applied to the portable wind turbine design. 
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[bookmark: _Toc138776346]Figure 13 - Manufacturing processes - Cost per parts vs Number of parts (Hubs Protolab Company, 2023)













[bookmark: _Toc139231303]Design and Development Work Undertaken

To understand the design opportunities for optimising the manufacturing of the portable wind turbine, it was essential to use “Design for X” tools and techniques to analyse and evaluate. (Chiu & Kremer, 2010) explains that over the years, numerous "Design for X" concepts/methods have been developed in order to increase the efficiency at the design stage, and reduce the total product cost and development lead time. Also, many studies pointed out that while design stage takes a very short period in a product life cycle, it dictates around 70- 80% of the product life cycle cost. 
Through the use of development tools and techniques, there was an importance to focus on design for assembly through using the design component appraisal and Lucas method. Also, to enhance reliability Failure Mode Effects Analysis (FMEA) was introduced to reduce risk of component failures. The implementation of different design techniques were also investigated from modular designs to snap fit assembly methods.  

[bookmark: _Toc139231304]SCAMPER 

SCAMPER is a brainstorming technique used to generate ideas on a new design or re-design of a product. It provides different areas to focus on by breaking it down into categories – Substitute, Combine, Adapt, Modify, Put to another use, Eliminate and Reverse. The following technique was used to produce new design ideas for the portable wind turbine:

Substitute: Changing of handle design – replace with a tripod style stand to offer more stability. 


S

Combine: The combination of all 3 phase motor housing components. Also, blades and blade sleeves combined. Reduces the need for fasteners. Part Consolidation.

C


Adapt: Changing assembly techniques – Snap fits for assembly of blade sleeves to rotor, tripod stand to motor housing. Will ensure removal of fasteners.

A


Modify: Reduce the number of blades from 4 to 3 – Equally as power efficient and reduces amount of parts. 

M


Put to another use: N/A

P

E

Eliminate: Removal of all fasteners in the assembly process.

R

Reverse: No components will be reversed.





[bookmark: _Toc139231305]Design Component Appraisal 

This evaluation tool allowed the separation of product components into essential and non-essential categories. By following a structured nine question approach for each component, allowed initial insight into what could be removed or combined to make assembly more streamlined (Fig.14 & Fig.15). 
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[bookmark: _Toc138776347]Figure 14 - Design Component Appraisal Table
	Design Component Appraisal Outcome

	Essential
	Non-Essential

	Blades
	Fasteners

	Nose Cover
	Shim

	3 Phase Motor
	Handle

	Blade Sleeves
	Mid-section of motor housing

	Turbine Rotor
	Motor seating plate

	Drive Shaft
	

	Drive Shaft Bearing
	

	Gearbox
	


[bookmark: _Toc138776348]Figure 15 - Design Component Appraisal Outcome
By sorting the essential and non-essential items of the design then design efficiency was calculated to understand how the efficiency target of 80% or higher could be reached. The calculation involved taking the number of essential parts (A) and non-essential (B) is as follows for the original design:
 




Design Efficiency 
After carrying out the SCAMPER brainstorming, the proposed re-design of the product could be analysed by calculating the design efficiency. The new proposal combines multiple non-essential items such as the mid-section of motor housing, shim and motor seating plate to the 3 phase motor base. Therefore, three non-essential parts become one. Also, the removal of fasteners for differing snap fits enhances the reduction in non-essential parts. The proposed re-design efficiency can be found below:




Design Efficiency 

[bookmark: _Toc139231306]Design for Assembly Lucas Method

This method was used to improve ease of assembly resulting in faster assembly times, increased customer satisfaction and product life cycle. Through using the tables provided within the method (Fig.16), manual handling and manual fitting outcomes were analysed and evaluated. 
[image: ]
[bookmark: _Toc138776349]Figure 16 - Lucas DFA tables for Manual Handling and Manual Fitting.
Each component of the design was analysed from the original design then compared with developed ideas to evaluate improvements. Due to the number of components within the design, the example below captures the analysis of the original turbine handle followed by the newly proposed design: 
Original Handle Design: 
A - 1.5  B – 0.2 + 0.4  C – 0.1  D – 0.2 
Handling Index = 2.3 
A – 2 + 4.0  B – 0.1  C – 0.7  D – 1.5  E – 0.7  F – 0 
Fitting Index = 9.0
New Tripod Stand Design:
A – 1  B – 0  C – 0  D – 0.2 
Handling Index: 1.2 
A – 2 + 1.3  B – 0.1  C – 0  D – 0  E – 0  F – 0 
Fitting Index: 3.4 
Through re-designing the handle component, significantly reduced the handling and fitting index. This was achieved by creating rotational symmetry, self-alignment and removal of fasteners for snap fitting assembly. 

[bookmark: _Toc139231307]Failure Mode Effects Analysis

[image: ]Failure Modes Effect Analysis (FMEA) is a systematic risk management tool that provides improvement to overall product reliability, quality and safety. The principle of performing this technique in the design process, was to identify potential failures and document actions required before prototyping took place. Each process function was recorded and scored in three categories – Severity, Occurrence and Detection. The outcome was then calculated to provide the risk priority number (RPN), then through analysing outcomes gave insight into which failures should be prioritised with further actions. The application of FMEA on the portable wind turbine design can be viewed in (Fig.17). 
[bookmark: _Toc138776350]Figure 17 - Failure Modes Effect Analysis for portable wind turbine design.

[bookmark: _Toc139231308]Conclusion 

Through initially documenting customer needs in QFD, allowed the increased focus in specific areas of the portable wind turbine for re-design by weight of importance. Also, the inclusion of the design specification simplified understanding for manufacturing requirements, therefore providing greater product outputs and reducing lost time on re-work. The review of manufacturing processes created an insight into how to produce efficiently and create a reliable product whilst minimising manufacturing costs. The use of ‘Design for X’ tools and techniques provided an analytic approach through monitoring assembly, manufacturing and reliability improvements of re-design. Overall, by applying these improvements to the portable wind turbine design will provide a customer orientated product with an improved approach to manufacturing and assembly.
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