


Abstract 
This report presents the design and optimisation of an injection-moulded TPU mobile phone case for high-volume manufacture. A structured engineering approach integrating Quality Function Deployment (QFD), Failure Modes and Effects Analysis (FMEA), CES material selection, mould flow simulation, and  Element Analysis (FEA) was used to evaluate manufacturability, structural performance, and economic feasibility. Optimisation of wall thickness, gate configuration, and geometry refinement improved flow behaviour, thermal uniformity, and defect reduction while maintaining structural integrity under operational loading conditions. Although warpage remained constrained by the thin-walled TPU geometry, the final design achieved an effective compromise between dimensional stability, manufacturability, production efficiency, and cost. Economic analysis confirmed the suitability of injection moulding for large-scale production through low per-unit cost and rapid tooling cost recovery using multi-cavity moulding. Sustainability considerations including recyclability, waste reduction, and material efficiency further supported the final design. Overall, the project demonstrates a robust and commercially viable solution aligned with modern high-volume polymer manufacturing requirements.
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1. [bookmark: _Toc231910334]Introduction
1.1. [bookmark: _Toc231910335]Purpose	
This report presents the design and optimisation of an injection moulded mobile phone case for high-volume production while maintaining low unit cost, dimensional accuracy, and surface quality. Injection moulding is widely used for mass production due to its repeatability and efficiency (Czepiel, Bańkosz and Sobczak-Kupiec, 2023); however, thin-walled components such as phone cases are susceptible to defects including warpage, sink marks, weld lines, and air entrapment. These defects can increase material waste, extend cycle time, and reduce both functional and aesthetic performance. Therefore, this report aims to systematically identify, analyse, and mitigate these issues through an integrated design and manufacturing approach, ensuring a robust and economically viable product suitable for large-scale production.
1.2. [bookmark: _Toc231910336]Scope and Methodology
This project follows a structured new product development framework based on the Booz-Allen and Hamilton process, incorporating strategy development, idea generation, evaluation, development, testing, and commercialisation (Fortenberry, 2013). As shown in Figure 1, this approach reduces risk by progressively evaluating decisions before significant investment. The project incorporates CAD-based design, QFD to translate customer requirements, FMEA to identify potential failures, mould flow simulation to evaluate filling behaviour and defect formation, FEA to assess structural performance, and CES for material selection. The final design is validated through simulation and cost analysis, demonstrating improved manufacturability, structural integrity, and suitability for large-scale production.
[image: A diagram of steps to a product strategy

AI-generated content may be incorrect.]
[bookmark: _Toc231799564][bookmark: _Toc231910395]Figure 1. Booz, Allen, and Hamilton’s New Product Process (Booz-Allen and Hamilton, 1982).
2. [bookmark: _Toc200917458][bookmark: _Toc231910337]Literature Review
2.1. [bookmark: _Toc200917459][bookmark: _Toc231910338][bookmark: _Toc200917460]Design for Manufacture (DFM) Principles
DFM focuses on optimising product design to simplify production, reduce cost, and improve quality by considering manufacturing constraints at an early stage. This includes minimising part complexity, ensuring uniform wall thickness, and designing for efficient material flow to prevent defects and improve cycle time. Effective DFM implementation can significantly reduce production costs and improve repeatability, particularly in high-volume manufacturing (Six Sigma, 2024).
For injection-moulded components such as phone cases, DFM requires careful consideration of draft angles, radii, and wall thickness distribution to minimise defects such as warpage, sink marks, and residual stresses. Early integration of these principles ensures that design decisions directly support manufacturability and process efficiency.
2.2. [bookmark: _Toc231910339][bookmark: _Toc200917461]Application of Injection 
Injection moulding remains the dominant manufacturing process for polymer consumer products due to its ability to produce complex geometries with high dimensional accuracy and surface quality at scale (Rosato and Rosato, 2012). However, thin‑walled components such as phone cases introduce challenges including non-uniform cooling, material flow instability, and defect formation.
2.3. [bookmark: _Toc231910340][bookmark: _Toc200917462]Simulation & Analysis Tools
The use of computer-aided engineering tools has become essential in modern product development, enabling virtual validation of manufacturability and performance prior to tooling. Mould flow simulation allows analysis of filling behaviour, temperature distribution, and defect formation, supporting optimisation of geometry and processing conditions.
FEA provides insight into stress distribution, deformation, and structural integrity under operational loads, supporting material selection and design validation (Ashby, 2017). These tools reduce development time, minimise prototyping costs, and improve product reliability through iterative optimisation. 
2.4. [bookmark: _Toc231910341][bookmark: _Toc200917463]Risk Management: QFD, FMEA and DOE
QFD and FMEA are critical tools for structured product development, linking customer requirements to engineering design and manufacturing decisions. QFD translates customer needs into measurable technical specifications, ensuring that design priorities align with user expectations and product performance (Hessing, 2013). The combined application of QFD and FMEA has been shown to improve decision-making in manufacturing systems (Reda and Dvivedi, 2021).
FMEA systematically identifies potential failure modes and evaluates risk based on severity, occurrence, and detection, allowing targeted design improvements to reduce failure likelihood (Arnab Chakrabarty, Mannan and Tahir Cagin, 2016). The integration of QFD and FMEA enable a proactive approach to risk reduction, ensuring that critical failure modes are addressed early in the design process.
Design of Experiments (DOE) is a structured approach used to analyse and optimise the relationship between process variables and performance (Defeo, 2017); however, it was not applied in this study as the design focuses on a single-component part rather than complex assembly interactions requiring multi-parameter optimisation.

2.5. [bookmark: _Toc231910342]Material Selection and Sustainability
For polymer products, materials must balance mechanical properties such as flexibility and impact resistance with processing requirements and economic constraints (Ashby, 2017). Market analysis indicates that thermoplastic polyurethane (TPU) and polypropylene (PP) are widely used in the manufacture of protective phone cases due to their favourable combination of mechanical performance and manufacturability (Amazon, 2026). Studies comparing the two materials indicate that TPU provides superior flexibility, elastic recovery, and impact absorption, making it highly suitable for protective consumer products, whereas PP offers advantages in lower cost, dimensional rigidity, and ease of processing during high-volume injection moulding (Lin, Lin and Bao, 2021).
While PP benefits from established recycling infrastructure and lower processing costs, TPU offers improved wear resistance, flexibility, and impact durability, extending product lifespan and contributing to lifecycle sustainability despite the greater complexity associated with TPU recycling. However, repeated reprocessing of TPU can degrade mechanical properties, requiring controlled processing conditions to maintain performance (Lin, Lin and Bao, 2021).
3. [bookmark: _Toc231910343]Define Customer Requirements
Customer requirements were identified using a market-oriented approach to ensure that both user expectations and manufacturing constraints are addressed. Understanding customer needs is critical at the early stages of product development, as these requirements directly influence design decisions, material selection, and manufacturing strategy.
The Kano model provides a simple ranking framework that distinguishes between essential and differentiating product attributes. It is an effective tool for visualising product characteristics and supporting discussion and decision‑making within the design process (University of Cambridge, 2016).

[image: A diagram of performance and performance
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[bookmark: _Toc231799565][bookmark: _Toc231910396]Figure 2. Kano Model (University of Cambridge, 2016)
3.1. [bookmark: _Toc231910344]End User Requirements
· Protection from drops
· Lightweight
· Aesthetic quality
· Durability 
3.2. [bookmark: _Toc231910345]Manufacturer Requirements
· Manufacturability for high-volume production
· Design and mould configuration that minimises defects
· Balance between material performance and cost-effectiveness
· Incorporation of sustainable materials and processes 
· Short cycle time to maximise production efficiency 
· Low scrap rate to reduce waste and cost
· High-dimensional repeatability to ensure consistent quality

3.3. [bookmark: _Toc231910346]Environmental Requirements 
· Use of recyclable materials
· Minimisation of production waste
· Energy-efficient manufacturing process

3.4. [bookmark: _Toc231910347][image: ]QFD Application
A QFD was utilised to translate customer needs into measurable technical specifications.













[bookmark: _Toc231799566][bookmark: _Toc231910397]Figure 3. QFD


The QFD analysis identifies impact resistance and secure fit as the primary design drivers, confirming that protection and retention are critical customer requirements. Secondary requirements such as lightweight design, low cost, and ease of use emphasise the need to balance performance with user comfort and market competitiveness. Key engineering parameters, including wall thickness, material strength, and dimensional tolerance, were found to have the greatest influence on multiple requirements, while process factors such as gate design and cycle time are critical for manufacturing efficiency. The analysis highlights key trade-offs, particularly between increased wall thickness, improving strength, but increasing weight and cycle time. Overall, the QFD demonstrates that an effective design requires optimisation between mechanical performance, manufacturability, and cost, directly informing key design decisions such as wall thickness, material selection, and geometry.
3.5. [bookmark: _Toc231910348][image: A white sheet of paper with black text

AI-generated content may be incorrect.]FMEA[bookmark: _Toc231799567][bookmark: _Toc231910398]Figure 4. FMEA

The FMEA identified key risk areas, with the highest RPN values associated with impact damage, snap-fit failure, and poor dimensional fit, indicating that structural integrity, energy absorption, and tolerance control were critical design concerns. These findings directly highlighted weaknesses in material stiffness, stress concentration at features, and cooling-induced distortion during manufacture.
Following implementation of targeted design changes such as the use of flexible TPU, optimisation of wall thickness and geometry, and improved tolerance control-the occurrence and detection ratings were significantly reduced. This demonstrates that the design modifications directly addressed the root causes of failure, improving durability, manufacturability, and reliability.
3.6. [bookmark: _Toc231910349][image: ]PESTLE[bookmark: _Toc231910399]Figure 5. PESTLE


3.7. [bookmark: _Toc231910350]SWOT 
[image: ][bookmark: _Toc231910400]Figure 6. SWOT

4. [bookmark: _Toc231910351]Design and Development
4.1. [bookmark: _Toc231910352]3D CAD Model
[image: A phone case with a white background
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[bookmark: _Toc231799568][bookmark: _Toc231910401]Figure 7. CAD Drawing (Autodesk, 2026).
[image: A blueprint of a phone case
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[bookmark: _Toc231799569][bookmark: _Toc231910402]Figure 8. CAD drawings with dimensions (Autodesk, 2026).
4.1.1. [bookmark: _Toc231910353]Geometry
The geometry of the phone case was optimised to balance structural performance, manufacturability, and user requirements. A uniform wall thickness of 2 mm was implemented to ensure consistent cooling and minimise shrinkage-related defects such as warpage and sink marks. Rounded edges and filleted transitions reduce stress concentrations and improve material flow during moulding while enhancing impact energy distribution during use. Openings for ports, buttons, and camera features are designed to maintain functionality while minimising disruption to structural integrity and flow behaviour.

4.1.2. [bookmark: _Toc231910354]Function
The design provides effective protection through energy absorption rather than resistance to deformation, aligning with the selection of a flexible TPU material. The case maintains device stability through a secure snap-fit mechanism while allowing controlled deformation during installation and removal. Raised edges around critical regions, such as the screen and camera, improve protective performance. Ergonomic considerations, including grip and edge curvature, further enhance usability and reduce the likelihood of accidental drops.

4.1.3. [bookmark: _Toc231910355]DFM Considerations
DFM principles were integrated throughout the design process to ensure efficient high-volume production. Uniform wall thickness and simplified geometry reduce the likelihood of defects such as weld lines, air traps, and uneven cooling. Gate placement and flow paths were optimised to ensure consistent filling, while the inclusion of draft angles supports efficient ejection and reduces tooling wear. The design is also compatible with a multi-cavity mould configuration, significantly increasing production efficiency and lowering unit cost. These considerations demonstrate a strong alignment between product design and manufacturing capability.





4.2. [bookmark: _Toc231910356]Material Selection
The design brief was translated into engineering requirements using the methodology outlined by Cebon (2007), which converts functional needs into quantifiable material properties and design parameters.
[image: ]
[bookmark: _Toc231799570][bookmark: _Toc231910403]Figure 9. Material selection methodology (Cebon, 2007)

4.2.1. [bookmark: _Toc231910357]Translation
	Function
	Protect a smartphone by absorbing impact and resisting abrasion.

	Constraints
	Impact resistant, rigidity to hold shape and grip phone, thin, lightweight, suitable for injection moulding, resistant to moisture, swear, skin oils and UV. Non-toxic, skin safe and no softening under normal use (0-40c)

	Objectives 
	Minimise cost while maintaining high impact resistance and light weight, and recyclable. 




Initial screening using the CES Granta database identified a wide range of candidate materials, including thermoplastics and elastomers, which I had to then filter to meet the specification. At the early stage of the design process, polycarbonate was considered a potential material due to its high strength, durability, and widespread use in impact-resistant products. However, further evaluation was required to determine whether this strength translated into effective protection for the specific application.
4.2.2. [bookmark: _Toc231910358]Development of Selection Criteria
Material selection limits were developed by integrating findings from FMEA, QFD, SWOT, and PESTLE analyses to ensure the final choice met both functional and external requirements. The FMEA identified critical risks including cracking, insufficient energy absorption, and snap-fit failure, indicating that materials must exhibit low stiffness and high elongation to absorb impact energy. QFD analysis highlighted customer requirements for protection, lightweight design, and comfort, reinforcing the need for flexible materials with good grip. SWOT analysis identified brittle materials as a weakness and emphasised the opportunity to improve performance through energy-absorbing polymers, while PESTLE analysis introduced constraints such as cost efficiency, recyclability, and suitability for high-volume injection moulding.
These combined factors led to the application of limits prioritising moderate strength, low modulus, high elongation, acceptable cost, and sufficient thermal stability for use during charging and sunlight exposure.
Limits: 
· Density: ≤1400 kg/m³
· Young’s Modulus: 0.01-1.5 GPa
· Tensile Strength: ≥25 MPa
· Yield Strength: ≥10 MPa
· Elongation: ≥100%
· Maximum Service Temperature: ≥60°C
· Price: ≤ £6/kg
· Additional Requirements: Injection mouldable, recyclable, and good UV resistance
4.2.3. [bookmark: _Toc231910359]Material Evaluation Using CES Graphs
Young’s Modulus vs Density
The Young’s modulus vs density graph is used to assess the relationship between material stiffness and weight, which is critical for a phone case that must remain lightweight while effectively absorbing impact energy.[image: ]
[bookmark: _Toc231910404]Figure 10.  Young’s modulus vs density (ANSYS Granta, 2026).
This demonstrates that TPU is more capable of deforming under impact, whereas rigid plastics are more likely to transfer forces directly to the device.
Tensile Strength vs Young’s Modulus
The tensile strength vs Young’s modulus graph evaluates the balance between material strength and stiffness, which is essential in determining whether a material can withstand loads without failing while still allowing sufficient deformation for impact absorption.
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[bookmark: _Toc231910405]Figure 11. Tensile strength vs Young’s modulus (ANSYS Granta, 2026).
This indicates that TPU provides a better combination of strength and flexibility, reducing the likelihood of brittle failure.
Tensile Strength vs Elongation
The tensile strength vs elongation graph assesses the ability of a material to withstand stress while undergoing deformation, which is directly relevant to the phone case’s ability to absorb energy during drop events without fracturing.[image: ]
[bookmark: _Toc231910406]Figure 12. Tensile strength vs elongation showing material deformation capability (ANSYS Granta, 2026).
TPU exhibits significantly higher elongation, allowing it to absorb energy during impact by deforming, whereas materials such as PP and PC exhibit lower elongation and are more prone to cracking.
Young’s Modulus vs Price
The Young’s modulus vs price graph is used to evaluate the cost–performance trade-off, ensuring that materials selected provide the required mechanical behaviour while remaining economically viable for high-volume production.[image: ]
[bookmark: _Toc231910407]Figure 13. Young’s modulus vs price (ANSYS Granta, 2026).
Although PP provides lower cost, it does so at the expense of increased stiffness. TPU, while more expensive, but still within limit, provides superior mechanical performance aligned with the design requirements.
Maximum Service Temperature vs Price
The maximum service temperature vs price graph assesses whether candidate materials can maintain performance under thermal conditions encountered during use, such as heat generated during charging and exposure to sunlight, while remaining cost-effective.
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[bookmark: _Toc231910408]Figure 14. Maximum service temperature vs price (ANSYS Granta, 2026).
This demonstrates that all shortlisted polymers provide sufficient thermal resistance to withstand heat generated during device charging and exposure to sunlight. Therefore, thermal performance does not act as a limiting factor in material selection, allowing greater emphasis to be placed on mechanical behaviour such as flexibility and energy absorption.
Elongation vs Young’s Modulus
[image: ]The elongation vs Young’s modulus graph is used to identify materials capable of combining flexibility with deformability, which is essential for a phone case to absorb impact energy and reduce stress transmission to the device.








[bookmark: _Toc231910409]Figure 15. Elongation vs Young’s modulus (ANSYS Granta, 2026).
TPU lies within the region of low stiffness and high elongation, enabling the material to deform under impact and absorb energy during drop events, thereby reducing the transmission of forces to the device. In contrast, rigid thermoplastics fall outside this region, where limited deformation results in greater stress transfer and increased risk of damage to the phone.
Tensile Strength vs Elongation
The tensile strength vs elongation graph provides a comparison of deformation capacity and structural integrity, allowing evaluation of how well materials can absorb impact energy while maintaining sufficient strength for durability in use.[image: ]
[bookmark: _Toc231910410]Figure 16. Tensile strength vs elongation (ANSYS Granta, 2026).
Materials such as TPU occupy a region characterised by high elongation and sufficient tensile strength, indicating their ability to deform significantly under load while maintaining structural integrity. In contrast, rigid plastics exhibit lower elongation, limiting their ability to absorb energy. This confirms that TPU is better suited to the application, as it can dissipate impact energy during drop events, reducing the risk of damage to the device.


4.2.4. [bookmark: _Toc231910360]Final Material Selection
Based on the systematic evaluation of CES material selection charts and integration of FMEA, QFD, SWOT, and PESTLE analyses, the material selection process converged towards thermoplastic elastomers as the most appropriate material class for the application. Unlike conventional rigid thermoplastics, these materials demonstrate the ability to accommodate deformation and dissipate energy under impact loading conditions. From within this class, Thermoplastic Polyurethane (TPU) emerged as the optimal material, as it consistently occupies regions of favourable mechanical behaviour across all relevant property charts.
[bookmark: _Toc231910361]4.4 Justification of Selection
For a mobile phone case, the primary functional requirement is to minimise damage to the device during impact events, rather than simply resist deformation. TPU provides a superior response to this requirement by exhibiting low stiffness and high elongation, enabling the material to undergo controlled deformation and absorb impact energy during drops. This behaviour reduces peak stress transmission to the phone, directly addressing the failures identified in the FMEA, including cracking and device damage.
TPU maintains sufficient tensile strength to ensure durability under repeated use, handling, and snap-fit assembly, preventing material failure over the product lifecycle. Its inherent surface characteristics also provide increased friction, improving user grip and reducing the likelihood of accidental drops, which aligns with key customer requirements.
From a manufacturing perspective, TPU is fully compatible with injection moulding, allowing efficient production of complex geometries at high volumes while maintaining consistency and quality. Its thermoplastic nature further supports recyclability and compliance with environmental and regulatory considerations, as identified in the PESTLE analysis.

5. [bookmark: _Toc231910362]Simulation and Validation
5.1. [bookmark: _Toc231910363]Fusion Plastic Simulation
The simulation and validation stage was conducted to evaluate the manufacturability, structural performance, and defect susceptibility of the injection moulded TPU smartphone case prior to production. Autodesk Fusion 360 simulation tools were used to investigate polymer flow behaviour, filling characteristics, cooling performance, warpage, and structural response under impact loading conditions. Simulation formed a key part of the DFM approach by enabling manufacturing risks and potential defects, including weld lines, air traps, shrinkage, and excessive stress concentrations, to be identified early, reducing the need for physical prototyping and costly tooling rework. By digitally comparing multiple design options, the CAD model became an engineering decision-making tool used to optimise geometry, gate location, wall thickness, and process settings before manufacture. Material properties obtained from Granta were integrated into the simulation workflow to maintain consistency between material selection, CAD development, and performance validation. This iterative simulation-led methodology aligns with modern digital manufacturing practices, where virtual validation is used to reduce development time, minimise tooling modifications, and improve overall product quality.

[image: ]




5.1.1. [bookmark: _Toc231910364]Material Flow Analysis
Material flow analysis was carried out to evaluate cavity filling behaviour, pressure distribution, flow front progression, and thermal behaviour during injection. All simulations achieved complete cavity filling, indicating that the selected process conditions were sufficient to avoid short shots.
Simulation 1 achieved a fill time of 0.21 s and moderate pressure of 12.389 MPa; however, the central gate created long radial flow paths, resulting in uneven material distribution and 23 weld line regions, with local cooling at the edges reducing bonding quality.
Simulation 2 reduced the injection pressure to 9.72 MPa and improved flow distribution, but opposing flow fronts and lower flow‑front temperatures increased weld line formation to 25 regions.
Simulation 3 increased pressure to 14.445 MPa due to higher flow resistance, but reduced weld lines to 17 regions through more directional flow and improved thermal continuity.
Simulation 4 resulted in a longer fill time of 0.41 s and increased pressure (15.814 MPa), but further reduced weld lines to 16 regions, indicating improved flow stability and more uniform temperature distribution.
Overall, the results demonstrate that modifying gate configuration and flow direction improved thermal continuity and reduced weld line formation, showing that optimised flow paths directly enhance part quality despite increased pressure requirements..

[image: ]
[bookmark: _Toc231910411]Figure 17. Comparison of fill confidence (Autodesk, 2026).
[image: ]
[bookmark: _Toc231910412]Figure 18. Comparison of fill time (Autodesk, 2026).

[image: ]
[bookmark: _Toc231910413]Figure 19. Comparison of injection pressure (Autodesk, 2026).

[image: ]
[bookmark: _Toc231910414]Figure 20. Comparison of flow-front temperature (Autodesk, 2026).

5.1.2. [bookmark: _Toc231910365]Cooling and Shrinkage Analysis
Cooling analysis was performed to evaluate thermal distribution, shrinkage behaviour, and dimensional stability during solidification. Non‑uniform cooling generates residual stresses, contributing to warpage and deformation. A sink mark tolerance of 0.05 mm was applied, reflecting industry expectations for high‑quality visible components; all simulations predicted zero sink marks, indicating sufficient packing to compensate for shrinkage.
Simulation 1 exhibited significant thermal gradients due to low mould temperature, resulting in uneven cooling and warpage of 1.579 mm. Simulation 2 improved thermal uniformity but increased warpage to 1.719 mm, indicating that geometric limitations dominated deformation. Simulation 3 enhanced thermal distribution through geometry refinement; however, the initial 3 mm radii caused localised thickness variation, leading to differential shrinkage. Reducing the radii improved wall thickness consistency, enhancing cooling uniformity and reducing residual stress.
Simulation 4 provided the best overall performance, with the lowest out‑of‑plane deformation due to improved wall thickness distribution and internal fillets, although this increased cooling time and pressure requirements. Volumetric shrinkage remained consistent across all studies, confirming that deformation is primarily influenced by its distribution rather than magnitude.
Overall, the results demonstrate that improving wall-thickness uniformity and adjusting geometric features reduce differential cooling and residual stress, leading to improved dimensional stability and reduced warpage.
[image: ]
[bookmark: _Toc231910415]Figure 21. Comparison of shrinkage (Autodesk, 2026).

[image: ]
[bookmark: _Toc231910416]Figure 22. Comparison of warpage (Autodesk, 2026).





5.1.3. [bookmark: _Toc231910366]Defect Mitigation and Manufacturability
Defect analysis focused on identifying and reducing weld lines, air traps, shrinkage effects, and residual stresses.
Weld lines were consistently observed near the camera opening and slot features due to converging flow fronts. These defects can reduce local strength and surface quality. Through optimisation of gate placement and geometry, weld lines were reduced from 25 regions in Simulation 2 to 16 regions in Simulation 4.
Air traps were primarily predicted at end‑of‑fill regions, particularly in corner areas and around internal cut‑outs where air becomes trapped as the flow front advances. The dual‑gated configuration produced a greater number of air traps due to converging flow fronts restricting air escape, whereas the more directional flow in later simulations reduced internal air entrapment. Despite this improvement, localised air traps remain and would require venting features in a production mould to prevent porosity defects.
Design features were implemented to improve manufacturability, including:
· Uniform wall thickness
· Controlled fillet transitions
· Optimised gate positioning
· Inclusion of draft angles for ejection
These results demonstrate that optimising gate placement and flow direction reduced weld lines and air traps, improving structural integrity and manufacturability of the final design.
[image: ]
[bookmark: _Toc231910417]Figure 23. Comparison of air traps (Autodesk, 2026).

[image: ]
[bookmark: _Toc231910418]Figure 24. Comparison of weld lines (Autodesk, 2026).







5.1.4. [bookmark: _Toc231910367]Final Design Validation
A single directional gate in the later studies produced more controlled flow behaviour, maintaining higher melt temperatures and reducing weld line formation, although at the expense of increased injection pressure due to longer flow paths and greater resistance.
Simulation 4 was selected as the final optimised configuration as it provided the best overall balance between manufacturability, flow stability, thermal uniformity, and defect mitigation. Although the final fill time increased, it remained within the acceptable target of 0.5 seconds and is justified by improved wall thickness distribution, which enhanced flow continuity, reduced air entrapment, and produced a more uniform temperature and shrinkage profile throughout the part. This resulted in fewer weld lines and more stable mould filling behaviour.
Despite these improvements, volumetric shrinkage remained consistent across all simulations, indicating that deformation is primarily governed by the inherent material properties of TPU. However, the more uniform distribution of shrinkage in the final design reduced localised deformation and improved dimensional stability.
The maximum warpage remained above the target tolerance of 1 mm, with values in the range of approximately 1.6-1.7 mm. This confirms that warpage is largely controlled by the overall geometry, particularly the thin‑walled structure, rather than process conditions alone. Therefore, successive design modifications, including flow path optimisation and geometry refinement, improved thermal consistency and defect reduction, resulting in the most manufacturable final configuration.






5.2. [bookmark: _Toc231910368]Mould Calculations
Although Autodesk Fusion enables detailed simulation of injection moulding behaviour, it does not allow direct specification of feed system geometry such as sprue, runner, and gate dimensions. Consequently, these elements have been calculated for hypothetical implementation to ensure that the final design remains both manufacturable and optimised according to engineering principles.
5.2.1. [bookmark: _Toc231910369]Part Volume
[image: ]
5.2.2. [bookmark: _Toc231910370]Total Shot Volume
[image: ]
5.2.3. [bookmark: _Toc231910371]Sprue Diameter 
[image: ]

[bookmark: _Toc231910372]5.2.4. Runner Dimensions
[image: ]A four‑cavity mould supports high‑volume production by increasing output per cycle while avoiding the excessive flow demand and complexity associated with a higher number of cavities. Increasing cavity number significantly raises the overall material flow requirement, which can lead to higher injection pressures and an increased risk of defects such as weld lines and uneven shrinkage if not properly managed. In this design, the calculated flow conditions required careful selection of sprue and runner dimensions to ensure adequate material delivery without excessive pressure loss. Rather than oversizing the feed system, the design reflects a practical balance between flow capacity and manufacturability. This demonstrates an effective compromise between achieving high production efficiency and maintaining part quality and process stability. Further improvements could focus on enhancing flow distribution and thermal control, including the implementation of a balanced runner layout to promote uniform filling across all cavities.
5.3. [bookmark: _Toc231910373]Finite Element Analysis (FEA)
An FEA was conducted to evaluate the structural performance of the phone case under operational loading conditions representing flexing during installation and removal. An initial simulation was performed using a 10 N load, however this produced unrealistically low deformation. The load was therefore increased to 20 N to better represent typical manual handling forces and to more accurately reflect the flexible behaviour expected from TPU during use. The model was constrained and subjected to loading at the corner, allowing assessment of stress distribution, deformation, and overall structural robustness.

5.3.1. [bookmark: _Toc231910374][bookmark: _Toc200917484]Key Findings 
The analysis shows that the component experiences low stress and minimal deformation under the applied load. The maximum von Mises stress is approximately 0.73 MPa, with a maximum displacement of 0.009 mm, indicating that the structure remains well within elastic limits and maintains structural integrity under typical use conditions.
5.3.2. [bookmark: _Toc231910375][bookmark: _Toc200917485]Stress Distribution
Stress is concentrated primarily at the corner where the load is applied, which is consistent with expected flexural behaviour during case installation. The remainder of the structure experiences uniformly low stress with no critical stress concentrations observed. This distribution confirms that the design effectively transfers load without localised structural weakness.
[image: A green and blue phone case
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[bookmark: _Toc231910419]Figure 25. Von Mises Stress (Autodesk, 2026).


5.3.3. [bookmark: _Toc231910376][bookmark: _Toc200917486]Displacements
The maximum displacement of 0.009 mm indicates very limited deformation under loading. While this confirms high structural stiffness and dimensional stability, it also suggests that the model does not fully capture the flexible behaviour expected from a TPU component during real use.
[image: A colorful phone case with a blue and green strap
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[bookmark: _Toc231910420]Figure 26. Displacement (Autodesk, 2026).

5.3.4. [bookmark: _Toc231910377][bookmark: _Toc200917487]Strain Analysis
Peak equivalent strain is approximately 5.2 × 10⁻⁶ (0.00052%) which is extremely low compared to the typical elastic strain capability of TPU, which can undergo large elastic deformation without damage. The strain distribution is uniform and negligible across the structure, confirming purely elastic behaviour with no risk of permanent deformation.


5.3.5. [bookmark: _Toc231910378][bookmark: _Toc200917488]Safety Factor
The safety factor is significantly above typical design requirements, with a minimum value of approximately 283, indicating that the component is highly resistant to failure under the applied load. While this confirms a safe design, it also suggests that the component may be over-engineered, with potential for material reduction.
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[bookmark: _Toc231910421]Figure 27. Safety Factor (Autodesk, 2026).

5.3.6. [bookmark: _Toc231910379]Engineering Insights
The results demonstrate that the design is structurally robust under the applied loading, with low stress, strain, and displacement values indicating negligible risk of failure. The case would maintain its shape and protect the device without permanent deformation under typical use conditions. However, the very low strain and displacement indicate that the model behaves more rigidly than expected for a flexible TPU component. The excessively high safety factor further indicates that the design is over engineered, showing that material in low-stress regions could be reduced, allowing geometry optimisation that maintains performance while improving material efficiency and cost.
5.3.7. [bookmark: _Toc231910380]Dimensional Accuracy
The minimal displacement observed ensures that dimensional changes under load are negligible, supporting high dimensional accuracy and consistent fit between the phone case and device. This is beneficial for ensuring repeatable performance in high-volume production.
6. [bookmark: _Toc231910381]Cost Calculation Analysis
6.1. [bookmark: _Toc231910382]Manufacturing Process Plan
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[bookmark: _Toc231910422]Figure 28. Manufacturing Process Plan




6.2. [bookmark: _Toc231910383]Cost Analysis
Cost analysis was conducted to assess the economic feasibility of the injection moulding process, considering material and manufacturing costs and the break-even production volume. This ensures that the selected design is not only technically viable but also suitable for high-volume production, supported by the optimised manufacturing process shown in Figure 28.
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The cost and time analysis demonstrates that injection moulding achieves low unit cost primarily through high production efficiency, with short cycle times enabling rapid output and reducing the manufacturing cost contribution per part. The overall cost is dominated by the initial tooling investment, meaning economic viability is strongly dependent on production volume and break‑even recovery. At the selected selling price of £3.00, the break-even volume is significantly reduced, allowing tooling costs to be recovered quickly and resulting in a high contribution margin per part.
The use of a four‑cavity mould further enhances this performance by increasing output per cycle, effectively reducing production time per part and improving machine utilisation. This allows fixed and operational costs to be distributed more efficiently across a larger number of units, lowering the effective cost per part and accelerating the break-even point. Consequently, the combined effect of high production rate, controlled cycle time, and multi‑cavity tooling results in a cost-effective and scalable manufacturing solution, well suited for high-volume production. This validates the suitability of injection moulding for high-volume production, where high initial tooling costs are offset by low per-unit cost.
7. [bookmark: _Toc231910384]Sustainability Considerations
7.1. [bookmark: _Toc200917505][bookmark: _Toc231910385]Material Recyclability
[bookmark: _Toc200917506]TPU supports recyclability through remelting and remoulding, reducing reliance on virgin material and supporting circular economy principles (Lin, Lin and Bao, 2021). Studies investigating mechanical recycling of TPU demonstrated that acceptable mechanical performance can be retained through multiple reprocessing cycles, supporting the feasibility of closed-loop material systems within polymer manufacturing (Nanni et al., 2023). However, repeated recycling gradually reduces mechanical properties, requiring controlled processing conditions to maintain performance. TPU additionally offers high durability and flexibility, extending product lifespan and reducing replacement frequency, while manufacturing waste such as runners and rejected components can be reprocessed and reintegrated into production (Mette, 2024).
7.2. [bookmark: _Toc231910386]Process Energy Efficiency
Energy efficiency was improved through optimisation of geometry and process conditions. Uniform wall thickness and controlled flow behaviour improved cooling efficiency, reducing cycle time and energy consumption per part. High production rates further reduce energy usage on a per-unit basis, making injection moulding increasingly efficient at scale.
7.3. [bookmark: _Toc200917507][bookmark: _Toc231910387]Waste Reduction
Injection moulding operates as a near net-shape process, minimising scrap generation and improving material utilisation. The use of recyclable TPU allows excess material and production waste to be reprocessed into new components, while multi-cavity moulding increases output efficiency and reduces waste per unit produced (Mette, 2024).
Sustainability can be further enhanced through the use of recycled TPU, reduced- and recyclable-packaging, carbon offsetting, and closed‑loop material systems. This approach is supported by market research, with companies such as Pela demonstrating how sustainability-driven design can be integrated into both product and business strategy through environmentally conscious manufacturing, global supply chain management, and extended product life initiatives such as repair and reuse (Pela, 2026). Incorporating similar strategies not only improves environmental performance but also enhances competitiveness by appealing to increasingly sustainability-focused consumers.
8. [bookmark: _Toc200917508][bookmark: _Toc231910388]Discussion and Recommendations
8.1. [bookmark: _Toc200917509][bookmark: _Toc231910389][bookmark: _Toc200917510]Comparison with Requirements
The final design successfully satisfies the primary customer and manufacturing requirements identified through QFD, particularly impact protection, manufacturability, and dimensional consistency. Simulation results demonstrated stable cavity filling and reduced weld line formation, while optimisation of wall thickness and gate configuration improved thermal uniformity and reduced localised deformation. Although warpage remained above the initial target tolerance, the final configuration achieved the most effective compromise between manufacturability, defect reduction, cooling behaviour, and production efficiency within the constraints imposed by the thin-walled geometry and TPU material behaviour.

8.2. [bookmark: _Toc231910390][bookmark: _Toc200917511]Trade-Offs and Design Decisions
Increasing wall thickness improved structural rigidity and flow continuity but increased cooling time, material usage, and cycle cost, requiring a balance between performance and production efficiency. Gate location and flow direction were refined to minimise weld line formation and improve thermal consistency; however, this increased injection pressure due to longer flow paths. Material selection also involved compromise, where TPU provided superior flexibility, impact absorption, and wear resistance compared to rigid polymers such as PP, although with increased processing complexity and material cost.
8.3. [bookmark: _Toc231910391][bookmark: _Toc200917512]Limitations and Future
The use of simplified linear material modelling does not fully represent the nonlinear and viscoelastic behaviour of TPU, meaning real-world deformation may be underestimated. Similarly, mould flow simulations are dependent on assumed process conditions and idealised thermal behaviour, which may differ from industrial manufacturing environments. The high safety factor indicates that the component remains over-engineered, presenting opportunities for material reduction and geometry refinement. Future work should therefore focus on nonlinear material modelling, experimental validation through physical testing, and optimisation of cooling channel design to further reduce warpage, cycle time, and material consumption.
8.4. [bookmark: _Toc231910392]Recommendations
Further optimisation could focus on reducing material usage through geometry refinement, particularly in regions with high safety factors. Improvements to mould design, such as conformal cooling, could enhance thermal uniformity and reduce cycle time. Additionally, implementing recycled TPU and closed-loop material systems would further improve sustainability performance. 
9. [bookmark: _Toc231910393]Conclusion
This project achieved the aim of designing and optimising an injection-moulded TPU phone case suitable for high-volume manufacture while satisfying key customer requirements including impact protection, secure fit, durability, manufacturability, and cost efficiency. The application of DFM principles, simulation-led optimisation, and the integration of QFD and FMEA ensured that customer needs, manufacturing constraints, and potential failure modes informed the design process throughout development.
Mould flow analysis demonstrated that optimisation of wall thickness, gate configuration, and geometry refinement improved flow continuity, thermal uniformity, and defect reduction. Although warpage remained above the initial target tolerance due to the limitations associated with thin-walled TPU components, the final design achieved an effective compromise between dimensional stability, manufacturability, and production efficiency. FEA confirmed structural integrity under operational loading conditions while identifying opportunities for future material reduction.
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Baseline design (initial geometry, 3 mm fillets)
Process change only (no geometry change)
Reduced external fillet radius (3 mm to 1 mm)

Increased wall thickness (1.8 to 2 mm) + added internal 1mm fillet.




image20.png
[ Phone case Georgia 2 v8* (Kevin UWTSD) - Autodesk Fusion (Education License) = o X

. C
[ B~ B «v -~ i Phone case Georgia 2 v8" X \u Phone case Georgia v5 x +7Z 00 420 @

COMPARE

B p— —

e SIS DM ©
—@
SYNCHRONIZE ~ LAYOUTS ¥ FINISH COMPARE ~
Study 1 - Injection Molding Simul.. ~ / Fill confidence v X Study 2 - Injection Molding Simul.. ¥ / Fill confidence v X
Fill confidence Fill confidence

Easy to fill (100.00%)

Easy to fill (100.00%)

/ Fill confidence v X
Fill confidence N Fill confidence

Study 3 - Injection Molding Simul.. ¥ / Fill confidence v X H Study 4 - Injection Molding Simul...

Easy to fill (100.00%)

Easy to fill (100.00%)





image21.png
BB« -~ @ Phone case Georgia 2 v8* X i Phone case Georgia v5 x+7z002L00@

COMPARE
SIMULATION ~ (@) Ig) .%} 0 | m | Q

SYNCHRONIZE ~ LAYOUTS ¥ FINISH COMPARE ~
Study 1 - Injection Molding Simul... ¥ / Fill animation v X Study 2 - Injection Molding Simul... ¥ / Fill animation v X
£+ Fill animation (s) £+ Fill animation (s)
Fill time v Fill time v
0.41 0.41
0.33 . 031 - Max
0.21 . Max 017
0 Min 0 > Min
K > M 2 x m 1 K > M ) x m ]
021s 031s
Study 3 - Injection Molding Simul... ¥ / Fill animation v X Study 4 - Injection Molding Simul... ¥ / Fill animation v X H
£¥  Fill animation (s) £¥  Fill animation (s) /‘
Fill time v Fill time v
0.41 . 0.41 Max
031 Max 033
017 017
0 [ Min 0 [ Min
K > M 2 x m | K > M ) x m ]
0.31s 0.41s





image22.png
Study 1 - Injection Molding Simul.. ~ / Injection pressure v X Study 2 - Injection Molding Simul.. ¥ / Injection pressure v X
£¥  Injection pressure (MPa) £¥  Injection pressure (MPa)
12.389 - Max 12.652
9.489 9.72 Max
6.326 6.326
3163 3163
o e o e
viEvE~
Study 3 - Injection Molding Simul... ¥ / Injection pressure v X Study 4 - Injection Molding Simul... ¥ / Injection pressure v X
£¥  Injection pressure (MPa) £¥  Injection pressure (MPa)
15.814 Max
T Max
9.489
6.326
3163
@D Min Min





image23.png
Study 1 - Injection Molding Simul... ¥ / Flow-front temperature v X

3 Flowfront temperature
0

243186

Py rQvEYE

Study 2 - Injection Molding Simul... ¥ / Flow-front temperature v X

<&

3 Flowfront temperature
0

243186
239.057
234927
230.674

Study 3 - Injection Molding Simul... ¥ / Flow-front temperature v X

3 Flowfront temperature
0

D Max
243.958 ‘

Min

239.057
234927
230.797

By

Study 4 - Injection Molding Simul... ¥ / Flow-front temperature v X

<

3 Flowfront temperature

Q)
»

243186

236.95
233325

Max
Min




image24.png
Study 1 - Injection Molding Simul... v

X ’
‘inkage
- (ejecuon) (%)

Max

3.557

[\— Min

Study 2 - Injection Molding Simul.. v %

Volumetric shrinkage (ejection) -inkage
- (ejecuon) (%)

[\. Max

4.812
3.557

2302
[

Min

Study 3 - Injection Molding Simul... v

Volumetric shrinkage (ejection)

X
‘inkage
- (ejecuon) (%)

D Max

D_ Min

Study 4 - Injection Molding Simul... v %

Volumetric shrinkage (ejection) -inkage
- (ejecuon) (%)

D— Max

D— Min




image25.png
Study 1 - Injection Molding Simul.. ¥ / Warpage tolerance v X
£¥  Warpage tolerance (mm)

1579 . Max
B

0.016 Min

Reset Tolerance

ervEYoRi-EvEy

Study 2 - Injection Molding Simul.. ¥ / Warpage tolerance v X
£¥  Warpage tolerance (mm)

. Max

0.015 Min

Reset Tolerance

1719

ervEYoRi-EvEy

Study 3 - Injection Molding Simul.. ¥ / Warpage tolerance v X
£¥  Warpage tolerance (mm)

1721 . Max
B

0141 Min

Reset Tolerance

Study 4 - Injection Molding Simul.. ¥ / Warpage tolerance v X
£¥  Warpage tolerance (mm)

. Max

0.106 Min

Reset Tolerance

1673





image26.png
Study 1 - Injection Molding Simul.. ¥ / Airtraps v X Study 2 - Injection Molding Simul... ¥ / Airtraps v X

Study 3 - Injection Molding Simul.. v / Airtraps v X Study 4 - Injection Molding Simul.. ¥ / Airtraps v X





image27.png
Study 1 - Injection Molding Simul.. ¥/ Weld lines v X Study 2 - Injection Molding Simul.. ¥ / Weld lines v X

ervEYoRi-EvEy

Study 3 - Injection Molding Simul... v/ Weld lines v X Study 4 - Injection Molding Simul... v / Weld lines v X





image28.png
Part Volume = Part Weight/ Material Density
= 35g (from simulation)/1.2g/cm’(IEMAI, 2021)

=29.20m*
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Total shot Volume

art Volume x Number of Cavities
29.2 cm® x4

116.8cm*

(Inch)=116.8/16.4= 7.12in*





image30.png
1in® = 16,4 om?

TOTAL SHOT VOLUME (in%)

Fill time=0.41s (from simulation)

ANTICIPATED FILL TIME (seconds)

For 7.12in® at 0.41s, the sprue diameter is 0.55mm
Dymai= 0.55mm

Disrge=Duman + 2L tan (6)
Diarge=0.55+2(50)(0.0262)
=3.17mm

Smaller sprue diameter=0.55mm
Larger sprue diameter=3.17mm
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li

RUNNER LENGTH )

Runner length

Runner to run from centre to edge due to gate location.
147.2/2=73.6

Therefore runner length=60-80mm

Omm

=70/25.4=2.75inch

Runner Diameter
TPU=Right hand graph

Flow rate= volume/ fill time
9.2/ 0.41=71.22cmé/s
From graph runner diameter= 8-10mm
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Production configuration:
|A four-cavity mould is used to increase output per cycle, improving manufacturing efficiency and reducing unit cost.

Material preparation:
[TPU pellets are dried to remove moisture, ensuring consistent material properties and preventing defects.

Plasticisation:
[The material is heated and melted within the injection moulding machine to achieve a uniform motten state.

injection:
[Motten TPU is injected into the mouid cavity with an optimised fil time of approximately 0.41 s, requiring pressures up to 15.8 MPa to maintain controlled flow and minimise weld line formation

Packing and holding:
Pressure is maintained after filing to compensate for volumetric shrinkage and prevent voids, improving dimensional accuracy.

Cooling:
[The part solidifies within the mouid, with cooling governed by the uniform 2 mm wall thickness, promoting even heat dissipation and reducing differential shrinkage.

Ejection:
[The component is removed using ejector pins, supported by draft angles and filleted geometry to prevent damage during demouiding.

Inspection and quality control:
Parts are inspected for defects such as warpage (1.6-1.7 mm), weld lines, and air traps, ensuring consistent quality in high-volume production
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Raw Material Cost

£2.97-£5.20 per kg (Sobhan Khatibpour,
2025). £4 mid range

Material Cost Per Part

Mass=Vxp =29.2x1.2=35.04g=0.035kg
0.035x 4= £0.14

Cycle Time Of The Unit Operation

0.05+ 0.01+0 (automation)= 0.06min/part

Total Time To Complete Batch

60min (assume for mould installation,
machine calibration, and process
parameter adjustment) + (100000 x
0.06)= 6060min

Production Time Per Part

6060/100000= 0.0606min/part

Average Hourly Production Rate

60/0.0606= 990parts/hr

Hourly Cycle Rate

60/0.06=1000 cycles/hr

Labour Cost Rate

£12/60 *(1+0.5)=£0.3/min

Equipment Cost Rate

Approx. £80,000(Formlabs, 2023)/60x
2000x20 x(1.3) (Topstar, 2024)=
£0.043/min

Tooling Cost Per Part

£20,000 /100,000 = £0.20/part

Total Cost Rate

0.30+0.043=£0.343 /min

Manufacturing Cost Per Part

0.343x0.0606= £0.021/part

Final Cost Per Part

0.14+0.021+0.20=£0.361/part

Break-Even Analysis

20000/(£3-0.36)= 7576 parts
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