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[bookmark: _Toc231053075]Abstract
Hydraulic manifolds form critical flow-distribution components within high-pressure fluid-power systems, where internal geometry directly influences pressure loss, flow distribution, and hydraulic response. Conventional drilling-based manifold manufacture constrains internal passages to orthogonal intersections and abrupt directional changes, which promote turbulence, recirculation, and localised hydraulic losses. This project investigated the application of computational fluid dynamics (CFD)-driven geometric optimisation combined with additive manufacturing (AM) design principles to reduce hydraulic resistance relative to a conventional drilled baseline configuration.
A representative baseline manifold geometry derived from a prosthetic hydraulic ankle system was reconstructed using computer-aided design (CAD) software and analysed using Autodesk CFD. Internal flow behaviour, pressure distribution, and hydraulic losses were evaluated under multiple operating conditions representing plantarflexion and dorsiflexion flow states with both open and closed accumulator configurations. Following baseline analysis, two optimised manifold geometries were developed through iterative geometry refinement intended to reduce abrupt flow transitions and improve internal flow continuity while maintaining manufacturability constraints.
Comparative CFD analysis indicated substantial reductions in hydraulic resistance between the baseline and optimised geometries. Under closed-accumulator conditions, the final Optimised V2 geometry reduced average wall pressure by approximately 54.3% during plantarflexion and 48.3% during dorsiflexion relative to the baseline manifold. Streamline visualisation additionally demonstrated reduced recirculation behaviour, smoother velocity development, and more consistent bidirectional pressure and flow behaviour within the optimised configurations. A further sensitivity study investigated the influence of Laser Powder Bed Fusion (LPBF) surface roughness on hydraulic performance. Although realistic LPBF roughness conditions increased frictional losses relative to hydraulically smooth simulations, the optimised geometry continued to outperform the baseline configuration across all comparable operating conditions.
The results demonstrate that CFD-driven optimisation combined with AM-enabled geometric freedom can substantially reduce predicted hydraulic resistance relative to conventional drilling-based architectures while supporting the development of compact, performance-driven hydraulic systems.
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		- Cross-sectional flow area 
		- Internal Gallery Diameter
		- Pressure Difference / Pressure Drop 
		- Surface Roughness 
		- Darcy Friction Factor
		- Surface Roughness height 
		 - Minor Loss Coefficient
		- Flow Passage Length
		- Mass Flow Rate
		- Dynamic Viscosity 
		- Pressure
		- Arithmetic Average Surface Roughness  
		- Reynolds Number 
		- Fluid Density
		- Fluid velocity 
		- Volumetric Flow Rate 
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AM		- Additive Manufacturing
CAD		- Computer Aided Design 
CFD		- Computational Fluid Dynamics 
CO2		- Carbon Dioxide
ISO		- International Organisation for Standardisation 
k-ε		- k-epsilon Turbulence Model 
LPBF		- Laser Powder Bed Fusion
SAE		- Society of Automotive Engineers 
SI		- Système International (International System of Units)
STEP		- Standard for the Exchange of Product Data 
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[bookmark: _Toc231053083]Chapter 1 – Introduction 
[bookmark: _Toc231053084]Project Background
Hydraulic manifolds act as the central distribution blocks in high-pressure fluid-power systems, typically 15–35 MPa, routing flow between valves and actuators while containing cyclic loading. Their internal geometry governs pressure losses, transient behaviour, and flow distribution, making them hydraulically critical components within both industrial and compact hydraulic applications, including prosthetic hydraulic ankle systems.
Conventional manifolds face persistent issues. Straight-line drilling forces sub-optimal flow paths, which generate avoidable pressure drops and non-uniform flow distribution. Intersecting drillings create stress concentrations that limit fatigue life, while machining tolerances at cross-ports may contribute to internal leakage. Manufacturability further constrains channel layout, often resulting in excessive plugs, sharp junctions, and inefficient routing.
Within the prosthetic ankle application considered in the present study, hydraulic flow direction changes according to ankle motion during gait. Plantarflexion refers to downward rotational foot movement, while dorsiflexion refers to upward rotational foot movement. These opposing operating conditions produce reversed hydraulic flow directions through the manifold and therefore create varying internal flow behaviour that must be considered during hydraulic optimisation.
Across the wider fluid-power sector, increasing operating pressures, compact automation requirements, and energy-efficiency demands continue to expose these limitations. Modern systems require lighter, smaller, and more responsive hydraulic assemblies capable of integrating reliably within compact mechanical systems and automated applications.
Optimisation is therefore necessary to improve performance within modern system constraints. Improved flow-path design and smoother internal flow transitions can reduce hydraulic resistance and improve flow distribution, while contemporary design tools such as CFD and AM offer opportunities to overcome conventional machining limitations and develop higher-performance manifold architectures.
[bookmark: _Toc231053085]Problem Statement
Traditional block-type manifolds typically exhibit inefficient flow paths. Straight-line drilling restricts channel routing and forces abrupt intersections, which increases turbulence, pressure dissipation, and overall energy consumption within the hydraulic circuit. These inefficiencies reduce actuator responsiveness and lower system efficiency. 
Drilling constraints further complicate design. Tool access limits passage geometry to simple linear features, and intersections must be plugged or back-drilled, which adds leak points, increases manufacturing time, and restricts the designer’s ability to form smooth, hydraulically favourable channels.
This project addresses these limitations through a CFD-led optimisation workflow focused on reducing hydraulic losses while considering manufacturability and representative pressure requirements. By evaluating fluid performance, the design process identifies geometries that reduce hydraulic inefficiencies. The integration of these analyses enables a more efficient manifold architecture than is achievable through conventional design methods.
[bookmark: _Toc231053086]Rationale & Relevance
The relevance of manifold optimisation to industry is substantial.  Improved internal flow paths decrease flow-induced energy dissipation and therefore reduce the energy required to drive actuators. More uniform stress distributions and smoother channel geometries enhancing long-term reliability, which is critical in high-pressure applications where downtime and maintenance carry significant cost.
These aims align with research on intelligent manifold CAD systems, such as the work by Bai et al. (2016), which highlights how knowledge-based rules combined with algorithmic layout and connection planning can improve design efficiency and functional performance by addressing both component placement and internal routing in a structured workflow. 
This demonstrates industry-wide recognition that conventional drilling-led design offers limited optimisation potential.
The approach adopted in this project reflects established structured engineering workflows, where computational analysis, iterative refinement, and validation form the core of the design method. This project integrates CAD and CFD into a single process to justify design decisions and quantify performance improvements, ensuring the final manifold geometry is both technically robust and industrially relevant.
[bookmark: _Toc231053087]Aims
The project aims to develop and validate an optimised hydraulic manifold design that demonstrates flow path optimisation within a single workflow. Flow analysis is used to identify and reduce localised hydraulic losses caused by restrictive or abrupt channel geometries. This assessment allows the design to be refined iteratively, ensuring that improved flow paths show improved hydraulic efficiency compared to the baseline model. The outcome will be an optimised manifold geometry demonstrating reduced hydraulic resistance in fluid flow.
[bookmark: _Toc231053088]Objectives
The project will begin with the creation of representative CAD geometry that captures the key features of a conventional block-type manifold with orthogonally drilled galleries. CFD will then be used to quantify baseline flow inefficiencies and identify regions where flow separation or restrictive channel routing reduces efficiency. The resulting geometry will subsequently be assessed for manufacturability, considering both conventional drilling limitations and the feasibility of AM methods for producing the revised internal flow geometry. The final design will then be validated against the initial criteria for pressure-loss improvement, ensuring a demonstrable improvement over the baseline configuration. The project schedule is presented in Appendix 1. 
[bookmark: _Toc231053089]Scope & Limitations
The scope of the project excludes cylinder or actuator-level modelling, since the intention is not to analyse full system behaviour but to concentrate on the manifold itself. The focus is limited to the internal geometry of the block, including flow paths and intersections. This ensures that optimisation efforts target the features that most directly influence pressure loss, and fatigue performance, without extending into broader hydraulic system dynamics. Within the study, average upstream wall pressure was used as a comparative pressure-loss indicator due to CFD boundary-condition limitations associated with the prescribed outlet pressure, as discussed in Section 3.3.2.


[bookmark: _Toc231053090]Chapter 2 – Literature Review 
This literature review examines research relevant to the design and optimisation of hydraulic manifolds used in high-pressure fluid-power systems. The review focuses on internal flow behaviour, structural integrity under cyclic loading, mass reduction strategies, and manufacturing constraints associated with conventional and advanced production methods.
Particular attention is given to computational approaches including computational fluid dynamics, finite element analysis, topology optimisation, intelligent CAD systems, and AM where these directly influence internal geometry, flow efficiency, or structural performance.
The review is scoped to manifold-level design and excludes actuator- and system-level modelling to maintain focus on the component most directly governing hydraulic inefficiency, mass, and fatigue behaviour. By critically assessing existing methodologies and limitations, the review identifies gaps in the integration of structural and flow optimisation that directly motivate the approach adopted in this project.
[bookmark: _Ref230266663][bookmark: _Ref230268519][bookmark: _Ref230268935][bookmark: _Ref230269021][bookmark: _Ref230270417][bookmark: _Ref230271708][bookmark: _Ref230272052][bookmark: _Toc231053091]Overview of Hydraulic Manifold Technology
Hydraulic manifolds distribute pressurised fluid between pumps, valves, actuators, and auxiliary components within fluid-power systems. In industrial applications, they typically operate at 15–35 MPa and function as both flow-routing elements and structural pressure vessels, directly influencing system efficiency, reliability, and safety (Berggren, 2025).
Traditionally, manifolds are machined from solid aluminium or steel blocks using drilling and cross-drilling operations (Bhavsar, 2020). While this simplifies manufacture and assembly, it constrains internal routing to straight passages joined by right-angle intersections that promote flow separation, turbulence, and localised pressure losses (Zhu, et al., 2020). Conservative wall thicknesses are also commonly required to maintain pressure containment at intersecting drillings, increasing component mass relative to functional requirements (Paloniitty, et al., 2012).
Manifolds additionally experience cyclic loading from pressure fluctuations. Stress concentrations at drilled intersections and sharp internal corners can reduce fatigue life even when nominal stresses remain below material limits (Diegel, et al., 2020) (Zhu, et al., 2020)). Conventional practice often prioritises manufacturability over stress optimisation, resulting in overdesigned structures that compensate for geometric inefficiencies rather than resolving them (Diegel, et al., 2020) (DebRoy, et al., 2018).
Advances in computational analysis and manufacturing have renewed research interest in manifold design. CFD enables detailed assessment of internal flow behaviour, although accuracy remains dependent on turbulence modelling assumptions and boundary-condition fidelity (Zhang, et al., 2019) (Aljuwayhel, et al., 2005) (Jia, et al., 2023). FEA is increasingly used to assess structural integrity under high-pressure loading and identify opportunities for efficient material redistribution without compromising safety (Diegel, et al., 2020) ( (Frazier , 2014).
AM expands the manifold design space by enabling complex internal geometries impractical with conventional drilling (Zhao, et al., 2021). Smoothly curved channels and integrated structures can reduce flow-induced hydraulic losses and mass while maintaining performance. (Wu & Li, 2023) (Zhu, et al., 2020), although challenges in manufacturability, inspection, and validation remain under investigation (Frazier , 2014) (Grezesik, 2018).
Overall, the literature indicates a transition from manufacturing-constrained manifold design toward performance-driven optimisation enabled by computational analysis and AM (Diegel, et al., 2020) (Wu & Li, 2023).
[bookmark: _Ref231036622][bookmark: _Toc231053092]Structural Optimisation in Mechanical Systems
Structural optimisation is widely used to reduce mass, improve load efficiency, and enhance durability while maintaining safety margins. In pressure-bearing components, material distribution governs stress concentration, stiffness, and fatigue performance under cyclic loading (Frazier , 2014). Conventional manifold design often relies on conservative safety factors and uniform wall thicknesses for manufacturability, leading to inefficient material use and excess mass  (Diegel, et al., 2020).
Modern optimisation redistributes material according to structural demand rather than manufacturing convenience  (Mazumder, 2015). FEA underpins this approach by quantifying stress, strain, and deformation under representative loads. Diegel et al. (2020) demonstrate that FEA-driven optimisation can remove material from low-stress regions while reinforcing highly stressed areas to preserve integrity and fatigue performance.
Topology optimisation is an effective method for improving structural efficiency. Mazumder, (2015) explains that iterative removal of non-load-bearing material yields lightweight geometries aligned with principal load paths rather than conventional prismatic forms. Studies report significant mass reduction while preserving stiffness and strength when stress and manufacturability constraints are imposed  (Rakopoulos, et al., 2011). However, stiffness-driven optimisation alone can produce geometries that are difficult to manufacture or inspect, especially with internal features (Moehring, et al., 2023).
In pressure-loaded hydraulic components, optimisation must address fatigue explicitly. Cyclic pressure fluctuations can initiate cracks at stress concentrations even when nominal stresses remain below yield  (Frazier , 2014). Reducing peak stress and smoothing stress gradients therefore improves fatigue life compared with designs that rely on excess material for safety (Diegel, et al., 2020).
Recent research emphasises integrated optimisation workflows that assess structural performance alongside functional and manufacturing constraints. Optimised geometries must remain compatible with production, inspection, and operational requirements. Structural optimisation is therefore embedded within a broader performance-driven methodology rather than treated as an isolated step, particularly in high-pressure hydraulic manifolds (Grezesik, 2018).
[bookmark: _Ref230266667][bookmark: _Ref230268543][bookmark: _Ref230268558][bookmark: _Ref230268853][bookmark: _Ref230271720][bookmark: _Ref230272162][bookmark: _Toc231053093]CFD and Internal Flow Theory
Internal flow in hydraulic manifolds is governed by passage geometry, Reynolds number, and junctions or directional changes  (Aljuwayhel, et al., 2005). At industrial pressures, drilled manifolds typically operate in turbulent regimes due to high velocities and small hydraulic diameters, though local laminar or transitional regions may occur in low-flow branches or dead ends  (Zhang, et al., 2019) (Jia, et al., 2023). The interaction between flow regime and geometry is critical, as turbulence intensity directly affects pressure loss, energy efficiency, and thermal loading  (Aljuwayhel, et al., 2005) (Zhang, et al., 2019).
Computational fluid dynamics is widely applied to analyse internal manifold flow, capturing three-dimensional effects beyond analytical methods  (Zhang, et al., 2019). Studies show that sharp corners, sudden expansions, and intersecting drillings induce separation and recirculation, increasing local pressure losses (Aljuwayhel, et al., 2005). This is evident in the stepped pressure reductions along drilled channels, where each directional change produces a discrete pressure drop as illustrated in Figure 1 referring to Figure 2. The largest gradients occur at sharp orthogonal bends, confirming that corner-induced losses dominate overall dissipation. Losses are particularly severe at T-junctions and cross-drilled intersections, where momentum redirection generates strong secondary flows and non-uniform velocity profiles  (Rakopoulos, et al., 2011) (Jia, et al., 2023).
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[bookmark: _Ref222337016][bookmark: _Toc231052951]Figure 1 Pressure distribution along the central axis of (a) T-channel and (b) P-channel manifold configurations.  (Abe, et al., 2011)
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[bookmark: _Ref230682478][bookmark: _Toc231052952]Figure 2 Flow paths of manifold (a) T-Channel and (b) P-channel manifold configurations (Abe, et al., 2011)
Beyond discrete local losses, cumulative pressure gradients along internal passages contribute substantially to total energy dissipation  (Aljuwayhel, et al., 2005) (Zardin, et al., 2017). Studies of drilled manifolds show that excessive flow length and repeated directional changes cause localised energy dissipation that scales non-linearly with flow rate under turbulent conditions (Rakopoulos, et al., 2011). CFD enables these effects to be quantified, allowing direct comparison of alternative routing strategies and geometric refinements (Zhang, et al., 2019) (Jia, et al., 2024).
Classical pressure-drop correlations, such as Darcy–Weisbach (Equation 1) with empirical bend and junction loss coefficients (Equation 2), are widely used in preliminary design  (Aljuwayhel, et al., 2005) (Zardin, et al., 2017). These methods assume fully developed flow and isolated losses, limiting their accuracy for complex manifold geometries (Rakopoulos, et al., 2011) (Zardin, et al., 2017) (Ganguli & Pandit, 2022). CFD studies report clear deviations from classical correlations when flow features interact, particularly in compact manifolds with closely spaced junctions  (Zardin, et al., 2017).


[bookmark: _Ref230250136][bookmark: _Toc230268361][bookmark: _Toc231053072]Equation 1 Darcy–Weisbach relationship used to estimate pressure losses in internal hydraulic flow passages.

Where: 

[bookmark: _Ref230250480][bookmark: _Toc230268362][bookmark: _Toc231053073]Equation 2 Extended Darcy–Weisbach relationship including empirical minor-loss coefficients for bends, junctions, contractions and expansions within hydraulic manifold flow passages.

Recent research increasingly applies CFD to complement or replace empirical correlations in manifold design  (Zardin, et al., 2017) (Ganguli & Pandit, 2022). By resolving velocity, pressure, and turbulence fields directly, CFD enables accurate identification of dominant loss mechanisms and supports targeted geometric optimisation. This capability positions CFD as a central tool in contemporary manifold optimisation workflows  (Zhang, et al., 2019).
[bookmark: _Toc231053094]State-of-the-Art Manifold Design Automation
Recent advances in manifold design incorporate automation at early-stage geometry definition (Ganguli & Pandit, 2022) (Wu & Li, 2023) (Vyatkin, 2013). Automated approaches to component placement and passage routing reduce reliance on manual layout decisions (Sifakis, 2015) (Zhang, et al., 2019). Conventional practice remains experience-driven, with valve cavities positioned manually and passages formed through iterative cross-drilling (Wu & Li, 2023). This process is time-consuming and often yields routing dictated by manufacturing convenience rather than hydraulic performance (Zhao, et al., 2021).
Recent manifold research integrates constraint-aware geometry definition within digital design environments (Wu & Li, 2023). Rule-based placement improves layout consistency, reduces interference risk, and provides a systematic basis for subsequent optimisation (Zhang, et al., 2019) (Zhao, et al., 2021). Automated frameworks also embed manufacturability constraints, such as drilling accessibility and standard tool diameters, ensuring preliminary layouts remain feasible prior to detailed analysis  (Grezesik, 2018).
Hole-routing algorithms represent a further development in design automation (Vyatkin, 2013). Rather than relying on orthogonal drilling alone, algorithmic methods generate candidate internal flow paths using connectivity graphs and optimisation objectives (Zhao, et al., 2021) (Biedermann, et al., 2022). Recent work combines graph-based routing with CFD to quantify pressure losses and remove inefficient channel configurations (Zhang, et al., 2019). Other approaches link topology optimisation with automated channel reconstruction, allowing structural efficiency and hydraulic performance to be assessed concurrently (Hofmann, et al., 2025).
However, fully automated routing must balance geometric freedom with inspection and manufacturing constraints, particularly for additive or hybrid production. Modern frameworks therefore incorporate constraint handling to avoid unsupported cavities, inaccessible features, and curvature incompatible with drilling or post-processing operations.  (Hofmann, et al., 2025) (Kang, et al., 2026).
These developments reflect a shift from manually driven manifold layout toward algorithm-supported environments integrating placement rules, routing logic, and performance evaluation (Hofmann, et al., 2025). This transition aligns with the present optimisation workflow, where baseline geometry definition, CFD-based loss assessment, structural analysis, and manufacturability evaluation are treated as interconnected rather than sequential stages  (Biedermann, et al., 2022).
[bookmark: _Ref230268533][bookmark: _Ref230268859][bookmark: _Ref230268946][bookmark: _Ref230269032][bookmark: _Ref230270428][bookmark: _Ref230271732][bookmark: _Ref230272065][bookmark: _Ref230272176][bookmark: _Toc231053095]Additive vs Subtractive Manufacturing in Manifolds
The manufacturing route constrains manifold internal architecture and directly affects hydraulic and structural performance. Conventional subtractive manufacture relies on drilling and cross-drilling, limiting passages to straight orthogonal channels with sharp intersections. Consequently, routing is typically governed by tool accessibility rather than flow optimisation, enforcing abrupt directional changes and complex junctions  (Zardin, et al., 2017). Figure 3 demonstrates this constraint by comparing velocity behaviour for two elbow spacings (L = 0.8d and L = 3d, where L denotes axial distance between elbow centres and d the hydraulic diameter), highlighting the influence of drilling-imposed geometry on flow development.
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[bookmark: _Ref222245696][bookmark: _Toc231052953]Figure 3 Influence of elbow configuration and offset intersection on pressure loss in hydraulic manifolds  (Zardin, et al., 2017)
Empirical and numerical investigations confirm that right-angle intersections generate separation and recirculation, increasing local pressure losses. Figures 4, 5 and 6 illustrate progressive geometric refinement, where smoother transitions reduce recirculation and pressure loss by up to 50% relative to orthogonal drilling layouts (Zhang, et al., 2019).
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[bookmark: _Ref222247041][bookmark: _Toc231052954]Figure 4 Velocity vector field and pressure distribution for a baseline orthogonal intersection configuration.
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[bookmark: _Ref222247050][bookmark: _Toc231052955]Figure 5 Modified internal geometry showing flow redistribution relative to the baseline configuration.
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[bookmark: _Ref222246912][bookmark: _Toc231052956]Figure 6 Flow separation and recirculation at the lower branch of a sharp intersection.
AM removes many geometric constraints by enabling curved and smoothly blended internal channels impractical with drilling-based methods. Quantitative comparisons with conventional layouts report substantial pressure-loss reductions; Wu and Li, (2023) identify reductions of up to 87.3% where curvature and effective flow length are minimised. Figure 7 contrasts the pronounced recirculation of conventional orthogonal channels with the smoother velocity field and reduced separation of AM-optimised geometries.
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[bookmark: _Ref222338259][bookmark: _Toc231052957]Figure 7 Velocity trace comparison between conventional drilled and AM-optimised curved channels.  (Wu & Li, 2023)
The hydraulic benefit of increased curvature radius is supported by experimental and numerical evidence showing that larger bend radii and fewer directional changes improve flow efficiency. Replacing right-angle turns with curved transitions can reduce pressure drop by up to 50% in redesigned manifolds (Zhu, et al., 2020). Figure 8 shows that configurations incorporating larger radii exhibit lower losses than orthogonal layouts.
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[bookmark: _Ref222338732][bookmark: _Toc231052958]Figure 8. Effect of curvature radius and turn count on manifold pressure drop  (Zhu, et al., 2020)
Beyond hydraulic improvement, AM enables structural integration impractical with subtractive methods. Topology optimisation studies demonstrate that material can be redistributed along principal load paths while preserving internal channel geometry. When hydrostatic loading and build-orientation constraints are applied, substantial mass reduction can be achieved without compromising stiffness (Berggren, 2025). Figure 9 illustrates load-aligned material distribution surrounding the flow passages, demonstrating the capacity to co-optimise structural reinforcement and hydraulic routing.
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[bookmark: _Ref222339171][bookmark: _Toc231052959]Figure 9 Topology optimisation result for AM hydraulic manifold under hydrostatic loading  (Berggren, 2025)
Collectively, the literature indicates that subtractive manufacture enforces manufacturing-driven geometry characterised by orthogonal drill paths and elevated local losses, whereas AM supports performance-driven geometry defined by controlled curvature and integrated structural optimisation (Zardin, et al., 2017) (Zhang, et al., 2019). This transition underpins the development of integrated CFD–FEA manifold optimisation workflows.
[bookmark: _Toc231053096]Material Selection Considerations
Material selection for hydraulic manifolds requires evaluation of pressure capacity, corrosion resistance, machining or post-processing demands, and manufacturing route  (Ganguli & Pandit, 2022) (Biedermann, et al., 2022). In conventional subtractive manufacture, steels remain common due to established strength, fatigue performance, and certified wrought stock (Tampere University of Technology, 2012). However, their higher density imposes a mass penalty where compactness and weight reduction are prioritised refinement (Zhao, et al., 2021) (Jia, et al., 2024).
Aluminium alloys offer significant mass advantages and are widely selected where corrosion resistance and formability are required (Beutler, et al., 2024). AA6063-T6 is lightweight, corrosion resistant, and well suited to extrusion due to its malleability and heat-treatable strengthening response (Aalco Metals Ltd, 2019). 
In manifold applications, aluminium AM alloys are viable where pressure requirements are bounded  (Diegel, et al., 2020) (Beutler, et al., 2024). An AM-produced AlSi10Mg manifold was considered adequate for systems rated at 4750  (32 MPa), with tensile testing confirming performance consistent with manufacturer as-built data  (Diegel, et al., 2020) (Biedermann, et al., 2022). However, the final component was produced in 316 stainless steel due to certification concerns and the additional safety margin provided by steel despite the greater weight reduction achievable with aluminium (Diegel, et al., 2020). 
For AM-specific alloy selection, manufacturability must be considered alongside mechanical performance. LPBF manifolds commonly require post-processing for support removal and machining of threads and sealing faces, encouraging hybrid strategies combining milled preforms with additively manufactured internal channels (Hofmann, et al., 2025)  (Grezesik, 2018).
Sustainability and resource efficiency also influence material selection, as steel and aluminium production remain major CO₂ contributors  (Rakopoulos, et al., 2011).
[bookmark: _Toc231053097]Research Gap
Existing hydraulic manifold research demonstrates significant progress in structural optimisation and internal flow analysis, yet these domains are frequently treated independently (Beutler, et al., 2024) (Zhao, et al., 2021). Structural studies commonly apply topology optimisation to reduce mass or redistribute stress without resolving detailed flow behaviour, while CFD investigations focus on pressure-loss reduction through channel smoothing or routing changes, typically assuming fixed geometry and uniform wall thickness (Zhang, et al., 2019) (Rakopoulos, et al., 2011). This separation restricts evaluation of trade-offs between hydraulic efficiency and mechanical integrity within a unified framework.
AM expands geometric freedom by enabling curved channels that reduce abrupt directional changes (Biedermann, et al., 2022). Reported pressure-drop reductions are generally attributed to elimination of sharp 90° bends and improved flow continuity (Zhang, et al., 2019) (Biedermann, et al., 2022). However, many studies assume hydraulically smooth surfaces, despite LPBF channels exhibiting higher surface roughness than drilled passages  (Mazumder, 2015) (Frazier , 2014). Increased roughness can elevate frictional flow losses through boundary-layer disruption and may partially offset gains from smoother routing. Yet surface roughness is rarely integrated within combined structural–hydraulic optimisation workflows (Zhao, et al., 2021) (Biedermann, et al., 2022).
Where structural and flow analyses are undertaken, they are typically applied sequentially rather than iteratively (Zhang, et al., 2019) (Biedermann, et al., 2022). Geometry changes arising from hydraulic optimisation are not consistently revalidated under realistic pressure loading, while industrial constraints including certification, sealing tolerances, post-processing, and inspection accessibility remain underrepresented in integrated optimisation studies  (Beutler, et al., 2024) (Grezesik, 2018).
Accordingly, a clear research gap remains in the development of a CFD optimisation framework for hydraulic manifolds that simultaneously evaluates, flow-induced hydraulic losses, surface roughness, and manufacturability under realistic industrial constraints.


[bookmark: _Hlk226050769][bookmark: _Toc231053098]Chapter 3 – Methodology 
[bookmark: _Toc231053099]Overall Workflow Diagram
The computational methodology adopted in this study follows a structured workflow consistent with established CFD-based engineering design methodologies. The overall process is illustrated in Figure 10, which presents the sequence of steps undertaken to develop, analyse, and optimise the hydraulic manifold design. The planned sequence and scheduling of these activities throughout the project are presented within the Gantt charts shown in Appendix 1.
The workflow began with creation of a baseline manifold geometry in CAD software, followed by extraction of the internal fluid domain for CFD analysis. Boundary conditions and material properties were applied before numerical solution of the CFD model to evaluate internal flow behaviour, velocity distribution, and comparative pressure-loss characteristics within the manifold.
Post-processing evaluated pressure contours, velocity magnitude, streamlines, and overall flow behaviour. The geometry was then modified using generative design within Autodesk Fusion 360 to reduce hydraulic resistance and improve internal flow characteristics. Optimised geometries were re-analysed using identical CFD methodology to ensure direct comparability.
Surface roughness associated with AM was also considered, as increased internal roughness may affect boundary layer development and frictional losses, influencing pressure-drop predictions within the optimised geometries.
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[bookmark: _Ref229841100][bookmark: _Toc231052960]Figure 10 Computational workflow adopted for CAD generation, CFD analysis, geometric optimisation, and validation of the hydraulic manifold design.

[bookmark: _Toc231053100]CAD Geometry Creation
The baseline manifold geometry was derived from a conventional drilling-based hydraulic manifold architecture presented by Amiot, et al., (2017). The selected geometry was chosen due to the presence of multiple orthogonal intersections, abrupt directional changes, and integrated valve locations, making it representative of a conventionally manufactured representative conventional manifold configuration. The geometry also provided multi-directional flow behaviour while remaining sufficiently manageable for iterative CFD-driven optimisation and comparative analysis.
Figure 11 illustrates the reference manifold architecture used as the basis for the CAD reconstruction. The geometry contains multiple intersecting galleries and directional changes that are characteristic of conventionally drilled hydraulic manifolds. 
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[bookmark: _Ref229841126][bookmark: _Toc231052961]Figure 11 Annotated baseline manifold architecture showing internal hydraulic components, accumulator port, and orthogonally drilled fluid galleries adapted from Amiot, et al., (2017)
A three-dimensional CAD representation of the manifold was created in Autodesk Fusion 360, as shown in Figure 12. The geometry was modelled to reflect conventional manifold manufacture using orthogonally drilled galleries through a solid block. Autodesk Fusion 360 was selected due to familiarity with the Autodesk design environment and direct compatibility with Autodesk CFD. Maintaining a consistent software ecosystem simplified geometry transfer and reduced interoperability issues between CAD and CFD stages during iterative design modification and analysis.
Representative manifold dimensions were estimated from the intended prosthetic ankle application while maintaining realistic internal flow relationships. Final manifold dimensions were , providing sufficient internal volume for representative hydraulic galleries and inserted hydraulic components within expected prosthetic packaging constraints.
All galleries were assigned a 6.35  radius, consistent with SAE J1926/1 fluid power connection standards (JIAYUAN, 2019).  See Appendix 2 for chart details. 
Following completion of the solid geometry, the internal hydraulic passage network was extracted in Autodesk Fusion 360 to create a dedicated CFD fluid domain representing oil flow through the galleries and valve cavities. The flow volume was exported as a STEP file and imported into Autodesk CFD for pre-processing, including boundary condition assignment, material definition, and mesh generation.
Minor geometric features not expected to significantly affect global flow behaviour were removed to improve numerical stability and reduce computational expense.
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[bookmark: _Ref229841208][bookmark: _Toc231052962]Figure 12 Wireframe CAD representation of the baseline manifold showing orthogonally drilled internal galleries and extracted fluid flow pathways for CFD domain preparation.
The CFD domain was generated by creating an inverted solid body representing the internal flow volume of the manifold, as illustrated in Figure 13. This approach isolates the internal fluid region and allows direct CFD analysis of the flow passages.
Ports and inserted hydraulic valve bodies were not included within the CFD domain. This decision was made because internal valve geometries would independently influence local pressure and flow behaviour, preventing direct evaluation of the manifold geometry itself.
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[bookmark: _Ref229841273][bookmark: _Toc231052963]Figure 13 Extracted internal fluid domain of the baseline manifold geometry used for CFD pressure-drop and flow-distribution analysis.

[bookmark: _Toc231053101]CFD Analysis Setup
Autodesk CFD was used to evaluate hydraulic performance of the baseline and optimised manifold geometries by quantifying pressure losses caused by internal flow resistance, particularly at orthogonal intersections, directional changes, and flow redistribution. Although alternative CFD platforms such as ANSYS Fluent offer advanced simulation capabilities, Autodesk CFD was selected due to prior familiarity with the software and its direct integration with Autodesk Fusion 360. This reduced geometry-transfer complexity and facilitated efficient iterative design development within a consistent software environment.
The internal gallery volume was extracted from the solid geometry to create a CFD fluid domain for analysis of pressure distribution, streamline behaviour, and velocity development.
[bookmark: _Toc231053102]Material Properties
The working fluid was defined as a representative mineral-based hydraulic oil using material property data obtained from PIRTEK (2016). Dynamic viscosity and density values were specified within the solver to represent hydraulic flow behaviour.
Mineral oil properties presented by Amiot et al. (2017) were also referenced during the simulation setup. The fluid viscosity was specified as 0.00618 Pa·s. This value was adopted directly from Amiot et al. (2017) and reflects the representative hydraulic fluid conditions used within the reference prosthetic ankle system rather than a complete temperature-dependent ISO VG viscosity profile.
Hydraulic oil density was approximated using light mineral oil data from Sigma-Aldrich (2026), giving a density of 0.833  at , 

converted to  for CFD implementation.
Additional assumptions included representative hydraulic oil specific heat capacity of 1.8  (Amesweb, 2026), a compressibility bulk modulus of 1.8 GPa (Evisco Ltd, 2025), and uniform internal wall roughness representative of conventionally machined galleries. Initial wall roughness was assigned as 0.0016 mm, representing a typical machined internal surface finish (xometry.pro, 2023).  The resulting Autodesk CFD material-property configuration used throughout the simulations is shown in Figure 14.
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[bookmark: _Ref230681757][bookmark: _Toc231052964]Figure 14 Autodesk CFD material property definition for hydraulic mineral oil used throughout the manifold pressure-drop simulations.
[bookmark: _Ref230888435][bookmark: _Ref230888537][bookmark: _Ref230888673][bookmark: _Ref231035365][bookmark: _Toc231053103]Flow Conditions and Boundary Definitions
The reference system pressure reported by Amiot et al. (2017) was used to define the representative hydraulic operating context rather than as a direct inlet pressure boundary condition.
Therefore, a representative inlet mass flow rate was estimated using standard hydraulic line velocity guidance for a nominal 12.7  hydraulic passage. Hydraulic pressure-line velocities are typically selected within a moderate operating range to balance pressure loss, flow stability, and hydraulic response characteristics. Representative hydraulic line velocities between 0.6096 m/s and 1.2192 m/s were selected as a basis for estimating a suitable inlet flow condition. A midpoint velocity of 0.9144 m/s was subsequently adopted for the CFD analysis (Flodraulic, 2026). For more details on velocity guidance see Appendix 2. A midpoint velocity of 0.9144 was therefore selected to provide a controlled and repeatable boundary condition for comparative CFD analysis. A mass-flow-based inlet condition was considered more appropriate than a fixed pressure inlet because it allowed direct control of the flow rate through the manifold and ensured consistent hydraulic loading between all simulation cases.
The selected velocity was not intended to replicate the full transient behaviour of the prosthetic hydraulic system, but instead to provide a representative steady-state operating condition suitable for evaluating relative geometric performance between manifold configurations. Maintaining identical inlet conditions across all simulations ensured that variations in predicted pressure loss were attributable to geometric modification rather than changes in boundary conditions. A steady-state approach was considered appropriate because the primary objective of the study was comparative assessment of relative manifold performance rather than replication of transient gait-cycle dynamics.
The internal gallery diameter was defined as 12.7 , corresponding to a standard nominal hydraulic passage size. The cross-sectional area was therefore calculated as:


The volumetric flow rate was then determined:  

The mass flow rate was subsequently calculated using the specified fluid density:

This mass flow rate was applied consistently across all simulations to ensure pressure-loss variations resulted from geometric changes rather than altered boundary conditions.
A mass flow inlet condition was applied at the primary inlet port, while outlet ports were assigned 0 Pa gauge pressure boundaries to provide a numerical reference pressure within the solution domain. The outlet pressure condition was not intended to represent atmospheric discharge. All remaining surfaces were treated as no-slip walls to represent viscous fluid-wall interaction and associated frictional pressure losses within the manifold galleries.
For open-accumulator studies, the accumulator port was additionally assigned a 0 Pa gauge pressure boundary to represent an available secondary flow path. This simplified representation does not fully replicate the behaviour of a physical hydraulic accumulator, which would introduce pressure-dependent resistance through gas pre-charge pressure and fluid compressibility. Consequently, open-accumulator results were interpreted primarily for qualitative assessment of flow redistribution and recirculation behaviour, while closed-accumulator cases were used for direct quantitative comparison of hydraulic performance between geometries.
[bookmark: _Toc231053104]Mesh Strategy
The computational domain was discretised using an unstructured tetrahedral mesh due to the geometric complexity of the manifold galleries, curved transitions, and intersecting internal passages, which would be difficult to capture using structured hexahedral elements. Inflation layers were applied near wall regions to improve boundary-layer resolution and better capture wall shear behaviour associated with internal pressure losses and viscous momentum dissipation.
Automatic meshing within Autodesk CFD was utilised to discretise the complex internal geometry using an unstructured tetrahedral mesh. The generated mesh produced finer element distribution around bends, junctions, and transitional regions where elevated velocity gradients and localised pressure losses were expected, while coarser elements remained within regions of comparatively uniform flow. This provided suitable geometric discretisation for comparative CFD analysis without extensive manual mesh manipulation.
Figure 15 illustrates the resulting tetrahedral mesh and the local refinement applied within junction and transition regions where elevated flow gradients and pressure losses were anticipated.
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[bookmark: _Ref229842591][bookmark: _Toc231052965]Figure 15 Unstructured tetrahedral mesh of the baseline manifold showing local refinement within bends, junctions, and transition regions.
[bookmark: _Toc231053105]Solver Settings and Convergence
A steady-state near-incompressible flow solution was assumed throughout the study. The standard k–ε turbulence model was selected due to its widespread application in industrial internal-flow simulations involving turbulence, flow separation, and recirculation around bends and junctions (Ouyoussef, et al., 2024). Although alternative models such as SST k–ω can provide improved near-wall resolution and separation prediction, the standard k–ε model was considered appropriate for the present study due to its computational efficiency and established suitability for comparative internal-flow analyses. Consistent turbulence modelling was maintained across all simulation cases to ensure that observed pressure-loss variations were attributable to geometric changes rather than solver configuration.
The manifold geometry contained multiple directional changes and interacting flow paths, requiring a turbulence model to represent momentum diffusion and energy dissipation more realistically than a laminar assumption. Although more advanced turbulence models may improve near-wall prediction accuracy, the standard k–ε model provided an appropriate balance between computational stability, solution time, and comparative consistency across the simulation cases.
Convergence behaviour was monitored using residual plots and pressure-drop stabilisation throughout the solution process. Residuals reduced rapidly during the initial iterations before approaching a stable plateau, indicating diminishing solution variation with additional iterations. Figure 16 illustrates representative convergence behaviour for the baseline plantarflexion closed accumulator simulation over 100 solver iterations.
To assess iteration sensitivity, the baseline model was extended beyond the standard 100 solver iterations until automatic solver termination occurred after 445 iterations. The monitored static pressure increased from 1164.61 Pa at 100 iterations to 1178.89 Pa at 300 iterations (Figure 17), representing a variation of approximately 1.21%. The final converged pressure at 445 iterations was 1180.07 Pa (Figure 18), corresponding to a total variation of approximately 1.31% relative to the adopted 100-iteration solution. The small variation between the 100-iteration and fully converged solutions indicated that primary flow behaviour and pressure-loss characteristics had stabilised within the adopted iteration range. Consequently, 100 iterations were considered sufficient for comparative CFD assessment while reducing computational expense across more than 20 simulation cases. A consistent iteration limit was maintained across all studies to ensure equivalent solver conditions during performance comparison.
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[bookmark: _Ref229842576][bookmark: _Toc231052966]Figure 16 Representative convergence behaviour of the baseline plantarflexion closed-accumulator CFD simulation showing residual reduction and pressure stabilisation trends over 100 solver iterations
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[bookmark: _Ref230421226][bookmark: _Toc231052967]Figure 17 Representative convergence behaviour of the baseline plantarflexion closed-accumulator CFD simulation showing residual reduction and late-stage pressure variation over 300 solver iterations.
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[bookmark: _Ref230423269][bookmark: _Toc231052968]Figure 18 Extended convergence behaviour of the baseline plantarflexion closed-accumulator CFD simulation up to automatic solver termination at iteration 445. 
[bookmark: _Toc231053106]Additive Manufacturing Surface Roughness Assessment
A final CFD sensitivity study was conducted to evaluate the influence of additively manufactured surface roughness on the hydraulic performance of the Optimised V2 manifold geometry. Previous simulations assumed hydraulically smooth internal walls; however, LPBF AM processes typically produce significantly rougher as-built internal surfaces due to partially fused particles and layer-based fabrication effects.
Recent literature relating to LPBF components commonly reports as-built surface roughness values in the region of  depending on process parameters and material system (Sanaei & Fatemi, 2020).
A conservative worst-case LPBF surface roughness was applied to the CFD model to determine whether the optimised geometry retained reduced pressure losses under realistic AM conditions. The roughness study was applied only to the Optimised V2 geometry, as this configuration exhibited the lowest hydraulic resistance during previous optimisation stages and was therefore considered the most suitable AM candidate. Figure 19 illustrates the wall roughness definition applied within Autodesk CFD.
This study evaluated the trade-off between the geometric freedom of AM and increased frictional losses from rough internal passages, while indicating whether additional surface finishing operations may be required to fully realise the hydraulic benefits of the optimised geometry.
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[bookmark: _Ref230020293][bookmark: _Toc231052969]Figure 19 Autodesk CFD wall roughness definition applied to the Optimised V2 manifold to represent LPBF additively manufactured internal surface conditions.

[bookmark: _Toc231053107]Optimisation Method
Following baseline CFD analysis, alternative manifold geometries were manually developed within Autodesk Fusion 360 using CFD-informed iterative design modifications intended to reduce localised hydraulic resistance and improve internal flow continuity.
The optimisation focused on reducing abrupt directional changes and improving flow continuity by replacing orthogonal intersections with smoother curved transitions and Y-junction flow divisions to minimise flow separation, turbulence generation, and localised hydraulic inefficiencies. 
Several iterative geometry modifications were investigated following the baseline CFD analysis. Optimised V1 and Optimised V2 were selected for detailed reporting as they demonstrated the most substantial reductions in comparative hydraulic resistance and improved flow continuity relative to earlier design iterations. Optimised V1 introduced smoother transitions and revised central bifurcation geometry, while Optimised V2 further reduced recirculation regions and improved momentum preservation throughout the manifold.
Constraints included preservation of inlet and outlet locations, maintenance of functional flow paths, AM compatibility, minimum wall thickness retention, and accommodation of hydraulic components and valve assemblies.
The optimisation aimed to minimise local hydraulic losses while maintaining a structurally and practically manufacturable design suitable for AM. Additional CFD studies then evaluated the influence of AM surface roughness on hydraulic performance.

[bookmark: _Toc231053108]Manufacturability Assessment
Manufacturability formed an important aspect of the optimisation process. The baseline manifold geometry was highly compatible with conventional drilling due to its orthogonal gallery arrangement, although this introduced abrupt directional changes and increased hydraulic losses.
The optimised geometries incorporated smoother transitional regions and curved internal flow paths that would be difficult to manufacture using conventional drilling operations. Consequently, LPBF-based additive manufacturing was identified as a viable production route due to its ability to produce complex enclosed internal geometries with reduced tooling constraints. A preliminary manufacturability assessment conducted within the CAD environment evaluated internal overhang regions, enclosed powder-trap locations, support accessibility, and representative build orientation constraints. The assessment indicated that the geometry would remain manufacturable using LPBF processes when oriented from the largest external face with the port openings facing upward, allowing continuous powder evacuation through the internal galleries. Supporting evidence from the manufacturability assessment is provided in Appendix 3.
AM surface roughness was also considered, as increased roughness may elevate frictional losses and influence boundary layer development relative to conventionally machined galleries. Previous studies on intelligent manifold routing and hydraulic gallery optimisation were reviewed to assess feasibility of the more complex internal geometries.



[bookmark: _Toc231053109]Verification and Solution Reliability
Due to resource constraints, experimental validation was not undertaken. Consequently, confidence in the numerical results was established through convergence assessment, consistent application of boundary conditions, comparison of relative performance trends between manifold configurations, and agreement with established hydraulic-flow behaviour reported within the literature.
Numerical verification was performed through convergence monitoring, iteration-sensitivity assessment, and comparative evaluation of the baseline and optimised geometries. Pressure distribution, streamline development, and velocity behaviour were assessed to determine whether consistent hydraulic trends were observed across all simulation cases. Stable convergence behaviour was achieved throughout the analyses, while identical boundary conditions and solver settings were maintained to ensure that observed pressure-loss variations were attributable to geometric modification rather than numerical inconsistency.
The present study should therefore be regarded as a verified comparative CFD investigation rather than a fully validated predictive model. The results are considered most reliable for evaluating relative hydraulic performance differences between manifold geometries under consistent operating conditions. Simplifications including steady-state flow assumptions, omission of valve internals, limited consideration of hydraulic-fluid compressibility, and simplified accumulator boundary conditions may influence the absolute pressure magnitudes predicted by the simulations. However, these assumptions were applied consistently across all configurations, supporting comparative assessment of the optimisation strategies investigated.


[bookmark: _Toc231053110]Chapter 4 – Results 
[bookmark: _Toc231053111]Baseline Manifold Performance
The baseline manifold geometry demonstrated significant hydraulic losses associated with conventional orthogonal drilled galleries. Static pressure contours revealed strong pressure gradients around 90° intersections and abrupt directional changes, particularly within the central junction regions, indicating elevated localised energy dissipation and momentum loss caused by abrupt flow redirection.
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[bookmark: _Ref229843131][bookmark: _Toc231052970]Figure 20 Static pressure contour of the baseline manifold during plantarflexion with the accumulator port closed.
Figure 20 illustrates the static pressure distribution through the baseline manifold during plantarflexion with the accumulator port closed. Pressure gradients were concentrated near the inlet and central junction region, where abrupt directional transitions promoted local flow separation and non-uniform velocity development. An average upstream pressure of approximately 854.8 Pa was recorded. Because the outlet boundary was constrained to 0 Pa gauge pressure as discussed in 3.3.2, average upstream wall pressure was used as the primary comparative indicator of hydraulic resistance between manifold geometries.
The baseline geometry required approximately 854.8 Pa to sustain the imposed mass flow rate of 0.0965 kg/s. Pressure losses were primarily associated with 90° bends and abrupt intersections, which promoted flow separation, turbulence generation, and non-uniform velocity profiles. These localised disturbances increased viscous dissipation and reduced momentum preservation through the primary flow path.
Figure 21 illustrates sharp velocity gradients and localised acceleration around intersecting gallery regions and directional transitions. Accelerated flow regions developed where the effective flow area reduced locally through abrupt geometric transitions, contributing to elevated shear stresses and unstable flow behaviour.
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[bookmark: _Ref229843432][bookmark: _Toc231052971]Figure 21 Velocity magnitude contour of the baseline manifold during plantarflexion with the accumulator port closed.
Streamline visualisation revealed flow disturbance and recirculation around orthogonal intersections, further contributing to hydraulic inefficiency as illustrated in Figure 22. Localised recirculation zones indicated ineffective flow guidance and increased secondary-flow development, both of which contributed to additional hydraulic resistance within the manifold.
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[bookmark: _Ref229843540][bookmark: _Toc231052972]Figure 22 Streamline trace plot of the baseline manifold during plantarflexion with the accumulator port closed
The baseline geometry therefore indicated clear hydraulic inefficiencies and established the need for geometric optimisation to improve flow continuity and reduce localised hydraulic losses
[bookmark: _Toc231053112]Baseline Directional Flow Studies
Baseline CFD simulations evaluated hydraulic behaviour under plantarflexion and dorsiflexion conditions with open and closed accumulator configurations. Representative pressure, velocity, and streamline results are presented throughout this section, while supplementary CFD outputs for all operating conditions are provided in Appendix 4.
[bookmark: _Toc231053113]Plantarflexion – Closed Accumulator
Under plantarflexion closed-accumulator conditions, pressure gradients were concentrated around the central junction region, as illustrated in Figure 20. The resulting average upstream wall pressure was approximately 854.8 Pa. Velocity contours indicated localised acceleration through the central junction and lower outlet branch (Figure 21), indicating momentum concentration through restrictive geometric transitions and increased local shear generation.
[bookmark: _Toc231053114]Plantarflexion – Open Accumulator
The plantarflexion open-accumulator condition demonstrated reduced hydraulic resistance relative to the closed-accumulator configuration. Average wall pressure decreased to approximately 349.2 Pa (Figure 23) due to flow redistribution through the additional accumulator pathway.
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[bookmark: _Ref229843831][bookmark: _Toc231052973]Figure 23 Static pressure contour of the baseline manifold during plantarflexion with the accumulator port open.
Velocity and streamline results indicated smoother flow redistribution through the additional accumulator pathway, reducing localised flow concentration within the primary outlet branch.

[bookmark: _Toc231053115]Dorsiflexion – Closed Accumulator
Under dorsiflexion closed-accumulator conditions, pressure contours demonstrated increased hydraulic losses relative to the plantarflexion case (Figure 24). The resulting average upstream wall pressure was approximately 858.2 Pa.
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[bookmark: _Ref230021619][bookmark: _Ref229846183][bookmark: _Toc231052974]Figure 24 Static pressure contour of the baseline manifold during dorsiflexion with the accumulator port closed.
Velocity contours indicated stronger flow concentration and increased acceleration through the primary flow path, indicating elevated localised momentum dissipation and greater hydraulic resistance under reversed flow conditions.
[bookmark: _Toc231053116]Dorsiflexion – Open Accumulator
Opening the accumulator branch reduced flow disturbance relative to the closed-accumulator condition. Average wall pressure decreased to approximately 225.5 Pa (Figure 25). Similar behaviour was observed during the plantarflexion open-accumulator case, where the additional accumulator pathway redistributed flow more effectively and reduced localised pressure accumulation within the primary flow path.
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[bookmark: _Ref230021709][bookmark: _Ref229846508][bookmark: _Toc231052975]Figure 25 Static pressure contour of the baseline manifold during dorsiflexion with the accumulator port open.
Velocity contours demonstrated more uniform flow distribution and reduced localised acceleration relative to the closed-accumulator condition.
Streamline traces showed effective flow division between the primary outlet and accumulator branch, reducing recirculation intensity and improving overall flow continuity within the manifold.

[bookmark: _Toc231053117]Optimised V1 Results
[bookmark: _Toc231053118]Plantarflexion – Closed Accumulator
The Optimised V1 geometry indicated smoother pressure transitions and more gradual pressure gradients through the primary flow path relative to the baseline geometry, indicating reduced localised hydraulic losses.
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[bookmark: _Ref229846677][bookmark: _Ref229846669][bookmark: _Toc231052976]Figure 26 Static pressure contour of the Optimised V1 manifold during plantarflexion with the accumulator port closed.
An average wall pressure of approximately 488.4 Pa was recorded upstream of the outlet region (Figure 26). Compared to the baseline plantarflexion closed-accumulator condition (854.8 Pa), this represents an approximate 42.9% reduction in pressure required to sustain the imposed flow rate, indicating that smoother flow transitions and reduced orthogonal flow redirection substantially decreased localised separation and momentum dissipation within the manifold.
Velocity contours demonstrated smoother acceleration, reduced stagnant regions, and more uniform velocity development through the central junction region, while streamline traces indicated smoother flow trajectories and reduced recirculation intensity through the central junction region, suggesting improved flow continuity and reduced secondary-flow development.
[bookmark: _Toc231053119]Plantarflexion – Open Accumulator
Opening the accumulator branch reduced overall pressure magnitude throughout the manifold. Average wall pressure decreased from approximately 488 Pa to 154 Pa (Figure 27), indicating substantially reduced hydraulic resistance due to redistribution of flow through the additional accumulator pathway, which reduced localised pressure accumulation within the primary flow path.
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[bookmark: _Ref229846953][bookmark: _Toc231052977]Figure 27 Static pressure contour of the Optimised V1 manifold during plantarflexion with the accumulator port open.
Velocity contours and streamline traces indicated effective flow redistribution and coherent bifurcation through the optimised Y-junction geometry, indicating improved momentum preservation and reduced flow disturbance relative to the baseline configuration.
[bookmark: _Toc231053120]Dorsiflexion – Closed Accumulator
Under reversed flow conditions, the Optimised V1 geometry maintained relatively smooth pressure transitions (Figure 28). An average wall pressure of approximately 481 Pa was recorded, comparable to the plantarflexion closed-accumulator case, suggesting that the smoother internal geometry reduced directional sensitivity and maintained relatively stable hydraulic behaviour under reversed flow conditions.
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[bookmark: _Ref229847066][bookmark: _Toc231052978]Figure 28 Static pressure contour of the Optimised V1 manifold during dorsiflexion with the accumulator port closed.
Velocity contours indicated continuous flow acceleration with limited stagnation zones, suggesting improved flow guidance and reduced localised energy dissipation relative to the baseline geometry.
[bookmark: _Toc231053121]Dorsiflexion – Open Accumulator
The open-accumulator condition reduced overall pressure levels throughout the manifold (Figure 29). The resulting average wall pressure was approximately -96.8 Pa. As discussed in Section 3.3.2, the negative pressure behaviour was interpreted qualitatively due to the simplified accumulator boundary representation. Consequently, closed-accumulator configurations were considered more representative for direct pressure-loss comparison.
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[bookmark: _Ref229847154][bookmark: _Toc231052979]Figure 29 Static pressure contour of the Optimised V1 manifold during dorsiflexion with the accumulator port open.
[bookmark: _Toc231053122]Optimised V2 Results
[bookmark: _Ref230429724][image: ]
[bookmark: _Ref230683392][bookmark: _Toc231052980]Figure 30 Transparent CAD representation of the final optimised manifold geometry within the original external design envelope, showing the organically blended internal flow passages developed through CFD-informed optimisation.
The final optimised manifold geometry is shown in Figure 30, while the complete engineering drawing is provided in Appendix 5.
[bookmark: _Toc231053123]Plantarflexion – Closed Accumulator
The Optimised V2 geometry demonstrated smoother and more balanced pressure distribution than Optimised V1, with less concentrated pressure gradients around the central junction region (Figure 31), indicating reduced localised pressure loss and improved momentum preservation through the central junction region. An average wall pressure of approximately 391 Pa was recorded, representing an approximate 54.3% reduction relative to the baseline configuration (854.8 Pa) and a further reduction of approximately 20% relative to Optimised V1. This suggests that the revised junction geometry and smoother flow transitions reduced localised separation, recirculation intensity, and momentum dissipation within the manifold.  
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[bookmark: _Ref229847426][bookmark: _Toc231052981]Figure 31 Static pressure contour of the Optimised V2 manifold during plantarflexion with the accumulator port closed.
Velocity contours indicated improved flow continuity and more uniform velocity distribution, indicating reduced localised acceleration and smoother momentum transfer through the primary flow path. 
[bookmark: _Toc231053124]Plantarflexion – Open Accumulator
Opening the accumulator branch reduced overall pressure magnitude throughout the manifold (Figure 32). Average wall pressure decreased to approximately 95.8 Pa, indicating substantially reduced hydraulic resistance due to redistribution of flow through the accumulator pathway. The additional flow pathway reduced localised pressure accumulation within the primary outlet branch and improved overall flow continuity through the manifold.
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[bookmark: _Ref229847503][bookmark: _Toc231052982]Figure 32 Static pressure contour of the Optimised V2 manifold during plantarflexion with the accumulator port open.
Velocity contours demonstrated smoother flow redistribution and reduced localised flow concentration relative to earlier configurations.  
[bookmark: _Toc231053125]Dorsiflexion – Closed Accumulator
The Optimised V2 geometry maintained stable pressure distribution characteristics under reversed flow conditions (Figure 33). An average wall pressure of approximately 443 Pa was recorded, representing an approximate 48.3% reduction relative to the baseline dorsiflexion closed-accumulator configuration (858.2 Pa). This suggests significantly reduced flow disturbance, improved bidirectional flow behaviour, and reduced localised hydraulic resistance under reversed flow conditions.
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[bookmark: _Ref230022360][bookmark: _Toc231052983]Figure 33 Static pressure contour of the Optimised V2 manifold during dorsiflexion with the accumulator port closed.
Streamline traces indicated smoother bidirectional flow guidance and reduced recirculation development relative to the baseline geometry, indicating improved directional flow management within the manifold.
[bookmark: _Toc231053126]Dorsiflexion – Open Accumulator
The open-accumulator configuration reduced overall pressure magnitude while maintaining relatively smooth pressure transitions and reduced localised pressure concentration throughout the manifold (Figure 34). Consistent with the Optimised V1 open-accumulator case, the results were interpreted qualitatively due to the simplified accumulator boundary condition described in Section 3.3.2.
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[bookmark: _Ref229847661][bookmark: _Toc231052984]Figure 34 Static pressure contour of the Optimised V2 manifold during dorsiflexion with the accumulator port open.
Velocity contours demonstrated smoother acceleration and improved junction guidance than earlier configurations.
[bookmark: _Toc231053127]Influence of Additive Manufacturing Surface Roughness
A final sensitivity study evaluated the influence of AM surface roughness on hydraulic performance of the Optimised V2 geometry. Previous CFD studies assumed hydraulically smooth internal surfaces; however, realistic LPBF processes introduce increased roughness that may affect wall shear stress, boundary layer development, and overall flow resistance.
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[bookmark: _Ref229847803][bookmark: _Toc231052985]Figure 35 Static pressure contour of the LPBF roughness Optimised V2 manifold during plantarflexion with the accumulator port closed.
The roughness study indicated increased hydraulic resistance relative to the smooth-wall Optimised V2 simulations across all operating conditions, consistent with established internal flow theory where increased wall roughness promotes elevated wall shear stress, boundary-layer disruption, and greater momentum dissipation.
Despite the increase in hydraulic resistance, the roughened Optimised V2 geometry continued to outperform the baseline configuration, indicating that smoother flow transitions and reduced geometric discontinuities continued to improve momentum preservation despite increased surface-induced frictional losses under realistic AM surface conditions.
Figure 35 therefore demonstrates that although AM surface roughness partially offsets the hydraulic benefits of optimisation through increased wall friction and viscous dissipation, the revised geometry still provides a substantial reduction in hydraulic resistance relative to conventional orthogonally drilled manifolds.

[bookmark: _Toc231053128]Comparative Analysis
[bookmark: _Toc231053129]Optimisation Performance Analysis
A comparative analysis of all simulation cases was undertaken to evaluate the influence of geometry optimisation, flow direction, and accumulator configuration on hydraulic resistance within the manifold. Table 1 summarises average wall pressure results for all simulation cases, while Figures 36 and 37 provide graphical comparisons of the closed and open accumulator configurations respectively. Overall, the optimised geometries were associated with progressively lower hydraulic penalties, indicating improved flow distribution, smoother momentum transfer, and reduced localised flow instability throughout the manifold.
[bookmark: _Ref230626254][bookmark: _Toc231053070]Table 1 Comparison of average wall pressure for baseline, Optimised V1, and Optimised V2 manifold configurations under all operating conditions.
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Table 1 demonstrates clear reductions in average wall pressure between the baseline, Optimised V1, and Optimised V2 geometries across most operating conditions. The largest improvements occurred between the baseline and Optimised V1 configurations, indicating that smoother internal flow transitions substantially reduced hydraulic resistance. Further reductions achieved by Optimised V2 suggest that refinement of the junction geometry further reduced localised recirculation and momentum dissipation within the primary flow path. Further refinement through Optimised V2 continued to reduce internal flow losses, although with diminishing returns relative to the initial optimisation stage, suggesting that the most significant hydraulic penalties were associated with the original orthogonal junction geometry.
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[bookmark: _Ref229848274][bookmark: _Toc231052986]Figure 36 Comparison of average wall pressure for baseline, Optimised V1, and Optimised V2 geometries under closed-accumulator plantarflexion and dorsiflexion conditions.
Figure 36 demonstrates the effect of iterative geometry optimisation on the closed-accumulator configurations. Significant reductions in average wall pressure were observed between the baseline and Optimised V1 geometries, with further improvement achieved by Optimised V2. Dorsiflexion conditions consistently produced greater flow-induced energy dissipation than plantarflexion, suggesting that reversed flow direction generated less favourable streamline development and increased localised flow disturbance within the manifold. Overall, progressive refinement of the internal geometry substantially reduced flow inefficiency by improving flow continuity and reducing abrupt directional flow transitions.
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[bookmark: _Ref229848344][bookmark: _Toc231052987]Figure 37 Comparison of average wall pressure for baseline, Optimised V1, and Optimised V2 geometries under plantarflexion open-accumulator conditions.
Figure 37 demonstrates the effect of iterative geometry optimisation on the plantarflexion open-accumulator configurations. Progressive reductions in average wall pressure were observed between the baseline, Optimised V1, and Optimised V2 geometries, indicating that smoother flow redistribution and the additional accumulator pathway reduced localised pressure accumulation and improved momentum preservation within the manifold.
Only the plantarflexion open-accumulator cases are presented graphically, as the dorsiflexion open-accumulator simulations produced negative gauge pressure values associated with the simplified 0 Pa accumulator boundary condition. 
[bookmark: _Toc231053130]Influence of Additive Manufacturing Surface Roughness
[bookmark: _Ref229848571]Although the comparative results demonstrated substantial reductions in hydraulic resistance through geometric optimisation, the simulations assumed hydraulically smooth internal surfaces. In practical AM applications, LPBF surface roughness may introduce additional wall shear effects, boundary-layer disruption, frictional losses and partially offset these improvements. Consequently, an additional sensitivity study was undertaken to determine whether the optimisation benefits remained significant under representative LPBF surface conditions. A comparison between the hydraulically smooth and LPBF roughness Optimised V2 plantarflexion closed-accumulator pressure contours is presented in Figures 31 and 35.
[bookmark: _Ref230023136][bookmark: _Toc231053071]Table 2 Comparison of average wall pressure between hydraulically smooth and LPBF roughness Optimised V2 configurations under all operating conditions.
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Table 2 demonstrates that LPBF-representative wall roughness increased hydraulic resistance across all directly comparable quantitative operating conditions relative to the hydraulically smooth Optimised V2 simulations. The largest increase occurred during the plantarflexion open-accumulator condition, where increased wall interaction and localised viscous dissipation increased hydraulic penalties by approximately 13.3%. Despite this increase, the roughened Optimised V2 geometry continued to demonstrate substantially lower internal flow losses than the baseline manifold across all comparable operating conditions, indicating that the optimisation benefits remained significant under realistic AM surface conditions.



[bookmark: _Toc231053131]Chapter 5 – Discussion 
[bookmark: _Toc231053132]Conventional Manifold Limitations and Baseline Flow Behaviour
The baseline manifold geometry indicated hydraulic behaviour commonly associated with conventionally drilled manifold architectures. Significant localised losses occurred around orthogonal junction regions, where abrupt directional changes generated pressure concentration, flow separation, and recirculation (Figure 20). This produced localised acceleration through intersecting galleries and unstable streamline development near the primary junction interfaces. These observations are consistent with the literature discussed in Sections 2.1, 2.3 and 2.5, where sharp directional transitions and intersecting drilled galleries are recognised as major contributors to turbulence generation and hydraulic inefficiency.
The results suggest that the baseline geometry was governed primarily by manufacturing constraints rather than hydraulic performance optimisation. Conventional subtractive manufacturing favours straight drilled galleries due to reduced machining complexity, lower production cost, and shorter manufacturing time. However, these advantages inherently limit the development of continuous internal flow paths and transitional geometry capable of reducing hydraulic resistance.
The comparative hydraulic energy dissipation observed during both plantarflexion and dorsiflexion conditions demonstrates the compromise between manufacturing practicality and hydraulic performance within traditional manifold design. Although conventional drilling techniques remain economically efficient and highly manufacturable, the resulting orthogonal gallery architecture promotes flow instability and elevated energy dissipation. These findings support the need for alternative design methodologies capable of improving internal flow behaviour without compromising manufacturability.

[bookmark: _Toc231053133]Influence of Geometric Optimisation on Hydraulic Performance
The optimised manifold geometries demonstrated substantial reductions in hydraulic resistance relative to the baseline orthogonal gallery configuration. Progressive refinement of the internal flow paths reduced average wall pressure across both plantarflexion and dorsiflexion conditions, indicating improved momentum preservation and reduced localised energy dissipation. The largest improvement occurred between the baseline and Optimised V1 configurations, suggesting that replacement of abrupt orthogonal intersections with smoother transitional geometry produced the greatest reduction in hydraulic resistance. This behaviour is consistent with established internal-flow optimisation studies as discussed in sections 2.1, 2.3 and 2.5 where replacement of abrupt orthogonal junctions with smoother transitional geometry significantly reduces separation-induced pressure losses.
Further refinement through Optimised V2 continued to reduce internal flow losses, although with diminishing improvement relative to the initial optimisation stage.
The reduction in hydraulic inefficiency is attributed to the smoother internal flow transitions introduced during optimisation. The baseline geometry forced flow through abrupt directional changes that promoted separation and turbulence at intersecting junctions, consistent with the drilled manifold behaviour discussed in Sections 2.1 and 2.5. In contrast, the optimised geometries produced more continuous streamline development and reduced stagnation regions, particularly within the revised Y-junction regions of the Optimised V2 geometry, where pressure gradients appeared more evenly distributed relative to both the baseline and Optimised V1 configurations (Figures 20, 26 and 31).
The optimisation process also improved hydraulic consistency under reversed flow conditions. While the baseline manifold exhibited greater hydraulic resistance during dorsiflexion than plantarflexion, both Optimised V1 and Optimised V2 maintained comparatively stable pressure behaviour. This suggests that smoother internal flow guidance improved bidirectional hydraulic performance and reduced the energy required to redistribute hydraulic fluid between plantarflexion and dorsiflexion phases. Within the present prosthetic ankle system, this may improve actuator responsiveness, reduce energy dissipation, and lower overall hydraulic energy demand within compact performance-sensitive systems where packaging constraints and power efficiency remain important design considerations.
The optimisation results therefore demonstrate the limitations of manufacturability-driven manifold design approaches. Conventional drilled manifolds prioritise manufacturing simplicity and low production cost but inherently constrain internal flow routing to geometrically inefficient orthogonal passages. The present study indicated that substantial reductions in hydraulic resistance can be achieved when internal geometry is guided by flow behaviour and pressure-loss minimisation principles, consistent with the optimisation approaches discussed in Sections 2.3 and 2.5.
The optimisation process also highlights the increasing role of simulation-driven methodologies within hydraulic component development. CFD-guided optimisation enabled iterative refinement of the internal geometry without the cost and time associated with repeated physical prototyping. Although the optimised geometries introduce greater manufacturing complexity relative to conventionally drilled manifolds, the resulting hydraulic improvements may justify the increased production requirements in applications prioritising efficiency, compact packaging, and pressure-loss reduction.

[bookmark: _Toc231053134]Influence of Boundary Condition Assumptions on CFD Behaviour
Although the CFD methodology provided consistent comparative evaluation between manifold geometries, several modelling assumptions influenced the physical fidelity of the simulations. The most significant limitation was the simplified accumulator boundary condition discussed in Section 3.3.2. Consequently, the open-accumulator studies were interpreted primarily for qualitative assessment of flow redistribution behaviour, while the closed-accumulator configurations provided the primary basis for quantitative hydraulic performance comparison.
This limitation was particularly evident within the dorsiflexion open-accumulator studies, where negative gauge pressure values were observed. Although these values primarily reflected the simplified outlet-boundary representation rather than physically negative absolute pressures, they highlighted the hydraulic influence of the accumulator within the manifold system. In a physical hydraulic circuit, accumulator gas pre-charge pressure and fluid compressibility would moderate transient pressure behaviour more realistically than the simplified boundary condition applied in the present study. Consequently, the open-accumulator simulations were considered most suitable for qualitative assessment of flow redistribution and streamline behaviour, while the closed-accumulator configurations were regarded as more representative for direct hydraulic performance comparison.
Additional simplifications included omission of internal valve geometries, steady-state flow assumptions, and exclusion of cavitation and transient hydraulic effects. Valve internals were excluded to isolate the influence of manifold geometry on hydraulic resistance. Although inclusion of valve components would increase physical realism, it would also introduce additional localised flow disturbances unrelated to optimisation of the manifold galleries.
Despite these simplifications, the CFD methodology remained suitable for comparative optimisation analysis. Consistent boundary conditions, material properties, and solver settings were maintained throughout all simulations, allowing relative performance differences to be evaluated reliably. Furthermore, the simplified methodology reduced computational expense and simulation time, enabling efficient iterative optimisation while maintaining meaningful engineering evaluation between manifold configurations.

[bookmark: _Toc231053135]Additive Manufacturing Feasibility and Engineering Implications
The optimisation studies indicated that substantial improvements in hydraulic efficiency can be achieved through smoother internal flow transitions and revised junction geometries. However, the resulting geometries would be difficult or impractical to manufacture using conventional drilling-based methods, which inherently constrain internal flow routing to straight passages and orthogonal intersections due to tooling accessibility and machining limitations. Consequently, the present study demonstrates how AM may enable a transition from manufacturability-driven manifold design toward performance-driven hydraulic optimisation.
The Optimised V1 and Optimised V2 geometries introduced curved transitional passages and smoother bifurcation regions that reduced localised energy dissipation relative to the baseline manifold. Such flow-path complexity would be impractical to achieve through conventional drilling without extensive cross-drilling, additional plugs, or complex multi-part assemblies. AM therefore provides a practical route for producing geometries optimised for hydraulic performance rather than constrained by conventional machining requirements. This aligns with recent AM manifold research discussed in section 2.5 demonstrating that additive processes enable hydraulically optimised internal geometries impractical with conventional subtractive manufacturing.
Despite these advantages, the roughness sensitivity study indicated that additively manufactured internal surfaces introduce additional hydraulic penalties relative to hydraulically smooth geometries. The LPBF-representative roughness condition increased frictional flow losses across all quantitative operating conditions due to increased wall friction and momentum dissipation within the boundary layer, consistent with established internal flow theory and LPBF surface characteristics (Richermoz, et al., 2024).
Despite the increase in hydraulic resistance associated with realistic AM surface conditions, the roughened Optimised V2 geometry continued to outperform the baseline manifold across all comparable operating conditions (Figures 20 and 35). This suggests that the hydraulic benefits achieved through improved internal flow routing remained more significant than the additional frictional losses introduced by LPBF surface roughness.
Although direct experimental validation was beyond the scope of the present study, the observed reductions in hydraulic resistance associated with smoother flow transitions and reduced recirculation are consistent with established hydraulic manifold and internal-flow literature. Agreement between the predicted flow behaviour and published hydraulic-loss mechanisms provides additional confidence that the reported performance trends are physically realistic.
These findings demonstrate the trade-off between manufacturing practicality, production cost, and hydraulic performance within modern manifold design. Conventional drilled manifolds remain attractive due to low machining cost, rapid manufacture, and established fabrication workflows, but their orthogonal gallery architectures inherently promote hydraulic inefficiency. In contrast, AM introduces greater manufacturing complexity, post-processing requirements, and quality-assurance demands while enabling greater geometric freedom for hydraulic optimisation.
The economic viability of such optimisation strategies depends on production scale and application requirements. Conventional subtractive manufacturing remains more cost-effective for high-volume hydraulic systems, whereas the increased cost associated with AM may be more justifiable in lower-volume applications such as hydraulic prosthetic systems, where compact packaging, customisation, and hydraulic performance are prioritised. The substantial reductions in hydraulic resistance demonstrated throughout the optimisation studies therefore suggest that CFD-driven optimisation and AM may provide particular benefit within compact performance-sensitive hydraulic systems.
Additional challenges associated with AM manifold production include support removal, trapped powder extraction, dimensional tolerance control, and post-processing accessibility within enclosed passages. Sealing surfaces and threaded interfaces would likely require secondary machining, while inspection of complex internal geometries may require advanced non-destructive evaluation techniques such as X-ray computed tomography, increasing manufacturing complexity and cost. Consequently, practical implementation remains dependent on balancing hydraulic performance benefits against manufacturing, inspection, and post-processing requirements.



[bookmark: _Toc231053136]Chapter 6 – Conclusion 
This project investigated the optimisation of hydraulic manifold geometry using a CFD-driven design methodology integrated with AM considerations. The primary aim was to develop and evaluate an optimised manifold capable of reducing predicted hydraulic resistance and improving internal flow behaviour under representative hydraulic operating conditions. The study specifically addressed the limitations associated with conventionally drilled manifolds, where orthogonal galleries, abrupt directional changes, and manufacturing constraints often generate unnecessary pressure losses and increased flow instability.
The baseline manifold analysis indicated clear hydraulic inefficiencies associated with traditional subtractive manufacturing methods. Pressure contours and streamline behaviour showed that orthogonal junctions and abrupt directional changes generated significant localised pressure gradients, recirculation regions, and unstable velocity development. Under closed-accumulator conditions, the baseline manifold produced average wall pressures of approximately 854.8 Pa during plantarflexion and 858.2 Pa during dorsiflexion, indicating substantial hydraulic resistance caused by restrictive internal flow routing. These results supported the findings discussed throughout the literature review, where conventional drilling-based manifold architectures were shown to prioritise manufacturing practicality over hydraulic efficiency.
The optimisation studies indicated that substantial reductions in predicted hydraulic resistance could be achieved through smoother internal flow transitions and revised junction geometries. Optimised V1 significantly reduced hydraulic resistance by replacing abrupt orthogonal intersections with smoother transitional passages and improved bifurcation regions. Under plantarflexion closed-accumulator conditions, the Optimised V1 geometry reduced average wall pressure from 854.8 Pa to approximately 488.4 Pa, representing an approximate 42.9% reduction in hydraulic resistance. Similar improvements were observed during dorsiflexion, where average wall pressure reduced from approximately 858.2 Pa to 481 Pa. These results indicated that the largest reductions in hydraulic resistance were achieved during the initial optimisation stage, where the most severe flow discontinuities were removed.
Further refinement through Optimised V2 produced additional reductions in hydraulic resistance. Under plantarflexion closed-accumulator conditions, average wall pressure reduced further to approximately 391 Pa, representing an overall reduction of approximately 54.3% relative to the baseline manifold. Dorsiflexion conditions produced an average wall pressure of approximately 443 Pa, corresponding to an approximate 48.3% reduction relative to the baseline configuration. Although the second optimisation stage produced smaller incremental improvements than the initial optimisation, the results indicated that iterative refinement of internal flow routing continued to reduce localised hydraulic losses and promote more stable flow development.
The optimisation objectives established at the beginning of the project were therefore achieved within the scope of the comparative CFD methodology adopted. The study indicated that CFD-guided optimisation could significantly reduce hydraulic resistance while remaining compatible with representative packaging and manufacturability constraints. The optimised geometries consistently produced smoother streamline development, reduced recirculation behaviour, and more stable pressure distribution under both plantarflexion and dorsiflexion conditions. Additionally, the optimised designs demonstrated more consistent pressure behaviour under bidirectional flow conditions, indicating reduced sensitivity to flow reversal relative to the baseline manifold.
The study also investigated the influence of AM surface roughness on hydraulic performance. Previous simulations assumed hydraulically smooth internal walls; however, realistic LPBF-produced surfaces introduce increased roughness that may elevate frictional losses. The roughness sensitivity study indicated that LPBF-representative wall roughness increased hydraulic resistance across all operating conditions due to increased wall friction and momentum dissipation within the boundary layer. Despite this increase, the roughened Optimised V2 geometry continued to outperform the baseline manifold across all comparable operating conditions. This indicated that the hydraulic benefits achieved through smoother flow routing and reduced geometric discontinuities remained more significant than the additional frictional losses associated with realistic additively manufactured surface conditions.
From an engineering perspective, the project demonstrated the limitations of manufacturability-driven hydraulic manifold design. Conventional drilled manifolds remain attractive due to established production methods, low manufacturing cost, and rapid machining processes; however, their internal geometry inherently promotes localised hydraulic inefficiencies. In contrast, the optimised geometries developed within this study introduced curved transitional passages and smoother junction regions that would be difficult or impractical to manufacture using conventional drilling-based methods. The study therefore indicated how AM enables a transition from manufacturing-constrained geometry toward performance-driven hydraulic optimisation.
The findings demonstrate potential industrial relevance, particularly for compact and performance-sensitive hydraulic systems where efficiency is prioritised. Reduced hydraulic resistance may improve actuator responsiveness, reduce energy dissipation, and lower overall hydraulic power requirements within compact systems such as prosthetic hydraulic devices. Furthermore, the integration of CAD, CFD, and optimisation methodologies within a single workflow demonstrates the potential for simulation-driven development processes to reduce iterative prototyping requirements and accelerate hydraulic component design.
Overall, this project successfully indicated that CFD-driven optimisation combined with AM design principles can substantially reduce hydraulic resistance within hydraulic manifold geometries relative to conventionally drilled geometries. The results confirmed that smoother internal flow routing substantially reduces hydraulic resistance while maintaining practical engineering feasibility, supporting the potential use of performance-driven manifold optimisation enabled by advanced computational analysis and AM technologies.



[bookmark: _Toc231053137]Chapter 7 – Limitations and Recommended Further Work 
Although the present study demonstrated measurable reductions in hydraulic pressure loss through CFD-driven geometric optimisation, several areas remain where further investigation could improve practical applicability and industrial relevance.
The most significant area for future work is manufacture and experimental validation of a physical prototype manifold. The current investigation relied entirely on CFD analysis to compare hydraulic performance between the baseline and optimised geometries. Although the numerical methodology provided consistent comparative results, experimental testing would be required to validate simulated pressure losses and flow behaviour under representative operating conditions. Future work should therefore involve manufacture of LPBF prototype manifolds and hydraulic testing using controlled flow loops, pressure transducers, and flow measurement instrumentation. Experimental testing would additionally allow assessment of dimensional tolerances, internal porosity, surface roughness variation, and leakage behaviour that cannot be fully represented numerically.
Future investigations should also expand optimisation beyond the current manifold configuration. The present study focused on a compact hydraulic manifold with a limited number of internal flow passages and valve interfaces. Additional work could investigate larger and more complex hydraulic systems involving multiple intersecting flow circuits, integrated valve cavities, or distributed hydraulic networks to determine whether the hydraulic benefits observed in the present study remain achievable as manifold complexity increases. Alternative manifold architectures such as lattice-supported structures, organically routed channels, and biomimetic flow-path geometries manufacturable only through AM could also be investigated.
A further recommendation is completion of a detailed techno-economic assessment comparing AM with conventional subtractive manufacturing. Although the present study suggested that AM enables geometries capable of substantially reducing hydraulic losses, economic viability remains dependent on production volume, manufacturing time, and post-processing requirements. Future work should therefore determine the production quantity at which AM performance advantages are outweighed by increased manufacturing cost per unit.
This assessment should consider LPBF build time, machine operating cost, material consumption, support structures, post-processing, machining allowances, and inspection requirements, alongside equivalent conventional manufacturing costs including drilling operations, tooling, assembly complexity, and labour time. Comparing total manufacturing cost against production quantity would allow identification of the crossover point at which conventional manufacturing becomes economically preferable.
Manufacturing lead times should also be evaluated, as AM may remain advantageous for low-volume or highly customised production despite higher unit cost, whereas conventional machining may become preferable for larger production batches due to reduced-per-unit cycle time and economies of scale. Such analysis would clarify where AM provides the greatest engineering and economic benefit within hydraulic manifold production.
Future investigations could additionally explore topology optimisation as discussed in sections 2.2 and 2.5 to further reduce manifold mass and improve compactness, particularly within prosthetic hydraulic systems where lightweight design and packaging constraints are critical. Integrating CFD-driven flow optimisation with structural topology optimisation may allow development of manifolds that simultaneously minimise hydraulic resistance, material usage, and overall component envelope. More broadly, such approaches may benefit aerospace, motorsport, and mobile hydraulic applications requiring compact high-performance hydraulic systems.
Further investigation into alternative manufacturing routes such as investment casting using lost-wax moulding techniques is also recommended. Lost-wax casting may provide a compromise between AM geometric freedom and reduced per-unit cost at higher production volumes. Future studies could therefore investigate whether CFD-optimised flow paths could first be produced using AM sacrificial patterns for investment casting. Comparative analysis between LPBF, lost-wax casting, and conventional subtractive manufacturing could then establish the production ranges where each method becomes economically and practically advantageous.
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[bookmark: _Toc231053140]Phase 1 Planning and Research Project Plan
[image: ]
[bookmark: _Toc231052988]Figure 38 Phase 1 project planning Gantt chart showing planned and actual task durations for the research and literature review stage.
[bookmark: _Toc231053141]Phase 2 CAD Development Project Plan 
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[bookmark: _Toc231052989]Figure 39 Phase 2 project planning Gantt chart showing planned and actual durations for CAD development and fluid-domain preparation activities.
[bookmark: _Toc231053142]Phase 3 CFD Setup Project Plan
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[bookmark: _Toc231052990]Figure 40 Phase 3 project planning Gantt chart showing planned and actual durations for CFD setup, mesh generation, and mesh refinement activities.
[bookmark: _Toc231053143]Phase 4 Baseline CFD Analysis Project Plan
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[bookmark: _Toc231052991]Figure 41 Phase 4 project planning Gantt chart showing planned and actual durations for baseline CFD simulation, solver setup, and post-processing activities.
[bookmark: _Toc231053144]Phase 5 Optimisation Project Plan 
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[bookmark: _Toc231052992]Figure 42 Phase 5 project planning Gantt chart showing planned and actual durations for generative design setup, optimisation iterations, and design evaluation activities.
[bookmark: _Toc231053145]Phase 6 Comparative Analysis Project Plan 
[image: ]
[bookmark: _Toc231052993]Figure 43 Phase 6 project planning Gantt chart showing planned and actual durations for generative design setup, comparative analysis of optimisation and performance activities.
[bookmark: _Toc231053146]Phase 7 Reporting Project Plan
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[bookmark: _Toc231052994]Figure 44 Phase 7 project planning Gantt chart showing planned and actual durations for project report writing and editing activities.
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[bookmark: _Ref231028117][bookmark: _Toc231053147]Appendix 2 
[image: SAE_J1926-1_ISO_11926-1]
[bookmark: _Toc231052995]Figure 45 SAE J1926-1 hydraulic fitting dimensions showing nominal SAE dash sizes and corresponding tube outside diameters, specifically SAE dash size -8 equivalent to a 1/2 inch (12.7 mm) nominal hydraulic passage diameter (JIAYUAN, 2019).
[image: ]
[bookmark: _Toc231052996]Figure 46 Hydraulic line velocity and flow-rate relationship for standard pipe sizes, used to justify the selection of a representative inlet velocity of 0.9144 m/s for the CFD simulations.
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[bookmark: _Toc231053149]Manufacturability Assessment
The optimised geometry was assessed for AM feasibility through sectional analysis of the flow passages and evaluation of a representative LPBF build orientation. The redesigned manifold maintained continuous powder evacuation pathways when oriented from the largest external face with the accumulator-port opening facing upward (Figures 52 and 53). The geometry avoids extensive unsupported horizontal features, while the predominantly self-supporting curved transitions demonstrate improved manufacturability relative to abrupt orthogonal junctions (see Figure 118 for further reference).
The assessment additionally considered overhang behaviour, support accessibility, enclosed flow passages, and practical build-orientation constraints associated with LPBF manufacture. Although local overhang regions remained near several valve-interface transitions, and post-processing operations would likely be required for residual powder removal and internal surface finishing, the geometry remained broadly compatible with current metal LPBF manufacturing capabilities. Additional secondary machining operations would also likely be necessary to tap the port interfaces and achieve standardised hydraulic threaded connections and sealing surfaces following manufacture.
[bookmark: _Toc231053150]Evaluation Of Powder Traps and Unsupported Sections 
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[bookmark: _Toc231052997]Figure 47 Section analysis through the vertical gallery at a slicing depth of −50 mm from the cylinder port face.
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[bookmark: _Toc231052998]Figure 48 Section analysis through the lower horizontal gallery at a slicing depth of −80 mm from cylinder port face.
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[bookmark: _Toc231052999]Figure 49 section analysis through the second vertical at a slicing depth -110mm from cylinder port face. 
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[bookmark: _Toc231053000]Figure 50 Section analysis through the primary internal gallery network at a slicing depth of −50 mm from the accumulator-port face
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[bookmark: _Toc231053001]Figure 51 Top-down section analysis through the upper manifold galleries at a slicing depth of −20 mm.
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[bookmark: _Toc231053002]Figure 52 Section analysis through the lower manifold galleries at a slicing depth of −80 mm from the top face.
[bookmark: _Toc231053151]Build Direction
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[bookmark: _Ref230885961][bookmark: _Toc231053003]Figure 53 Representative LPBF build orientation illustrating minimised unsupported internal overhang regions within the optimised manifold geometry.
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[bookmark: _Ref230885963][bookmark: _Toc231053004]Figure 54 Representative LPBF build orientation viewed from the manifold side profile, illustrating self-supporting internal transitions.
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[bookmark: _Toc231053153]Baseline CFD Supplementary CFD Results 
[bookmark: _Toc231053154]Baseline Plantarflexion with Closed Accumulator Study
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[bookmark: _Toc231053005]Figure 55 Baseline plantarflexion closed-accumulator convergence behaviour over 100 solver iterations.
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[bookmark: _Toc231053006]Figure 56 Average wall pressure measurement for the baseline plantarflexion closed-accumulator condition.
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[bookmark: _Toc231053007]Figure 57 Velocity magnitude contour of the baseline plantarflexion closed-accumulator condition.
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[bookmark: _Toc231053008]Figure 58 Streamline trace plot of the baseline plantarflexion closed-accumulator condition.
[bookmark: _Toc231053155]Baseline Plantarflexion with Open Accumulator Study
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[bookmark: _Toc231053009]Figure 59 Baseline plantarflexion open-accumulator convergence behaviour over 100 solver iterations.
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[bookmark: _Toc231053010]Figure 60 Average wall pressure measurement for the baseline plantarflexion open-accumulator condition.
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[bookmark: _Toc231053011]Figure 61 Velocity magnitude contour of the baseline plantarflexion open-accumulator condition.
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[bookmark: _Toc231053012]Figure 62 Streamline trace plot of the baseline plantarflexion open-accumulator condition.
[bookmark: _Toc231053156]Baseline Dorsiflexion with Closed Accumulator Study
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[bookmark: _Toc231053013]Figure 63 Baseline dorsiflexion closed-accumulator convergence behaviour over 100 solver iterations.
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[bookmark: _Toc231053014]Figure 64 Average wall pressure measurement for the baseline dorsiflexion closed-accumulator condition.
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[bookmark: _Toc231053015]Figure 65 Velocity magnitude contour of the baseline dorsiflexion closed-accumulator condition.
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[bookmark: _Toc231053016]Figure 66 Streamline trace plot of the baseline dorsiflexion closed-accumulator condition.
[bookmark: _Toc231053157]Baseline Dorsiflexion with Open Accumulator Study
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[bookmark: _Toc231053017]Figure 67 Baseline dorsiflexion open-accumulator convergence behaviour over 100 solver iterations.
[image: ]
[bookmark: _Toc231053018]Figure 68 Average wall pressure measurement for the baseline dorsiflexion open-accumulator condition.
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[bookmark: _Toc231053019]Figure 69 Velocity magnitude contour of the baseline dorsiflexion open-accumulator condition.
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[bookmark: _Toc231053020]Figure 70 Streamline trace plot of the baseline dorsiflexion open-accumulator condition.
[bookmark: _Toc231053158]Optimised V1 Supplementary CFD Results 
[bookmark: _Toc231053159]Optimised V1 Plantarflexion with Closed Accumulator Study 
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[bookmark: _Toc231053021]Figure 71 Optimised V1 plantarflexion closed-accumulator convergence behaviour over 100 solver iterations.
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[bookmark: _Toc231053022]Figure 72 Average wall pressure measurement for the Optimised V1 plantarflexion closed-accumulator condition.
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[bookmark: _Toc231053023]Figure 73 Velocity magnitude contour of the Optimised V1 plantarflexion closed-accumulator condition.
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[bookmark: _Toc231053024]Figure 74 Streamline trace plot of the Optimised V1 plantarflexion closed-accumulator condition.
 
[bookmark: _Toc231053160]Optimised V1 Plantarflexion with Open Accumulator Study
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[bookmark: _Toc231053025]Figure 75 Optimised V1 plantarflexion open-accumulator convergence behaviour over 100 solver iterations.
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[bookmark: _Toc231053026]Figure 76 Average wall pressure measurement for the Optimised V1 plantarflexion open-accumulator condition.
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[bookmark: _Toc231053027]Figure 77 Velocity magnitude contour of the Optimised V1 plantarflexion open-accumulator condition.
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[bookmark: _Toc231053028]Figure 78 Streamline trace plot of the Optimised V1 plantarflexion open-accumulator condition.
[bookmark: _Toc231053161]Optimised V1 Dorsiflexion with Closed Accumulator Study 
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[bookmark: _Toc231053029]Figure 79 Optimised V1 dorsiflexion closed-accumulator convergence behaviour over 100 solver iterations.
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[bookmark: _Toc231053030]Figure 80 Average wall pressure measurement for the Optimised V1 dorsiflexion closed-accumulator condition.
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[bookmark: _Toc231053031]Figure 81 Velocity magnitude contour of the Optimised V1 dorsiflexion closed-accumulator condition.
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[bookmark: _Toc231053032]Figure 82 Streamline trace plot of the Optimised V1 dorsiflexion closed-accumulator condition.
[bookmark: _Toc231053162]Optimised V1 Dorsiflexion with Open Accumulator Study
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[bookmark: _Toc231053033]Figure 83 Optimised V1 dorsiflexion open-accumulator convergence behaviour over 100 solver iterations.
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[bookmark: _Toc231053034]Figure 84 Average wall pressure measurement for the Optimised V1 dorsiflexion open-accumulator condition.
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[bookmark: _Toc231053035]Figure 85 Velocity magnitude contour of the Optimised V1 dorsiflexion open-accumulator condition.
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[bookmark: _Toc231053036]Figure 86 Streamline trace plot of the Optimised V1 dorsiflexion open-accumulator condition.
[bookmark: _Toc231053163]Optimised V2 Supplementary CFD Results 
[bookmark: _Toc231053164] Optimised V2 Plantarflexion with Closed Accumulator Study
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[bookmark: _Toc231053037]Figure 87 Optimised V2 plantarflexion closed-accumulator convergence behaviour over 100 solver iterations.
 
[image: ]
[bookmark: _Toc231053038]Figure 88 Average wall pressure measurement for the Optimised V2 plantarflexion closed-accumulator condition.
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[bookmark: _Toc231053039]Figure 89 Velocity magnitude contour of the Optimised V2 plantarflexion closed-accumulator condition.
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[bookmark: _Toc231053040]Figure 90 Streamline trace plot of the Optimised V2 plantarflexion closed-accumulator condition.

[bookmark: _Toc231053165]Optimised V2 plantarflexion with Open Accumulator Study
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[bookmark: _Toc231053041]Figure 91 Optimised V2 plantarflexion open-accumulator convergence behaviour over 100 solver iterations.
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[bookmark: _Toc231053042]Figure 92 Average wall pressure measurement for the Optimised V2 plantarflexion open-accumulator condition.
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[bookmark: _Toc231053043]Figure 93 Velocity magnitude contour of the Optimised V2 plantarflexion open-accumulator condition.
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[bookmark: _Toc231053044]Figure 94 Streamline trace plot of the Optimised V2 plantarflexion open-accumulator condition
[bookmark: _Toc231053166]Optimised V2 Dorsiflexion with Closed Accumulator Study
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[bookmark: _Toc231053045]Figure 95 Optimised V2 dorsiflexion closed-accumulator convergence behaviour over 100 solver iterations.
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[bookmark: _Toc231053046]Figure 96Average wall pressure measurement for the Optimised V2 dorsiflexion closed-accumulator condition.
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[bookmark: _Toc231053047]Figure 97 Velocity magnitude contour of the Optimised V2 dorsiflexion closed-accumulator condition.
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[bookmark: _Toc231053048]Figure 98 Streamline trace plot of the Optimised V2 dorsiflexion closed-accumulator condition.
[bookmark: _Toc231053167]Optimised V2 Dorsiflexion with Open Accumulator 
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[bookmark: _Toc231053049]Figure 99Optimised V2 dorsiflexion open-accumulator convergence behaviour over 100 solver iterations
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[bookmark: _Toc231053050]Figure 100 Average wall pressure measurement for the Optimised V2 dorsiflexion open-accumulator condition.
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[bookmark: _Toc231053051]Figure 101 Velocity magnitude contour of the Optimised V2 dorsiflexion open-accumulator condition.
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[bookmark: _Toc231053052]Figure 102 Streamline trace plot of the Optimised V2 dorsiflexion open-accumulator condition.
[bookmark: _Toc231053168]Optimised V2 AM Realistic Surface Roughness Supplementary CFD Results 
[bookmark: _Toc231053169]Optimised V2 Rough Surface Plantarflexion with Closed Accumulator Study 
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[bookmark: _Toc231053053]Figure 103 Optimised V2 LPBF roughness-condition convergence behaviour over 100 solver iterations
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[bookmark: _Toc231053054]Figure 104 Average wall pressure measurement for the Optimised V2 LPBF roughness-condition simulation.
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[bookmark: _Toc231053055]Figure 105Velocity magnitude contour of the Optimised V2 LPBF roughness-condition simulation.
 [image: ]
[bookmark: _Toc231053056]Figure 106 Streamline trace plot of the Optimised V2 LPBF roughness-condition simulation.
[bookmark: _Toc231053170]Optimised V2 Rough Surface Plantarflexion with Open Accumulator Study
[image: ]
[bookmark: _Toc231053057]Figure 107Optimised V2 LPBF roughness-condition convergence behaviour over 100 solver iterations.
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[bookmark: _Toc231053058]Figure 108 Average wall pressure measurement for the Optimised V2 LPBF roughness-condition simulation.
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[bookmark: _Toc231053059]Figure 109 Velocity magnitude contour of the Optimised V2 LPBF roughness-condition simulation.
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[bookmark: _Toc231053060]Figure 110 Streamline trace plot of the Optimised V2 LPBF roughness-condition simulation.
[bookmark: _Toc231053171]Optimised V2 Rough Surface Dorsiflexion with Closed Accumulator Study
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[bookmark: _Toc231053061]Figure 111 Optimised V2 LPBF roughness-condition convergence behaviour over 100 solver iterations.
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[bookmark: _Toc231053062]Figure 112 Average wall pressure measurement for the Optimised V2 LPBF roughness-condition simulation.
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[bookmark: _Toc231053063]Figure 113Velocity magnitude contour of the Optimised V2 LPBF roughness-condition simulation.
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[bookmark: _Toc231053064]Figure 114 Streamline trace plot of the Optimised V2 LPBF roughness-condition simulation.

[bookmark: _Toc231053172]Optimised V2 Rough Surface Dorsiflexion with Open Accumulator Study
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[bookmark: _Toc231053065]Figure 115 Optimised V2 LPBF roughness-condition convergence behaviour over 100 solver iterations.
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[bookmark: _Toc231053066]Figure 116 Average wall pressure measurement for the Optimised V2 LPBF roughness-condition simulation.
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[bookmark: _Toc231053067]Figure 117 Velocity magnitude contour of the Optimised V2 LPBF roughness-condition simulation.
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[bookmark: _Toc231053068]Figure 118 Streamline trace plot of the Optimised V2 LPBF roughness-condition simulation.
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[bookmark: _Toc231053174]View of V2 Engineering Drawing 
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[bookmark: _Ref230886356][bookmark: _Toc231053069]Figure 119 General arrangement drawing of the Optimised V2 manifold geometry, illustrating the overall external envelope dimensions, internal gallery layout, and representative LPBF-oriented manifold configuration.
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