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Abstract

This study aimed to minimise the hydrofoil wing’s mass while keeping maximum displacement no greater than a 2mm steel baseline under two 500N loads applied at the centre of each side. A like-for-like finite element model was used for steel and carbon fibre with the same automatic mesh and boundary conditions, and an optimisation varied integer counts of unidirectional CFRP plies at −90/−45/0/+45/+90 with a 0.1mm ply thickness. The optimiser was capped at 30 cycles; the continuous sizing stage converged by cycle 10, and after enforcing integer plies the design reconverged by cycle 11. The final CFRP design deflects 7.4×10⁻³ m versus 8.6×10⁻³ m for steel (≈14% lower) and weighs 0.116261944kg versus 0.46504778kg (≈75% lower), so the displacement constraint is met with a large weight saving. Relative to the initial unoptimised CFRP assessment (2.3×10⁻² m deflection), the optimisation reduced displacement to 7.4×10⁻³ m. The final lay-up used integer ply counts by layers 1–5 of: 2, 3, 14, 6, 15. Recommendation: adopt the optimised CFRP lay-up to realise the weight saving while meeting stiffness, then carry out a simple load–deflection lab correlation and basic strength and fatigue checks, alongside a quick manufacturing review of ply sequencing and cure schedule, before release.
[bookmark: _Toc212407457]Introduction

Hydrofoil wings must be stiff enough to hold their shape under load, so the flow stays attached and the lift is predictable. Any excess flex changes the angle of attack and degrades performance, so stiffness is a primary design driver. This assignment focuses on using finite element analysis and optimisation to design a composite wing that achieves the required stiffness with the least possible mass.
The problem is defined against a simple baseline: a 2mm steel wing. Under a 500N vertical load applied at the centre of each side, the composite design must meet or improve the steel wing’s maximum deflection while minimising mass. The laminate is built from 0.1mm unidirectional CFRP plies, and the design variables are the integer numbers of plies at −90, −45, 0, +45 and +90 degrees, see Table 1 in the Appendix. The objective is mass minimisation subject to a displacement constraint equivalent to or better than steel.
For ease of navigation, Task 1 is in Section 2; Task 2 in Sections 2.5–2.8; Task 3 in Section 3; Task 4 in Section 4; and Task 5 in Section 5.













[bookmark: _Toc212407458]Literature review: optimisation in FEA 

In finite element analysis (FEA), optimisation adds a search on top of the model to meet a goal; often lower mass, while staying within limits such as a cap on displacement or stress. The primary optimisation categories include altering section dimensions (sizing), modifying geometries (shape), distributing material within a given volume (topology), and adjusting local thicknesses across elements (topometry). For composites there is laminate/ply-stack optimisation, where the variables are ply counts and angles with manufacturing rules such as balance and symmetry (Bendsøe and Sigmund, 2003). Objectives commonly minimise mass or compliance (strain energy; lower compliance means higher stiffness), with constraints on displacement, stress and buckling (Tang, 2024).
FEA optimisation methods fall into two groups. Gradient based methods often use an adjoint step that, in a single analysis, tells how each output would change if each variable were nudged. This provides the sensitivities. These methods are efficient and scale well when variables are continuous (for example, thickness values), so they are the usual choice for large sizing or material layout problems (Martins & Ning, 2022; Tang, 2024). When the variables are discrete (for example, whole ply counts or fixed angles), global search methods are useful because they can cope with practical manufacturing rules, although they usually need more FEA runs. These methods keep a population of candidate lay ups, combine the better ones, and systematically tweak them (Jalili et al., 2022; Kumpati et al., 2024). In composite work, a practical workflow is to optimise a continuous laminate first and then turn it into whole ply counts that can be made, based on those results. This step is often called stacking sequence retrieval (Sprengholz et al., 2021; Wulff et al., 2024).

[bookmark: _Toc212407459]Historical development and current practice

Modern practice builds on the SIMP/homogenisation era that made topology optimisation practical; the field-standard text by Bendsøe and Sigmund remains the core reference for sizing, shape and topology (Bendsøe and Sigmund, 2003). Contemporary reviews show steady progress from simple linear cases to stress-constrained and nonlinear problems closer to real structures (Tang, 2024). In composites, practical workflows set allowable ply orientations and basic manufacturing rules (balance, symmetry, minimum percentages), then solve for discrete ply counts and stacking sequences subject to structural limits such as displacement or stress (Tang, 2024). For the hydrofoil problem, the relevant step is the discrete laminate stage: integer ply counts at −90°,−45°,0°,+45° and +90° (0.1mm per ply) chosen to minimise mass while meeting the steel-equivalent displacement limit.
[bookmark: _Toc212407460]Pros and Cons

There are both pros and cons in a design cycle. The main benefit is traceability: optimisation gives objective histories, constraint-violation plots and final design variables that can be audited, improving decisions and knowledge transfer (Tang, 2024). The trade-offs are computational cost and model dependence—poor loads or boundary conditions produce poor solutions. To cut cost, teams increasingly use a mix of coarse and detailed models (multi-fidelity) with surrogates to do most of the search and save detailed/high-fidelity FE for the best candidates (Fernández-Godino, 2023; Conti et al., 2024).

[bookmark: _Toc212407461]Uncertainty and validation. 

Loads and material data vary, so robust and reliability-based design optimisation (RBDO) aim to meet limits with a target probability rather than at a single point (Hu et al., 2024). For this study, validation is a direct test-to-simulation check of centre deflection under 500N; if the result falls outside a defined acceptance band, tune basic parameters (for example, elastic modulus within datasheet limits) and re-run. Digital image correlation (DIC) can provide full-field strain/deflection to support this process (He et al., 2024). Surrogate models help explore designs quickly and keep the detailed FE checks focused (Fernández-Godino, 2023).

[bookmark: _Toc212407462]Future directions

A practical next step is to screen designs with a quick predictive model, then check the final choice is robust. Run the full FE model for a small, planned set of integer layups to fit that simple model, re-test only the best few with the full FE model, and finally vary the 500N load and the material stiffness values from the data sheet to confirm the chosen layup still meets the displacement cap with a target confidence (Conti et al., 2024; Fernández-Godino, 2023; Hu et al., 2024).
These two steps fit the aim of minimising mass with a hard displacement limit using integer ply counts at −90/−45/0/+45/+90 (ply thickness 0.1mm). The fast approximate calculator reveals thickness/stiffness trends and cheaply screens many lay-ups so that only the best are re-checked with the full FE model (Fernández-Godino, 2023). The uncertainty check then varies loads and material data within realistic ranges to estimate the chance that displacement stays at or below the steel baseline, which supports a more robust final choice without extra prototypes (Hu et al., 2024). Used together, these steps keep decisions auditable via objective histories, constraint-violation plots and the final lay-up (Tang, 2024). 

[bookmark: _Toc212407463]Geometry and mesh

For context, the simplified hydrofoil wing model from the assignment was used. To keep results like-for-like, both the 2mm steel baseline and the CFRP assessment ran with the same automatic mesh and unchanged element settings. Element normals were checked so that laminate reference directions were applied consistently, as shown in Figure 1 below.

[image: ]
[bookmark: _Toc212408586]Figure 1 - Element normals facing the same direction (Altair, 2023)

[bookmark: _Toc212407464]Materials and lay-up

The baseline used steel at 2mm thickness. The composite model used unidirectional (UD) CFRP with the properties given in the brief. Such as the thickness of the material as set in Figure 2. 
[image: ]
[bookmark: _Toc212408587]Figure 2 - Setting thickness of CFRP (Altair, 2023)

Figure 3 clearly displays the properties. Each ply thickness is 0.1mm, and 0° runs fore–aft along the wing, as specified. The initial laminate was 25 plies arranged as 5×(−90/−45/0/+45/+90). See Figure 2 for an example of how the layers are specified in design studio.

[image: ]
[bookmark: _Toc212408588]Figure 3 - Material Properties input into Design Studio for CFRP (Altair, 2023)
[image: ]
[bookmark: _Toc212408589]Figure 4 - Example of layer set up (Altair, 2023)

[bookmark: _Toc212407465]Boundary conditions and loading

The supports provided with the model were used and a 500N vertical load was applied at the centre of each side of the wing. Using the same supports and the same 500N load for both materials makes the deflection comparison valid

[bookmark: _Toc212407466]Initial results

The 2mm steel baseline gave a maximum vertical deflection of 8.6×10⁻³ m, as shown in Figure 5. The initial 25-ply CFRP assessment (before introducing optimisation variables and constraints) deflected 2.3×10⁻² m (Figure 6), which is larger than steel, so it did not meet the requirement at this stage. Both results were produced with the same mesh, supports and loads described above. These values set the target for later work: the composite design must achieve displacement ≤ the 2mm steel wing while minimising mass. For context only, the optimised CFRP (reported in Task 3) achieved 7.4×10⁻³ m and met the constraint. 

[image: A computer screen shot of a rainbow flag
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[bookmark: _Toc212408590]Figure 5 - 2mm steel baseline gave a maximum vertical deflection of 8.6×10⁻³ m (Altair, 2023)
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[bookmark: _Toc212408591]Figure 6 - CFRP deflection before optimisation (Altair, 2023)









[bookmark: _Toc212407467]Optimisation: to minimise mass with a displacement constraint 

[bookmark: _Toc212407468]Problem definition

Objective: minimise mass.
Constraint: peak displacement must be less than or equal to the 2mm steel baseline value of 8.6×10⁻³ m under the same loading.
Design variables: integer ply counts across 5 layers at −90°,−45°,0°,+45°,+90° (whole plies only). Each ply is 0.1mm thick. The 0° direction is fore–aft.
Loads and comparators: the same automatic mesh and the same boundary conditions/load were used for steel and CFRP. A 500N load was applied at the centre of each side, as per the brief. Locked results:
• Steel baseline: mass 0.46504778kg; deflection 8.6×10⁻³m.
• Final CFRP: mass 0.116261944kg; deflection 7.4×10⁻³m.

[bookmark: _Toc212407469]Method

[bookmark: _Toc212407470]What was done

The 2mm steel wing was used as the baseline. The same geometry, automatic mesh, boundary conditions and loads were retained, and the material was then changed to a unidirectional CFRP laminate so that results were directly comparable (Figure 7). All finite element pre and post processing and the optimisation were carried out in Altair Design Studio and Genesis 2023 on Windows 11 (Altair, 2023).
[image: A screenshot of a computer
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[bookmark: _Toc212408592]Figure 7 - Changing the steel wing to CFRP in Design Studio (Altair, 2023)

Five design layers were created, one per fibre angle −90,−45,0,+45,+90, where 0° is fore aft). The thickness of each layer was the design variable. Each thickness variable was attached to the matching PCOMP layer using Design > Sizing, see Figure 8. Lower bounds were set to be non-negative and upper bounds were set to keep the laminate within realistic manufacturing limits. No symmetry or balance rules were enforced. 
A gradient based sizing optimisation was run to minimise mass. A single peak displacement constraint was set equal to the steel baseline value of 8.6×10^−3 m under the same total load of 500 N applied at the centre of each side. Optimisation stopped at a maximum of 30 design cycles. After the continuous solution stabilised, each layer was set to whole 0.1 mm plies and feasibility rechecked (Figure 9). Figure 10 illustrates that without discretisation the optimiser can propose non-integer ply counts, which are not manufacturable.
[image: A screenshot of a computer
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[bookmark: _Toc212408593]Figure 8 - Thickness of layers set (Altair, 2023)

[image: ]
[bookmark: _Toc212408594]Figure 9 – Design cycle history post to introducing integer ply discrete variable (Altair, 2023)

[image: A red rectangular object with black lines
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[bookmark: _Toc212408595]Figure 10 - Unrealistic ply count suggested on optimised solution, before discrete integer ply variable applied (Altair, 2023)

[bookmark: _Toc212407471]Bounds and rules 

An upper limit on layer thickness kept the laminate within realistic manufacturing limits. Symmetry and balance rules were not enforced in the optimiser because the task was stiffness driven. The final stack remained feasible and within the displacement cap.
Constraint handling and stopping. The objective was to minimise mass (Figure 11). A single peak displacement constraint was set to the steel baseline value (Figure 12). The design cycle cap was set to 30. Convergence occurred within this limit: prior to the integer ply discrete variable, the final design was reached at cycle 10 of 30 (Figure 13).

[image: A screenshot of a computer
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[bookmark: _Toc212408596]Figure 11 - Mass objective set in Design Studio (Altair, 2023)

[image: ]
[bookmark: _Toc212408597]Figure 12 - Displacement constraint (Altair, 2023)
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[bookmark: _Toc212408598]Figure 13 – Design cycle history prior to introducing integer ply discrete variable (Altair, 2023)

[bookmark: _Toc212407472]Alignment with the workflow 

The work started from the already prepared 2mm steel model in Design Studio. The same step-by-step approach as the process guide was followed (used only as a guide, not for values): define CFRP, assign element directions, create the five layers with fixed angles, set objective and constraint, run optimisation, convert to discrete whole plies, and verify the constraint still holds.

[bookmark: _Toc212407473]Evidence and results

· Objective (mass) vs iteration: mass reduced quickly, then stabilised after discrete rounding, with no late constraint violations.
· Objective and constraint histories show convergence at cycle 10 for the continuous solution; after discretisation the design settled again by cycle 11 with constraints satisfied.
· Constraint violation history: violations dropped to zero on Design Cycle 1 and stayed there, as displayed in Figure 14.
· Displacement vs iteration: peak displacement reduced below the steel limit and stayed feasible to the end.
[image: A graph of a design cycle and a design cycle
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[bookmark: _Toc212408599]Figure 14 - Constraint violation graph (Altair, 2023)

Per-layer ply-count histories across design cycles are provided in Appendix Figures 19–23.

[bookmark: _Toc212407474]Final response and comparison

• Steel baseline deflection: 8.6×10⁻³m.
• Final CFRP deflection: 7.4×10⁻³m; constraint active and satisfied as displayed in Figure 15.
• Mass reduction, see Figure(s) 16 and 17: 0.46504778kg → 0.116261944kg (CFRP 75% lower).

[image: A rainbow colored rainbow in a blue sky

AI-generated content may be incorrect.]
[bookmark: _Toc212408600]Figure 15 - Displacement of CFRP optimised wing (Altair, 2023)
[image: ]
[bookmark: _Toc212408601]Figure 16 - Mass of steel wing model (Altair, 2023)

[image: ]
[bookmark: _Toc212408602]Figure 17- Mass of CFRP wing model (Altair, 2023)


[bookmark: _Toc212407475]Robustness/feasibility check

After converting to whole plies, the model was rechecked and the peak displacement was confirmed as 7.4×10⁻³ m, which meets the steel cap. No separate mesh-refinement or material-property perturbation study was performed (outside scope and time); these are noted as future work. Furthermore, Figure 18 shows that the distribution of thickness between layers was realistic.

[image: A screen shot of a graph
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[bookmark: _Toc212408603]Figure 18 - Spread of thickness between layers (Altair, 2023)

[bookmark: _Toc212407476]Discussion

Why this lay-up works: increasing 0° content raises bending stiffness along the fore–aft direction, which is the dominant load path for this wing (Roylance, 2000). The ±45° plies provide in-plane shear stiffness and stabilise off-axis response (Smith and Ogin, 1999). The 90° plies add transverse stiffness and help share load across the width (Smith and Ogin, 1999). This −90,−45,0,+45,+90 pattern is widely used for wing-like laminates and remains an effective, certifiable arrangement (Tsai, 2021; Phiri et al., 2024). 
However, there are trade-offs associated with this lay-up. Enforcing whole plies may add a small mass penalty compared with a purely continuous solution, but it ensures the lay-up is buildable (Altair, 2021b). Running a gradient-based sizing stage before discretisation allows fast convergence on mass and displacement, and then discrete rounding/stacking steps lock in manufacturability without re-introducing violations (Altair, 2021a; Ntourmas et al., 2021).
Furthermore, there are limitations. The model is linear elastic with ideal ply bonding; balance/symmetry rules were not enforced; buckling and strength/failure constraints were not included; and the mesh was held constant. These simplifications are acceptable for a stiffness-driven, mass-minimising task but should be revisited with strength checks, laminate design rules and (if needed) mesh-convergence studies in follow-on work (ASME, 2019; Tsai, 2021; Ntourmas et al., 2021). 


[bookmark: _Toc212407477]Experimental validation plan 

· Purpose

Validate the FE-predicted stiffness of the final CFRP lay-up by repeating the same 500N load case and comparing the measured centre deflection with the FE result; pass if the CFRP deflection is less than or equal to the 2mm steel baseline under the same load.

· What to test (specimen choice)

A short wing segment built with the same laminate would be the preferred specimen choice, with the same total thickness and ply order as the FE model so the bending behaviour and load path match. If a segment is impractical, test a flat laminate coupon with the identical lay-up in a standard three- or four-point flexure rig to achieve clean bending (ASTM International, 2021).

· Fixturing and load application

· The specimen should be mounted so it is not over-constrained, and a vertical load up to 500N should be applied at the same location/footprint as in the FE model using a small flat pad, so that global bending dominates, as assumed in the simulation. 
· A test machine with a current calibration should be used so that force readings are traceable to SI; the certificate ID, date and stated uncertainty should be recorded in the test log (ASTM International, 2024).

· Instrumentation

· Digital Image Correlation (DIC) will be used to obtain a full-field displacement/strain map, following the iDICs Good-Practice Guide for speckle pattern, camera calibration and processing (Jones and Iadicola, 2018).
· A centre-point displacement sensor (LVDT or laser) will be installed at the model’s centre point to provide the headline comparison value (ASTM International, 2021).

· Data capture and repeats

· Log force, actuator position and centre-point deflection simultaneously using the machine’s default sample rate. Start all channels together so values line up in time. (Jones and Iadicola, 2018).
· A minimum of three repeats should be performed to demonstrate repeatability, and the mean and standard deviation should be reported.

[bookmark: _Toc212407478]How to compare with FEA

Two comparisons will be made:
· centre-point deflection (test vs FEA); and
· full-field vertical deflection using DIC maps and a mid-span line profile. Percentage error and a simple root-mean-square error (RMSE) will be reported so that the comparison is objective (ASME, 2019).

The design studio solution will be validated if the measured CFRP centre deflection is less than or equal to the steel baseline under 500N, and the DIC bending shape is consistent with the FE prediction (ASME, 2019).
If the results fall outside the acceptance band, only inputs that could reasonably differ from the assumptions will be adjusted. These are: the as-built lay-up (ply counts, fibre angles, thickness), material modulus within datasheet tolerance, the exact load position/footprint, and any fixture compliance. The FE model will then be re-run and the same comparison metrics repeated (ASME, 2019).




[bookmark: _Toc212407479]Relation to technical literature on hydrofoil/composite wings 

The laminate (a stack of thin carbon-fibre plies) is led by 0° plies that run fore–aft to resist bending. ±45° plies are included to control twisting and in-plane sliding, and a small 90° share helps across the width and supports damage tolerance. This follows standard wing-skin practice: 0° carries bending while outer ±45° stabilise torsion (Kierzkowski et al., 2025). Only the angles (−90,−45,0,+45,+90) are used, and whole-ply counts are chosen because they are practical to manufacture and match common laminate-optimisation rules (Ntourmas et al., 2021). The final lay-up [2, 3, 14, 6, 15] reflects this approach: mostly 0°, supported by ±45°, with a sizeable 90° share.
For hydrofoils, studies show that a stiffer structure keeps the pressure field steadier and reduces the chance of adverse cavitation compared with more flexible foils (Liu et al., 2024). Similar work on composite marine appendages recommends stiffness levels that protect hydrodynamic performance under service loads (Liu et al., 2024; Phiri et al., 2024). Although some aircraft panels near mechanical fasteners use ‘quasi-isotropic’ stacks (similar stiffness in all directions), the bonded hydrofoil skin here is bending-dominated (Altair, 2024). A directional, 0°-heavy lay-up fits the main load path and avoids unnecessary plies in other directions (Kierzkowski et al., 2025). Finally, choosing integer ply counts and minimising mass while keeping displacement within a set limit aligns with recent manufacturability-aware laminate optimisation methods (Ntourmas et al., 2021).

[bookmark: _Toc212407480]Conclusions and recommendations

The displacement constraint was met (≤ steel). The CFRP wing deflects 7.4×10⁻³m versus 8.6×10⁻³m for the 2mm steel baseline (14% lower). Mass fell from 0.465kg (steel) to 0.116kg (CFRP), a saving of 0.349kg (≈75%). The same automatic mesh, boundary conditions, and a 500N load were used for a fair comparison. Overall, convergence occurred by cycle 10 for the continuous stage and by cycle 11 once integer plies were enforced. The final integer lay-up (layers 1–5) was [2, 3, 14, 6, 15], giving a strong stiffness-to-mass gain.

[bookmark: _Toc212407481]Recommendations

· Fine-tune the lay-up. Adjust 0° and ±45° ply counts in small steps to shave mass while keeping centre deflection at or below the steel baseline.
· Verify strength and stability. Check margins in tension, compression and in-plane shear; screen for global and local buckling and torsion. Add local pads/doublers at fixings if required.
· Check durability. Assess stiffness and damage after saltwater exposure and temperature cycling at coupon level; update model properties if degradation is observed.
· Ensure buildability and quality. Keep a manufacturable stacking sequence (balanced/symmetric where practical), stagger ply drop-offs, confirm drape/steerability, define the cure route, and embed basic QA checks.
· Test and update the model. Run Task-4 physical tests (coupon and a simple sub-component in bending, using DIC or strain gauges/LVDT), then update the FE model. Keep traceable evidence (deflection plots, optimisation history, final lay-up table).
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