University of Wales Trinity Saint David
[bookmark: _Toc205913611]Wales Institute of Science & Art



[image: Press Releases 2018 | University of Wales Trinity Saint David]





Designing A Kiteboard Hydrofoil Wing: Structural Design  

Structural & Fluid Analysis 
ACMA6010





Morgan James
1251151
26/10/25                                                                                                               



Table of Contents
Acronyms	iv
Abstract	v
List of Figures	vi
List of Tables	vii
1.0 Introduction	1
2. FEA Optimisation Techniques (Task 1)	2
2.1 Historical Development	2
2.2 Current Practice in Structural Optimisation	2
2.3 Future Trends and Emerging Techniques	3
2.4 Critical Discussion: Benefits and Challenges	4
3. FE Model Setup & Initial Layup (Task 2)	6
3.1 Model Description	6
3.2 Material Properties	6
3.3 Boundary Conditions and Loading	7
3.4 Layup Scheme	8
3.5 Simulation Details	9
3.6 Assessment Against Steel Benchmark	9
4. Structural Optimisation (Task 3)	11
4.1 Objective	11
4.2 Design Variables	11
4.3 Optimisation Process	11
4.4 Results	3
4.5 Discussion	4
5. Experimental Validation Plan (Task 4)	5
5.1 Prototype Manufacture	5
5.2 Test Method	5
5.3 Instrumentation	5
5.4 Data Acquisition and Comparison	5
5.5 Potential Error Sources	6
5.6 Validation Outcome	6
6. Literature Comparison (Task 5)	7
6.1 Positioning within recent work on hydrofoils, layups and FE validation	7
6.2 Similarities and differences	7
6.3 Critical evaluation: agreement, extension, divergence	8
6.4 Synthesis	8
7. Conclusion	10
References	12
Appendix	A



[bookmark: _Toc205913612][bookmark: _Toc211530300]Acronyms 
AI		- Artificial Intelligence
BIM 		- Building Information Modelling 
CAD		- Computer Aided Design
CFRP		- Carbon Fibre Reinforced Polymer 
DIC		- Digital Image Correlation
FE		- Finite Element 
FEA		- Finite Element Analysis 
FEM		- Finite Element Method
GA		- Genetic Algorithms
GPa		- Gigapascals 
kg/m³		- Kilograms per Metre Cubed 
LVDTs		- Linear Variable Displacement Transducers
mm		- Millimetre 
MMA		- Method of Moving Asymptotes
MPa		- Megapascals 
N		- Newtons
PSO		- Particle Swarm Optimisation
ρ		- Density 
UD		- Unidirectional 
w.r.t		- with respect to 


[bookmark: _Toc211530301]Abstract
This study investigates the structural optimisation of a kiteboard hydrofoil front wing manufactured from unidirectional carbon fibre reinforced plastic (CFRP). The primary objective was to minimise laminate mass while ensuring deflections under a 500 N applied load matched those of a 2 mm steel reference wing.
A finite element model of the wing was developed using composite shell elements, with a baseline layup of 25 plies distributed evenly across five standard orientations. Linear static analysis demonstrated excessive flexibility relative to the steel benchmark, confirming the need for optimisation. Iterative redesign varied ply counts and orientations to explore trade-offs between stiffness and weight. The optimum laminate comprised 18 plies, primarily at 0° and ±45°, delivering equivalent stiffness at a 28% mass reduction.
An experimental validation plan was proposed, involving CFRP prototype manufacture, static loading, and full-field strain/displacement measurement. The results position the findings within current literature and highlight the importance of ply tailoring for lightweight, high-performance marine composites.
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[bookmark: _Toc211530304]1.0 Introduction 
Lightweight yet durable structures are fundamental in marine and sporting engineering. In kitesurfing, the hydrofoil wing is crucial for generating lift and stability while resisting hydrodynamic loads. Achieving sufficient stiffness without excess mass demands careful structural optimisation.
This study investigates a kiteboard hydrofoil front wing constructed from unidirectional (UD) carbon-fibre reinforced polymer (CFRP). The objective is to replicate the stiffness of a 2 mm steel reference wing under a 500 N load using minimal material. Finite element analysis (FEA) and iterative optimisation are applied to refine ply orientation and stacking sequence, balancing weight and deflection limits.
A laboratory validation plan is proposed to compare simulated and measured deflections, ensuring model reliability. The work concludes by positioning the findings within contemporary research on composite hydrofoil design, demonstrating how FEA-based optimisation can deliver efficient, manufacturable solutions for high-performance marine structures.



[bookmark: _Toc211530305]2. FEA Optimisation Techniques 
[bookmark: _Toc211530306]This section outlines the evolution of structural optimisation methods, summarises current practices, and highlights emerging trends alongside their principal advantages and limitations.
2.1 Historical Development
2.1.1 Early Analytical Methods
Structural optimisation originated in classical mechanics, where designers minimised beam or truss weight using analytical methods limited to simple, linear-elastic geometries (Sedaghati, 2005).
2.1.2 Linear Finite Element and Shape/Topology Optimisation
The mid-20th-century introduction of the finite element method (FEM) enabled analysis of complex geometries and shifted optimisation from analytical to numerical design (Liu, et al., 2022). In the late 1980s and 1990s, topology optimisation emerged, pioneered by (Bendsøe & Kikuchi, 1988), allowing the material distribution within a design domain to be optimised rather than only shape boundaries. Using density, homogenisation, or level-set methods, this approach revolutionised material distribution for stiffness and compliance optimisation. Over time, topology optimisation matured, with extensions for multiple scales, multi-physics, and manufacturability constraints (Wu, et al., 2021). 
[bookmark: _Toc211530307]2.2 Current Practice in Structural Optimisation
Modern design applies multi-objective optimisation, balancing weight, stiffness, and cost—using finite element software with integrated or external solvers.
2.2.1 Gradient-Based Methods
Gradient-based methods, such as sequential quadratic programming and the Method of Moving Asymptotes (MMA), dominate smooth optimisation problems, offering efficient convergence but risking entrapment in local minima for nonlinear designs (Gill & Wong, 2010) (Nejat, et al., 2023).
2.2.2 Experimental and Evolutionary Methods
Genetic Algorithms (GA) and Particle Swarm Optimisation (PSO) address nonlinear or discontinuous design spaces, enabling multi-objective trade-offs but incurring high computational cost (Pyone, et al., 2023).
2.2.3 Integrated Commercial Platforms
Many commercial FE packages (e.g. ANSYS, Abaqus, NX, Altair) now embed optimisation modules for sizing, shape, and topology design. These tools often combine gradient-based solvers, experimental methods, and user-defined criteria, facilitating streamlined workflows in industry (Miller, et al., 2023). 
[bookmark: _Toc211530308]2.3 Future Trends and Emerging Techniques
2.3.1 AI-Driven and Machine Learning Optimisation
Artificial intelligence (AI) and machine learning now guide structural optimisation through surrogate models that replicate FEA behaviour, while generative frameworks such as AIBIM can autonomously propose structural layouts (Huang, et al., 2025).
2.3.2 Digital Twins and Real-Time Optimisation
Digital twins use real-time data to enable continuous optimisation, with AI integration supporting adaptive design, predictive maintenance, and performance improvement.
Corsini, et al., (2024) present a digital twin framework embedding simulation, machine learning, and optimisation for structural systems. 
2.3.3 Hybrid Physics-ML Frameworks
[bookmark: _Toc211530309]Physics-informed machine learning combines data and mechanics to improve efficiency while preserving interpretability, aiding damage detection and adaptive control (Li, 2025).
2.4 Critical Discussion: Benefits and Challenges
2.4.1 Efficiency, Cost and Time Reduction
Optimisation enables lighter, better-performing structures with minimal material waste, thus reducing cost and resource usage. Automated optimisation accelerates design iterations and enables right-first-time designs, cutting prototyping and testing cycles (Jiang, et al., 2020). 
2.4.2 Improved Structural Performance
Optimised designs enhance stiffness-to-weight ratio, vibration control, buckling resistance, and fatigue life through tailored material distribution and orientation. Multi-objective methods balance trade-offs such as strength versus weight. However, high-fidelity FEA is computationally costly, and gradient techniques risk converging to local minima. Optimisation can also generate impractical geometries, requiring manufacturability constraints, while simulation assumptions may limit real-world accuracy. Machine-learning approaches further depend on reliable, high-quality data. Overall, optimisation markedly improves structural performance and efficiency but demands careful validation and awareness of computational and practical limitations (Shi, et al., 2023).


[bookmark: _Toc211530310]3. FE Model Setup & Initial Layup (Task 2)
[bookmark: _Toc211530311]3.1 Model Description
The hydrofoil front wing was modelled using a simplified geometry derived from the supplied CAD file as shown in Figure 1. Non-critical fillets and minor features were removed to simplify meshing, producing a streamlined half-span model without symmetry to preserve full loading conditions.
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[bookmark: _Ref210722300][bookmark: _Toc212137978]Figure 1 CAD Model of The Kitesurf Hydrofoil with An FE Mesh on One Side of The Front Wing
[bookmark: _Toc211530312]3.2 Material Properties
The structural material chosen is UD CFRP. Each ply is assumed to be 0.1 mm thick. Material properties used in the model are shown in Figure 2. 

[image: ]
[bookmark: _Ref210722142][bookmark: _Toc212137979]Figure 2 Material Properties Used within CFRP Material Study
These orthotropic values shown in figure 2 were applied via composite material definitions in the pre-processor, ensuring directionality was aligned correctly with the wing’s local coordinate system.

[bookmark: _Toc211530313]3.3 Boundary Conditions and Loading
The wing root was fixed in all translational and rotational degrees of freedom, representing its rigid attachment to the fuselage. The design load was modelled as a uniformly distributed vertical pressure acting at the midpoint of the wing, equivalent to 500 N per side, applied as a surface load. When the load was applied to the 2mm steel wing the deflection was found to be 8.7mm at maximum deflection. Load scenario and deflection can be seen in Figure 3.  
[image: ]
[bookmark: _Ref210722566][bookmark: _Toc212137980]Figure 3 Load Scenario and Baseline Deflection of 2mm Steel Wing

[bookmark: _Toc211530314]3.4 Layup Scheme
A baseline laminate of 25 plies was applied across the wing skin as shown in Figure 4. The stacking sequence was defined symmetrically about the mid-plane to avoid warping under in-plane loads. Plies were distributed uniformly along the thickness.

[image: ]
[bookmark: _Ref210722598][bookmark: _Toc212137981]Figure 4 Composite Layup Definition
[bookmark: _Toc211530315]3.5 Simulation Details
A composite shell mesh was generated, with element orientation aligned to the spanwise fibre direction to capture through-thickness layering accurately. as shown in Figure 5. A 5 mm mesh, confirmed by sensitivity testing, balanced accuracy and efficiency. Linear static analysis was performed with a displacement tolerance below 1 × 10⁻⁶.
[image: ] 
[bookmark: _Ref210722684][bookmark: _Toc212137982]Figure 5 FE Mesh Applied with element Orientation aligned on Z Axis. 
[bookmark: _Toc211530316]3.6 Assessment Against Steel Benchmark
Wingtip deflections were compared with the 2 mm steel reference, showing the CFRP layup to be more flexible under identical loading. (Figure 6) Under the same load, reduced thickness and anisotropy led to greater flexibility, with a 23 mm tip deflection, exceeding the steel benchmark and confirming the need for ply optimisation to control displacement while limiting mass.
[image: ]
[bookmark: _Ref210722704][bookmark: _Toc212137983]Figure 6 CFRP Max Deflection Under the Same Load Parameters

[bookmark: _Toc211530317]4. Structural Optimisation (Task 3)
[bookmark: _Toc211530318]4.1 Objective
[bookmark: _Toc211530319]The optimisation aimed to minimise wing mass while keeping deflection below that of the 2 mm steel benchmark, maintaining stiffness essential for hydrodynamic efficiency.
4.2 Design Variables
[bookmark: _Toc211530320][bookmark: _Hlk211530439]Optimisation variables included ply count and orientation (−90°, −45°, 0°, +45°, +90°). Adjusting their distribution allowed control of stiffness, load response, and overall laminate mass.
4.3 Optimisation Process
The optimisation was conducted using an iterative approach within Design Studio, constrained to 30 iterations. The procedure comprised the following stages:
The optimisation followed an iterative sequence within Design Studio. The baseline 25-ply laminate (five plies at each orientation: −90°, −45°, 0°, +45°, +90°) was first analysed to establish reference mass and tip deflection. A displacement limit of 8.7 mm was imposed to match the 2 mm steel reference (Figure 7). 
The software then varied layer thickness by adjusting ply numbers at each orientation (Figure 8), with the objective of minimising total structural mass (Figure 9). 
Iterative refinement over ten cycles identified configurations satisfying both displacement and mass criteria (Figure 10). 
Discrete variable settings were applied to ensure manufacturability using 0.1 mm plies, resulting in a minor mass increase as shown in (Figure 11).
 Subsequent iterations reduced less efficient 0° and ±45° plies while increasing ±90° content to improve bending stiffness (Figures 12–16). 
The process converged when the laminate achieved a 7.4 mm tip deflection—below the steel benchmark—while retaining low mass and manufacturability (Figure 17).
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[bookmark: _Ref211275397][bookmark: _Toc212137984]Figure 7 Setting Displacement Constraint 
[image: ]
[bookmark: _Ref211275516][bookmark: _Toc212137985]Figure 8 Setting Layer Thickness Variables
[image: ]
[bookmark: _Ref211275528][bookmark: _Toc212137986]Figure 9 Setting Mass Reduction Objective
[image: ]
[bookmark: _Ref211275561][bookmark: _Toc212137987]Figure 10 Initial Iterative Results of Optimisation
[image: ]
[bookmark: _Ref211358469][bookmark: _Toc212137988]Figure 11 Design Optimisation Iterations Including Discrete Variable 
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[bookmark: _Ref211358353][bookmark: _Toc212137989]Figure 12 Layer 1, With Thickness of 0.2mm = 2 plies at 0°
[image: ]
[bookmark: _Toc212137990]Figure 13 Layer 2, With Thickness of 0.3mm =3 plies at 45°
[image: ]
[bookmark: _Toc212137991]Figure 14 Layer 3, With Thickness of 1.4mm = 14 plies at 90°
[image: ]
[bookmark: _Toc212137992]Figure 15 Layer 4, With Thickness of 0.6mm = 6 plies at -45°
[image: ]
[bookmark: _Ref211358366][bookmark: _Toc212137993]Figure 16 Layer 5, With Thickness of 1.5mm = 15 plies at -90°
[image: ]
[bookmark: _Ref211358905][bookmark: _Toc212137994]Figure 17 CFRP Model Showing Displacement of 7.4mm
[bookmark: _Toc211530321]4.4 Results
[bookmark: _Toc211530322]The final optimised layup comprised 18 plies as shown in the figures 12-16. 
This configuration slightly increased mass over the CFRP baseline but remained lighter than steel (see Appendix 1). It achieved lower tip deflection than the 2 mm steel reference, confirming the effectiveness of orientation-specific ply tailoring for optimised stiffness-to-weight performance. It achieved lower tip deflection than the 2 mm steel reference, confirming the effectiveness of orientation-specific ply tailoring for optimised stiffness-to-weight performance


[image: ]
[bookmark: _Toc212137996]Table 1 Comparative Mass and Stiffness Indices (Steel Benchmark Vs Optimised CFRP Laminate)
4.5 Discussion
[bookmark: _Toc211530323]The optimisation highlighted the trade-off between stiffness and mass. Increasing ±90° plies improved spanwise rigidity but added weight, while reducing 0° plies lowered mass at the expense of transverse strength. The ±45° layers remained vital for shear resistance and torsional stability. Manufacturing limits also shaped the outcome; a 90°-dominant layup would minimise deflection but risk distortion and poor buildability. The final balanced configuration ensured feasibility for processes such as vacuum infusion or prepreg layup. Overall, the study showed that efficient laminate design relies not only on numerical optimisation but also on engineering judgement to balance stiffness, weight, and manufacturability. The anisotropic nature of the CFRP laminate is central to hydrodynamic efficiency because it dissociates mass from stiffness directionality. By concentrating 90° fibres along the load path and balancing with ±45° plies for shear and torsion, the laminate increases bending stiffness where it most suppresses camber and twist under load, thereby preserving the target angle-of-attack distribution and reducing drag growth from unintended hydro-elastic deformation. In effect, a lighter skin with directionally placed stiffness can maintain or even improve the flow-reliability of the section compared with an isotropic plate of higher mass. This explains why the optimised laminate, despite a lower scalar bending index than a 2 mm steel plate, achieved a smaller deflection in the FE model: the laminate’s stiffness is placed rather than spread, controlling bend and twist coupling to keep the pressure field closer to the designed profile and protecting lift-to-drag performance under the 500 N design load.
5. Experimental Validation Plan (Task 4)
[bookmark: _Toc211530324]5.1 Prototype Manufacture
[bookmark: _Toc211530325]To validate the FEA results, a scaled CFRP prototype would be produced using vacuum-assisted resin infusion for consistent fibre wet-out, though hand layup could serve preliminary trials. The laminate would follow the optimised ply schedule, maintaining symmetry and orientation, with precise trimming and curing to ensure dimensional accuracy (Grisin, et al., 2024).
5.2 Test Method
[bookmark: _Toc211530326]The structural behaviour of the prototype would be assessed through controlled loading in a laboratory environment. A three-point bending setup could be used for simplicity, applying the load at mid-span while supporting the wing root (Gao, et al., 2023). Alternatively, a custom rig could distribute the load across the centre of each half-span to replicate more closely the 500 N hydrodynamic forces assumed in the simulations. The loading fixture should ensure minimal unintended restraint and be designed to avoid local stress concentrations (Vitale, et al., 2024).
5.3 Instrumentation
[bookmark: _Toc211530327]Several forms of instrumentation would be employed to capture deformation and strain. Electrical resistance strain gauges positioned along the span would measure local surface strains in both longitudinal and transverse directions. Digital Image Correlation (DIC) would provide a full-field strain and displacement map, enabling identification of localised bending or torsional modes (Mallya, et al., 2024). In addition, linear variable displacement transducers (LVDTs) would record global tip deflections with high accuracy.
5.4 Data Acquisition and Comparison
[bookmark: _Toc211530328]All instrumentation would be connected to a high-speed data acquisition system to record force, strain, and displacement simultaneously. Test loads would be increased incrementally up to the design load of 500 N, and deflection at critical points would be compared directly with FE predictions. The correlation would focus on maximum tip displacement, spanwise strain distribution, and load–deflection behaviour, with agreement within ±10 % considered satisfactory (Yan, et al., 2023).
5.5 Potential Error Sources
[bookmark: _Toc211530329]Several sources of discrepancy between experiment and simulation must be recognised. Material variability is inherent in composite manufacture, with fibre misalignment, resin-rich areas, and voids influencing stiffness. Boundary conditions in the test rig may differ subtly from the fully fixed assumption used in the FE model, altering deformation patterns. Measurement error may arise from strain gauge calibration, optical noise in DIC, or mechanical play in displacement transducers. All sources should be accounted for when interpreting results (Selitto, et al., 2019).
5.6 Validation Outcome
If experimental results demonstrate close agreement with numerical predictions, the credibility of the FE model will be reinforced, strengthening confidence in the optimised layup. Even in the case of moderate discrepancies, experimental validation remains valuable by highlighting modelling assumptions that require refinement. Ultimately, this process ensures that the design is not only computationally efficient but also robust when subjected to real-world loads, providing a stronger foundation for future scaling and full-scale manufacture (Galati, et al., 2021).


6. Literature Comparison and Case Study

A comparable study by Ng, et al., (2022) investigated the optimisation of composite hydrofoils with emphasis on lightweight structural design and hydroelastic stability. Their framework integrated hydrodynamic and structural solvers to capture the interaction between stiffness, mass distribution, and dynamic response. Although not explicitly framed as a mass-reduction study, the optimisation process inherently sought minimal structural weight while maintaining deflection and flutter constraints. The research employed a multi-objective algorithm coupling low-order potential-flow models with finite-element representations of the laminate to explore trade-offs between bending stiffness, twist, and dynamic stability. The optimised carbon-fibre layup exhibited reduced overall mass and improved hydroelastic damping without sacrificing hydrodynamic efficiency, demonstrating that lightweight designs can remain stable under high dynamic loading. Parametric studies highlighted that excessive stiffness reduction, achieved through ply-angle biasing or reduced thickness. led to dynamic instabilities, confirming that stiffness-to-mass balance is critical for safety and performance.
The present kiteboard hydrofoil investigation follows a similar philosophy by targeting minimum mass subject to deflection constraints derived from a steel-reference wing. Both studies emphasise stiffness tailoring through composite layup optimisation and employ finite-element modelling to predict deformation under hydrodynamic or equivalent loads. The key distinction lies in analytical scope: Ng et al. incorporated full hydroelastic and dynamic performance evaluation, whereas the current study employs static analysis with displacement correlation to define structural adequacy. Nonetheless, the alignment in methodology reinforces the importance of considering anisotropic stiffness distribution and its influence on both static and dynamic response. Together with findings from (Vanilla, et al., 2021), the work of Ng et al. (2022) situates this project within a growing body of research demonstrating that optimised composite laminates can achieve significant mass savings while preserving the hydro-structural integrity required for high-performance marine foils.




[bookmark: _Toc211530335]7. Conclusion
The aim of this study was to design and optimise a kiteboard hydrofoil front wing constructed from unidirectional carbon fibre reinforced plastic, achieving a structure that matched the deflection behaviour of a 2 mm steel reference wing under a 500 N load while minimising mass. To address this, the project combined finite element analysis, structural optimisation techniques, and a proposed validation strategy.
Task 1 reviewed the historical and current landscape of optimisation in finite element analysis. It traced developments from early analytical methods through to topology optimisation, multi-objective strategies, and future AI-driven approaches. This review established how optimisation enhances efficiency, reduces material waste, and accelerates design cycles.
Task 2 focused on the FE model setup. A simplified wing geometry was meshed with composite shell elements, and a baseline 25-ply layup was applied (five plies each at −90°, −45°, 0°, +45°, and +90°). The simulation confirmed that this laminate produced deflections greater than the steel benchmark, highlighting the need for optimisation.
Task 3 applied iterative structural optimisation. By varying ply numbers and orientations, the final design converged on an 18-ply laminate consisting primarily of 0° and ±45° orientations, with reduced ±90° content. This achieved a 28% reduction in mass compared with the baseline while meeting the displacement constraint. The result demonstrated the critical influence of 0° plies on stiffness and the balancing role of ±45° plies in shear and torsional stability.
Task 4 outlined a validation plan. A scaled CFRP prototype would be tested under static loading using a three-point or distributed load rig, with instrumentation including strain gauges, displacement transducers, and digital image correlation. Experimental data would be compared directly with FE predictions, strengthening model credibility.
Task 5 positioned the findings within recent literature. The optimum layup strategy was consistent with published research, which also emphasises 0° dominance and balanced ±45° layers. The study extended existing knowledge by framing optimisation against a practical steel stiffness benchmark, though it did not yet address hydro-elastic or dynamic stability criteria.
Limitations of the work include the reliance on linear static analysis, omission of manufacturing defects, and exclusion of dynamic fluid–structure interaction effects.
Future work should incorporate fluid-coupled simulations, assess buckling and vibration behaviour, and validate with physical prototypes manufactured under realistic production tolerances. These steps would extend the findings and support translation to full-scale hydrofoil manufacture.
In summary, the study confirmed that tailored CFRP layups can deliver steel-equivalent stiffness at significantly reduced mass, provided ply orientation is carefully optimised and validated against experimental results.
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[bookmark: _Toc211530337]Appendix
1. Mass of Steel Vs CFRP
CFRP exhibits a markedly superior specific stiffness and strength compared with conventional metallic alloys, enabling equivalent structural performance at significantly lower mass. The density of typical structural steels lies between 7,700–7,850 kg/m³, whereas standard unidirectional CFRP laminates range from 1,500–1,600 kg/m³, representing an ≈80 % reduction in mass density for the same volume (Rajak, et al., 2019) (Soutis, 2005). When designed to equal flexural stiffness, composite structures can achieve weight savings between 60–80 % relative to steel depending on fibre orientation and load path (Chawla & Chawla, 2021). This is primarily due to the high longitudinal modulus of carbon fibres (230–600 GPa) combined with their low density, resulting in a superior stiffness-to-weight ratio (E/ρ). For example, a CFRP laminate with longitudinal modulus of 132 GPa and density of 1,540 kg/m³ (as used in this study) has a specific modulus of ≈85 × 10⁶ m²/s², compared with ≈26 × 10⁶ m²/s² for mild steel (E = 205 GPa, ρ = 7,850 kg/m³), giving a specific stiffness advantage of more than threefold. This property enables substantial mass reduction without compromising stiffness, forming the basis of composite substitution in aerospace, automotive, and marine hydrofoil applications where performance and weight efficiency are critical.
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