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 A B S T R A C T

Hydrofoil-supported craft offer a promising alternative to conventional planing hulls, addressing critical 
limitations regarding seakeeping and hydrodynamic efficiency in rough seas. This study quantifies these 
performance benefits using a novel hybrid numerical framework that couples mid- and high-fidelity hy-
drodynamic models within a real-time simulation environment; The framework’s novelty lies in calibrating 
computationally efficient models with pre-computed high-fidelity data. This approach enables the real-time 
simulation of complex hydrofoil dynamics in stochastic waves. The investigation compares a standard planing 
Rigid Hull Inflatable Boat against a retrofitted hydrofoil configuration controlled by a Sliding Mode Controller 
for active flap actuation. Simulations conducted across a range of irregular sea states demonstrate that the 
Sliding Mode Controller enables a ‘platforming’ mode, successfully filtering out wave-induced disturbances to 
maintain a stable flight altitude. This reduces vertical accelerations by an order of magnitude, which extends 
the ISO 2631-1 safe operational envelope from less than one hour (for the planing hull) to over four hours. 
Furthermore, in rougher sea states, the foiling configuration achieves a 60∕90% increase in speed and a 40∕50% 
reduction in fuel consumption relative to the planing baseline, effectively mitigating the speed degradation 
and increased power demand typically observed in planing hulls. These findings provide a quantitative basis 
for the adoption of active hydrofoil technology, highlighting its potential to enhance passenger comfort and 
support decarbonization efforts in high-speed maritime transport.
. Introduction

High-speed marine craft are essential to modern shipping, serving 
ey functions in passenger transport, defense, and logistics (The Mar-
time and Coastguard Agency, 2008; Balestrieri et al., 2025). While 
onventional planing hulls remain the industry standard due to their 
perational reliability at high Froude numbers, they are constrained by 
igh vertical accelerations and substantial energy demands in rough 
ea states (Faltinsen, 2005; Olausson, 2015; Razola et al., 2016). These 
haracteristics compromise passenger comfort and escalate operational 
osts. Consequently, as the maritime sector aims to meet rigorous decar-
onization targets, enhancing hydrodynamic efficiency and seakeeping 
as become a critical objective in high-speed craft design (The marine 
nvironmental protecntion committee, 2018; Balestrieri et al., 2025).
Hydrofoil-supported craft have re-emerged as a compelling alterna-

ive to conventional planing vessels. By generating lift via submerged 

∗ Corresponding author.
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or semi-submerged foils, the hull is fully or partially emerged, resulting 
in reduced wetted surface area, mitigated drag, and enhanced sea-
keeping qualities (Hoerner et al., 1954; Michel et al., 1954; Molland 
and Turnock, 2022). Although extensive research has demonstrated 
improvements in resistance and ride quality across various operational 
conditions (Faltinsen, 2005; Hoerner et al., 1954; Milandri, 2006; 
Buermann, 1953), the practical implementation of foiling technology 
is complicated by highly nonlinear dynamics (Richard, 1962). These 
complexities arise primarily from unsteady fluid–structure interactions 
and the rigorous requirements for maintaining dynamic stability during 
flight in stochastic wave environments (Minerva et al., 2024; Seyfi and 
Nouri, 2020).

To facilitate performance prediction and design optimization, di-
verse experimental and numerical methods have been applied to
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hydrofoil-assisted craft. Computational Fluid Dynamics (CFD) mod-
els provide detailed insight into flow structures and hydrodynamic 
loads (Niloy et al., 2022); however, their prohibitive computational cost 
often restricts their utility to targeted parametric studies of wing per-
formance rather than comprehensive operational assessments (Pernod 
et al., 2022; Kumari et al., 2023). To overcome these computational 
bottlenecks, mid- and low-fidelity models for the simulation of hydro-
foil wings have been widely utilized; these include Lifting Line Theory 
(LLT) (Godø et al., 2024), Vortex Lattice Methods (VLM) (van Walree, 
1999), and Boundary Element Methods (BEM) (Perali et al., 2024; Bal 
and Kinnas, 2002). While these approaches significantly reduce calcu-
lation times, they often require robust semi-empirical corrections to 
accurately capture critical viscous phenomena, free-surface proximity 
effects, and cavitation. Furthermore, they may still fail to resolve es-
sential nonlinear and transient dynamics (Hoerner et al., 1954; Michel 
et al., 1954; Godø et al., 2024; Minerva et al., 2024). Parallel to the 
developments in foil modeling, numerical methodologies for conven-
tional high-speed craft have continuously advanced (Tavakoli et al., 
2024). Although CFD simulations represent a valuable tool (Caponnetto 
et al., 2003), they impose a similarly high computational burden in 
this context. This limitation has driven the widespread adoption of 
2𝐷+𝑡 (two-dimensional plus time) strip theory to obtain reliable results 
through faster simulation frameworks (Kahramanoglu et al., 2021). 
By reducing complex 3D planing hydrodynamics into a sequence of 
unsteady 2D water-entry impacts, 2𝐷+𝑡 methods offer computationally 
efficient yet highly accurate predictions of dynamic lift, 6DOF motions, 
and wave-induced slamming loads (Bonci and Marin, 2023). Conse-
quently, hybrid approaches that synthesize this modeling technique 
with case-specific or generalized empirical corrections have proven 
valuable for efficiently assessing performance while preserving physical 
realism (Bonci and Marin, 2023).

The present work, a collaboration between the Maritime Research 
Institute Netherlands (MARIN) and the Polytechnic University of Turin, 
employs a hybrid numerical framework designed to analyze the dy-
namics of hydrofoil-supported and planing craft in irregular waves. 
This simulation environment integrates inputs from both mid-fidelity 
and high-fidelity hydrodynamic methods. Specifically, the framework 
utilizes pre-computed high-fidelity data to calibrate computationally 
efficient models, ensuring real-time execution capability without com-
promising the accuracy required for analyzing hydrofoil dynamics. 
Furthermore, a Sliding Mode Controller is implemented to actuate 
the hydrofoil flap incidence, thereby ensuring dynamic stability. This 
architecture facilitates a rigorous comparison between planing and 
hydrofoil-supported configurations under consistent control strategies 
and environmental conditions.

The primary objective of this research is to provide a quantita-
tive benchmark comparing the performance of conventional planing 
hulls against actively controlled hydrofoil-supported configurations. 
Using consistent environmental inputs and control logic, the analysis 
evaluates two critical aspects:

• Seakeeping and Comfort: The study specifically quantifies the 
reduction in vertical accelerations, which are direct precursors to 
Motion Sickness Incidence (MSI) and crew fatigue (International 
Towing Tank Conference, 1999; Ente Italiano di Normazione, 
1997).

• Energy Efficiency: The work estimates the potential reduction in 
propulsion power demand and fuel consumption, directly corre-
lating these metrics to lower carbon emissions.

By establishing a rigorous comparison across diverse sea states, this 
work aims to substantiate the operational viability of hydrofoil tech-
nology as a cornerstone for sustainable high-speed maritime transport.

The remainder of this paper is structured as follows: Section 2 de-
tails the hybrid numerical architecture and the control laws governing 
the vessel; Section 3 defines the comparative metrics and operational 
scenarios; Section 4 analyzes the simulation data; and Section 5 offers 
concluding remarks and future outlooks.
2 
2. Simulation framework and sliding mode control

The simulation framework, central to this investigation, is designed 
to conduct real-time analysis of marine vessels in generalized opera-
tional scenarios, yielding comprehensive data on system states and on-
board dynamics. For the purpose of this study, a specific hull geometry 
serves as the test case, enabling a comparative performance analysis be-
tween a conventional planing configuration and a hydrofoil-supported 
variant.

2.1. Hydrodynamic modeling

The hydrodynamic model of the planing hull employs a 2𝐷 + 𝑡
strip theory approach, utilizing a segmented geometric representation 
to balance accuracy with computational speed. The hull is discretized 
using a series of equally spaced transverse polygons (strips) arranged 
from aft to fore. At each simulation time step, the solver computes 
the instantaneous submergence and vertical velocity of each polygon. 
These kinematic inputs are used to calculate the localized hydrody-
namic forces based on the semi-empirical methods detailed by Bonci 
and Marin (2023) and Frickel et al. (2021). This 2𝐷 + 𝑡 strip the-
ory representation allows for the rapid estimation of forces required 
for real-time applications while retaining sensitivity to hull geometry 
changes.

Modeling the hydrofoil-supported configuration introduces addi-
tional complexity due to the unsteady nature of foil loads (Minerva 
et al., 2024). To reconcile the requirement for high-fidelity load predic-
tion with real-time execution constraints, the forces generated by the 
lifting surfaces are computed using a modified version of the unsteady 
aerodynamic model developed by the Institute of Aerodynamics and 
Gas Dynamics (IAG) at the University of Stuttgart. Originally pro-
posed by Bangga et al. for wind turbine applications (Bangga et al., 
2020, 2023), this formulation derives unsteady loads from steady-state 
solutions, thereby circumventing computationally expensive runtime 
evaluations. The steady-state input data is generated during a pre-
processing phase, facilitating the integration of high-fidelity simula-
tions or experimental results. The force coefficients are approximated 
via the following formulation: 
𝐶𝐷𝑙 = (𝐶𝑓𝑛 + 𝐶𝑉𝑛 ) cos(𝛼) − 𝐶𝑉𝑡 sin(𝛼)

𝐶𝐷𝑑 = (𝐶𝑓𝑛 + 𝐶𝑉𝑛 ) sin(𝛼) + 𝐶𝑉𝑡 cos(𝛼)
(1)

where 𝐶𝐷𝑙  and 𝐶𝐷𝑑  represent the dynamic lift and drag coefficients, 
respectively. 𝐶𝑓𝑛  denotes the unsteady viscous normal force coefficient, 
𝐶𝑉𝑛  is the normal force contribution resulting from unsteady trailing 
edge vortex detachment, 𝐶𝑉𝑡  is the unsteady viscous tangential force 
coefficient, and 𝛼 is the angle of attack. These coefficients are derived 
by applying lag functions and force modifications to account for flow 
separation, as detailed in Bangga et al. (2020). In this work, minor mod-
ifications are introduced to 𝐶𝑓𝑛 , which depends on the impulsive normal 
force coefficient. To ensure fidelity, a constant parameter within this 
formulation was calibrated to align the model’s predictions with high-
fidelity unsteady hydrofoil simulations across a spectrum of reduced 
frequencies.

Since the original IAG model is aerodynamic in nature, it inherently 
neglects hydrodynamic-specific phenomena such as phase changes and 
free-surface proximity. Assuming the principle of superposition holds 
for these hydrodynamic corrections, the final coefficients are formu-
lated as: 

𝐶𝑙 = 𝑘𝑣
𝐶𝑙
𝐶𝑙∞

𝐶𝐷𝑙

𝐶𝑑 =𝐶𝐷𝑑 + 𝐶𝑑𝑠𝑡𝑟𝑢𝑡 + 𝐶𝑑𝑠𝑝𝑟𝑎𝑦 + 𝐶𝑑𝑤

(2)

where 𝑘𝑣 and 𝐶𝑙∕𝐶𝑙∞  represent the lift reduction induced by venti-
lation and/or cavitation and free-surface proximity, respectively. Fur-
thermore, 𝐶𝑑𝑠𝑡𝑟𝑢𝑡 , 𝐶𝑑𝑠𝑝𝑟𝑎𝑦 , and 𝐶𝑑𝑤  denote additional drag components 
associated with specific structural elements (such as the hydrofoil strut) 
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and physical phenomena (such as spray and wave generation). These 
individual correction terms are computed through the integration of 
several supplementary sub-models, which are detailed below:

• Cavitation and Ventilation: The integrity of the lifting flow is 
monitored by checking operation against pre-defined cavitation 
and ventilation boundaries calculated during pre-processing (Ng 
et al., 2025; Casey Mackenzie Harwood, 2016; Damley-Strnad 
et al., 2019; Harwood et al., 2014; Ferreira et al., 2025). If the foil 
state breaches these boundaries, a penalty function is triggered to 
simulate the sudden loss of lift associated with fluid phase change 
or air entrainment. Following the approach of Harwood (Casey 
Mackenzie Harwood, 2016; Damley-Strnad et al., 2019), the lift 
coefficient is scaled by a factor 𝑘𝑣 (where 𝑘𝑣 = 1 represents fully 
wetted flow). Fig.  1 shows the loss of lift due to ventilation or 
phase change. The sudden drop represents the ‘‘penalty function’’ 
triggered when the foil breaches ventilation boundaries.

• Strut and Spray Drag: Parasitic drag components arising from the 
strut structure and the associated spray generation are modeled 
using empirical formulations from Michel et al. (1954), Chapman 
(1971), and Oossanen (2018). These contributions are incorpo-
rated into the total drag computation via the additional terms 
𝐶𝑑𝑠𝑡𝑟𝑢𝑡  and 𝐶𝑑𝑠𝑝𝑟𝑎𝑦 .

• Free-Surface Effects: The proximity of the foil to the water sur-
face alters the pressure field. This phenomenon is modeled here 
via a novel weighted-mean approach. This method synthesizes 
the formulations of Oossanen (2018) and Molland and Turnock 
(2022) for lift, and combines (Michel et al., 1954) and Molland 
and Turnock (2022) for drag. This hybrid lift model leverages 
the respective strengths of both formulations, as they exhibit 
optimal performance in distinct operational domains. Specifically, 
the van Oossanen approach captures potential lift enhancement 
at specific depth-Froude number combinations, while Molland’s 
method provides a continuous formulation valid outside the van 
Oossanen boundaries. The resulting weighted-mean model ex-
hibited superior agreement when validated against the results 
of Nicolas et al. (2023) and Pernod et al. (2022). These effects are 
represented by the lift reduction factor 𝐶𝑙∕𝐶𝑙∞  and the additional 
wave drag coefficient 𝐶𝑑𝑤 .

Fig. 1. Ventilation-induced lift reduction modeled across varying angles of 
attack for distinct aspect ratios (Casey Mackenzie Harwood, 2016).

Fig.  2 presents the validation of the lift coefficient ratio, 𝐶𝑙∕𝐶𝑙∞ , 
predicted by the adopted model against the benchmark data provided 
by Nicolas et al. (2023). The figure delineates the individual contri-
butions of the underlying formulations: results derived from the van 
Oossanen approach (Oossanen, 2018) are depicted by black circles, 
while those corresponding to Molland and Turnock (2022) are repre-
sented by blue triangles. The proposed weighted-mean approach (red 
squares) is compared against the benchmark dataset (black dashed 
line), demonstrating the model’s fidelity across the tested conditions. 
3 
Fig. 2. Comparison of the adopted weighted-mean free-surface lift model 
against established literature for varying depth-to-chord ratios.

Fig.  2 also justifies the need for this complex model in the simulation, 
since lift coefficient losses, up to 40%, can be experienced in close to 
free-surface conditions.

Complementing this validation, Fig.  3 illustrates the application of 
the free surface model across the entire operational parameter space. 
This domain is defined by the specific combination of immersion 
depth (depth-to-chord ratio, 𝑑∕𝑐) and the Froude number function 
(1 + log(𝐹𝑛)). It confirms that free-surface effects (lift reduction) are 
most severe at shallow immersions (low 𝑑∕𝑐) and specific speeds. At 
high 𝑑∕𝑐, the foil behaves as if in infinite fluid (𝐶𝑙∕𝐶𝑙∞ ≈ 1).

Fig. 3. Contour plot mapping the free-surface penalty on the lift coefficient 
(𝐶𝑙∕𝐶𝑙∞ ) across the operational domain. The parameter space is defined by the 
dimensionless immersion depth-to-chord ratio (𝑑∕𝑐) and a logarithmic function 
of the Froude number (1 + 𝑙𝑜𝑔(𝐹𝑛)).

2.2. Dynamic equations of motion

To simulate the vessel’s dynamic behavior, a conventional six-
degree-of-freedom (6-DoF) model is employed. The governing equa-
tions of motion are formulated in the body-fixed reference frame and 
are defined as: 
(𝐌 +𝐌𝐚)𝐯̇𝐛 + (𝐂 + 𝐃)𝐯𝐛 = τ (3)

In this formulation, 𝐌 represents the rigid-body mass matrix, 𝐌𝐚
denotes the hydrodynamic added mass, and 𝐯𝐛 is the velocity vector 
(comprising linear and angular velocities), with 𝐯̇  representing its time 
𝐛
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derivative (linear and angular accelerations). Furthermore, 𝐂 is the 
Coriolis matrix, 𝐃 is the hydrodynamic damping matrix, and τ is the re-
sultant vector of all external forces and moments acting on the craft. For 
numerical implementation, these differential equations are discretized 
using a fourth-order Runge–Kutta integration scheme (Lindfield and 
Penny, 2012) with a time step of 1/60 s.

The external force vector, τ, is pivotal for modeling the craft’s 
environmental interactions. While various decomposition methods ex-
ist (Fossen, 2011; Tristan, 2019), for the specific objectives of this 
study, the total force vector is partitioned into two primary components 
based on the generating surfaces, expressed mathematically as: 
τ = τℎ𝑢𝑙𝑙 + τ𝑤𝑖𝑛𝑔𝑠 (4)

Here, τℎ𝑢𝑙𝑙 comprises forces and moments acting on the main planing 
hull, and τ𝑤𝑖𝑛𝑔𝑠 comprises forces and moments generated exclusively 
by the hydrofoils. This decomposition is fundamental to the simula-
tion architecture, creating a distinct interface for integrating unsteady 
hydrofoil loads into the primary planing hull model via a Functional 
Mock-up Unit (FMU). The hull forces, τℎ𝑢𝑙𝑙, are computed within the 
main simulation environment, incorporating environmental loads such 
as wind and waves (Bonci and Marin, 2023; Frickel et al., 2021). 
Functionally, the hull load component can be described as τℎ𝑢𝑙𝑙 =
𝑓ℎ𝑢𝑙𝑙(𝐯𝑏,η,ζ,𝐕𝑤), where η represents the global position and attitude, 
ζ the wave elevation, and 𝐕𝑤 the wind velocity. Conversely, the foil 
forces, τ𝑤𝑖𝑛𝑔𝑠, are determined by a specialized independent process. 
This process accounts for the craft’s attitude, accelerations, and ac-
tive control system outputs, yielding a generalized functional form of 
τ𝑤𝑖𝑛𝑔𝑠 = 𝑓𝑤𝑖𝑛𝑔𝑠(𝐯𝑏, 𝐯̇𝑏,η,ζ, 𝛿), where 𝛿 represents the active hydrofoil 
flap incidence angle. This architecture effectively decouples the hydro-
dynamic load computation of the planing hull model from the foiling 
subsystem, although the two components remain dynamically coupled 
via the rigid-body equations of motion. This modularity ensures a 
consistent comparison; the same hydrodynamic model employed for 
the planing hull is applied to the foiling craft. This model calculates 
relevant hull forces (τℎ𝑢𝑙𝑙) during wetted phases and yields negligible 
forces when the hull is foil-borne. In the current simulator development 
stage, hydrodynamic interactions between the hull and hydrofoils are 
not explicitly modeled. While this simplification introduces a margin 
of error during pre-takeoff and transition, the effect becomes negligible 
once the vessel achieves a fully foil-borne state.

2.3. Flight control and telegraph strategy

The active stabilization of the hydrofoil configuration is achieved 
through a Sliding Mode Controller (SMC). This nonlinear control tech-
nique is widely recognized for its inherent robustness against external 
disturbances (Bartolini and Ferrara, 1996; Fossen and Foss, 1991), such 
as wave impacts, and its simplicity of tuning. SMC is utilized here as a 
pragmatic baseline strategy, facilitating a platforming mode (Faltinsen, 
2005) without reliance on advanced sensing capabilities.

The fundamental principle of SMC is to drive the system’s state 
trajectory onto a user-defined subspace within the state space, known as 
the sliding surface or sliding manifold. This surface is engineered such 
that when the system’s state is on it, the system exhibits the desired 
behavior (e.g., stable tracking of a reference signal, regulation to zero). 
The control problem is thus divided into two phases: reaching phase, 
the controller applies a control action that forces the system’s state 
trajectory to move from any initial position toward the sliding surface 
and sliding phase, once on the surface, the controller keeps the system 
state ‘‘sliding’’ along it, ensuring the desired system dynamics and 
robustness. The first step in SMC design is to define the sliding surface, 
𝑆(𝑡), which mathematically represents the desired system dynamics. 
This is typically defined as a function of the system’s tracking error, 𝑒, 
(the difference between the desired state and the actual state). The goal 
is to enforce the condition 𝑠(𝑥, 𝑡) = 0, where 𝑠 is the sliding variable. A 
common formulation for the sliding variable, which includes an integral 
4 
term to eliminate steady-state errors, is a weighted sum of the tracking 
error, its derivatives, and its integral: 

𝑠 = 𝑒(𝑟−1) + 𝑘𝑟−1𝑒(𝑟−2) +⋯ + 𝑘1𝑒 + 𝑘0 ∫

𝑡

0
𝑒 𝑑𝜏 (5)

Here, 𝑒 is the tracking error, 𝑒(𝑟−1) is the (𝑟−1)-th derivative of the error, 
and 𝑘𝑖 are user-defined gains that determine the dynamics during the 
sliding phase. A practical implementation of this surface uses a first-
order sliding variable (where the system relative degree 𝑟 = 2). The 
sliding variable 𝑠 is defined as a linear combination of the error 𝑒 and 
its derivative 𝑒̇: 𝑠 = 𝑒̇+ 𝜆𝑒. In this context, the error vector 𝑒 represents 
the deviation from the desired attitude, such as 𝑒 = [𝑧− 𝑧𝑟𝑒𝑓 , 𝜃 − 𝜃𝑟𝑒𝑓 ]𝑇 , 
where 𝑧 is the heave and 𝜃 is the pitch. The design matrix 𝜆 is chosen 
to define the stable error dynamics (i.e., how quickly the error decays) 
once the system is on the sliding surface. To make the sliding surface 
attractive and to keep the system on it, the control law incorporates a 
discontinuous term. A simplified conceptualization of the control law 
𝑢 is 𝑢 = 𝑢𝑒𝑞 + 𝑢𝑑𝑖𝑠𝑐 where 𝑢𝑒𝑞 is the equivalent control, a theoretical 
continuous control component required to maintain the state on the 
surface (𝑠 = 0) assuming a perfect model and 𝑢𝑑𝑖𝑠𝑐 is the discontinuous 
control, a switching component that ensures the system reaches the 
surface and compensates for any model uncertainties or disturbances. 
This discontinuous term is defined using the 𝑠𝑖𝑔𝑛 function: 
𝑢𝑑𝑖𝑠𝑐 = −𝑘 ⋅ 𝑠𝑖𝑔𝑛(𝑠) (6)

Where 𝑘 is a positive gain. This high-speed switching action constantly 
forces the system trajectory back toward the 𝑠 = 0 manifold, effectively 
trapping it there and making the system’s behavior independent of (or 
robust to) any bounded disturbances that are weaker than the control 
gain 𝑘. A major practical drawback of the pure SMC is the infinite-
frequency switching of the 𝑠𝑖𝑔𝑛(𝑠) function. This phenomenon, known 
as chattering, can excite unmodeled high-frequency dynamics in the 
system and cause physical wear or damage to actuators. To mitigate 
chattering, the discontinuous 𝑠𝑖𝑔𝑛(𝑠) function is typically replaced by a 
continuous, high-gain approximation within a thin boundary layer, 𝜖, 
around the sliding surface. This quasi-sliding control law smooths the 
control action near the surface, eliminating chattering at the cost of a 
small, bounded tracking error instead of perfect tracking.

Complementing the flight control, a standardized telegraph control 
logic was implemented to ensure comparable test conditions between 
the foiling and planing configurations. The telegraph was calibrated 
using baseline simulations in calm water (see Section 3.2), yielding two 
discrete settings: mid and high power levels (Fig.  4). These settings 
correspond to steady-state speeds of approximately 0.55𝑉𝑚𝑎𝑥𝑝𝑙𝑎𝑛𝑖𝑛𝑔  and 
0.85𝑉𝑚𝑎𝑥𝑝𝑙𝑎𝑛𝑖𝑛𝑔 , respectively, for both configurations. For the planing 
configuration, the telegraph remains constant throughout the simu-
lation. However, the foiling configuration required a modified logic 
to standardize the transition phase. Relying solely on the final target 
telegraph from the simulation onset resulted in highly variable times-
to-takeoff and, in some instances, failure to achieve liftoff due to the 

Fig. 4. Standardized telegraph settings normalized to the maximum telegraph 
considered for both foiling and planing configuration.
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Fig. 5.  Schematic representations of the baseline rigid hull inflatable boat 
(RHIB) configurations.

critical takeoff speed requirement of ∼ 0.25𝑉𝑚𝑎𝑥𝑝𝑙𝑎𝑛𝑖𝑛𝑔 . To address this, a 
constant initial telegraph is applied, specifically calibrated to ensure the 
craft reaches takeoff speed within a narrow, sea state-dependent time 
window. Upon takeoff, this initial telegraph is linearly reduced to the 
target value required for the desired steady-state speed. This strategy 
ensures successful takeoff across all tested sea states and maintains a 
consistent transition duration. Subsequently, a buffer period allows the 
foiling configuration to stabilize in its steady-state regime before data 
sampling commences. This logic is illustrated in Fig.  4. Notably, the 
foiling craft’s final telegraph setting is lower than that of the planing 
craft, providing an initial indication of the reduced power requirements 
for maintaining steady-state speed.

3. Comparative methodology: vessel configurations, evaluation 
criteria, baseline performance and environmental conditions

The comparative analysis employs a Rigid Hull Inflatable Boat 
(RHIB) as the baseline platform (Fig.  5). This vessel features a deep-V 
hull geometry with an overall length of approximately 10m, a beam 
of ∼ 3m and a draft of ∼ 1m. Further detailed measurements can-
not be disclosed due to confidentiality restrictions. This specific hull 
geometry was selected because its planing characteristics have been 
previously detailed and validated within the MARIN simulation en-
vironment (Bonci and Marin, 2023). Starting from this baseline, two 
distinct configurations were established:

1. Planing: The baseline RHIB hull operating in its standard hydro-
dynamic mode.

2. Foiling: The baseline hull retrofitted with a hydrofoil subsys-
tem. The lifting surfaces consist of two T-shaped foils in a 
conventional non-split arrangement (Faltinsen, 2005). Modeled 
as rigid bodies, the wings feature a taper ratio of 1.0 (rectangular 
planform) and zero twist. Their surface areas and longitudinal 
positions are sized to support the vessel’s displacement while 
ensuring dynamic stability with zero dynamic trim (Fig.  5).

3.1. Metrics for comparative performance analysis

To rigorously quantify the comparative operational performance 
of the two configurations, three primary performance domains were 
defined: velocity degradation, energy efficiency, and ride quality.
5 
Speed is utilized as a primary performance metric because simula-
tions are conducted with a fixed telegraph setting. Consequently, while 
the power input remains constant, the resulting vessel speed varies 
significantly due to added wave resistance. This metric quantifies the 
speed loss induced by the sea state. To facilitate comparison across 
different telegraph settings and configurations, we define a dimension-
less speed-keeping index, denoted as 𝛷. This parameter normalizes 
the time-averaged longitudinal speed attained in waves against its 
corresponding calm-water baseline value: 

𝛷 = 1
𝑉𝑥, 𝑐𝑎𝑙𝑚𝑤𝑎𝑡𝑒𝑟

[

1
𝑡𝑒 − 𝑡0 ∫

𝑡𝑒

𝑡0
𝑉𝑥(𝑡) 𝑑𝑡

]

(7)

where 𝑡0 and 𝑡𝑒 denote the start and end of the sampling interval, 
respectively. Consequently, a value of 𝛷 = 1 indicates zero speed 
penalty, while progressively lower values directly quantify the velocity 
degradation imposed by the environmental conditions.

The propulsive cost is assessed via fuel consumption. This metric 
serves as a direct indicator of efficiency, defined here as the specific 
fuel consumption per unit distance: 𝜓(𝑡) = 𝑟(𝑡)∕𝑉𝑥(𝑡), where 𝑟(𝑡) is 
the fuel mass flow rate (kg/s) and 𝑉𝑥(𝑡) is the vessel speed (m/s). 
To ensure comparability between planing and foiling configurations 
across different operational points, this metric is normalized against the 
consumption rate recorded in the corresponding calm water conditions:

𝛹 = 1
𝜓𝑐𝑎𝑙𝑚𝑤𝑎𝑡𝑒𝑟

[

1
𝑡𝑒 − 𝑡0 ∫

𝑡𝑒

𝑡0
𝜓(𝑡) 𝑑𝑡

]

(8)

Crucially, the fuel consumption rate, 𝑟(𝑡), is computed as a function of 
the instantaneous power delivered by the engine, thereby dynamically 
reflecting wave interactions and the complete system dynamics. The en-
gine and propeller characteristics are modeled using performance maps 
derived from the specific unit installed on the test RHIB; consequently, 
these data cannot be disclosed due to confidentiality restrictions.

Finally, the accelerations (𝑎𝑥(𝑡) and 𝑎𝑧(𝑡)) measured at the center 
of gravity constitute the primary metric for seakeeping quality in 
this specific study. These values quantify the degree of hydrodynamic 
coupling between the vessel and the free surface: high magnitudes 
indicate strong coupling, whereas low values demonstrate effective de-
coupling. Beyond structural dynamics, acceleration is the critical deter-
minant of human factors, driving Motion Sickness Incidence (MSI) mod-
els (O’Hanlon and Mccauley, 1974; Piscopo and Scamardella, 2015) and 
the ISO 2631-1 comfort standards (Ente Italiano di Normazione, 1997).

Fig.  6 depicts the ISO 2631-1 health caution zone, which relates the 
root mean square (RMS) of the weighted acceleration magnitude (𝑎𝑤) to 
permissible exposure limits. This zone delineates safe operation (falling 
below Zones 1 and 2) from potential health risks (exceeding Zones 1 
and 2). To compute the instantaneous weighted accelerations, 𝑎∗𝑤,𝑖(𝑡), 
the raw acceleration signals (𝑎𝑖(𝑡)) are processed through a transfer 
function 𝐻𝑖(𝑝) that simulates the human body’s frequency-dependent 
sensitivity to vibration. This transfer function is composed of a cascade 
of filters: 
𝐻𝑖(𝑝) = 𝐻ℎ,𝑖(𝑝)𝐻𝑙,𝑖(𝑝)𝐻𝑡,𝑖(𝑝)𝐻𝑠,𝑖(𝑝) (9)

Fig. 6. ISO 2631-1 health caution zones correlating the root-mean-square of 
the weighted acceleration magnitude (𝑎𝑤) to permissible exposure limits.
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Specifically, the chain includes high-pass (𝐻ℎ,𝑖) and low-pass (𝐻𝑙,𝑖) 
band-limiting filters, a transition filter (𝐻𝑡,𝑖), and a specific impact 
response filter (𝐻𝑠,𝑖). The transfer functions for the longitudinal (𝑥) and 
vertical (𝑧) directions, denoted as 𝐻𝑥 and 𝐻𝑧 respectively, are defined 
by the standard and illustrated in Fig.  7.

Fig. 7.  Frequency-dependent acceleration transfer functions defined by the 
ISO 2631-1 standard.

Following the weighting process, the RMS of the weighted acceler-
ations is computed as: 

𝑎𝑤,𝑖 =

√

1
𝑡𝑒 − 𝑡0 ∫

𝑡𝑒

𝑡0
𝑎∗𝑤,𝑖(𝑡)2 𝑑𝑡 (10)

To quantify the aggregate effect of accelerations across all three or-
thogonal axes, ISO 2631-1 defines the total weighted acceleration value 
(𝑎𝑣): 

𝑎𝑣 =
√

(𝑘𝑥𝑎𝑤,𝑥)2 + (𝑘𝑦𝑎𝑤,𝑦)2 + (𝑘𝑧𝑎𝑤,𝑧)2 (11)

where 𝑘𝑥, 𝑘𝑦, 𝑘𝑧 are direction-specific weighting factors defined by the 
standard.

The standard further establishes indices to assess onboard comfort 
regarding vibration. This study considers the estimated Vibration Dose 
Value (𝑒𝑉 𝐷𝑉 = 1.4𝑎𝑤𝑇 1∕4) (Ente Italiano di Normazione, 1997), the 
Motion Sickness Dose Value (𝑀𝑆𝐷𝑉𝑧) (Ente Italiano di Normazione, 
1997), and the Motion Sickness Incidence (𝑀𝑆𝐼) index (Ente Italiano 
di Normazione, 1997). It is important to distinguish the specific defini-
tions of MSI. Conventional models, such as those adopted by O’Hanlon 
and Mccauley (1974) and Piscopo and Scamardella (2015), define MSI 
as the percentage of exposed personnel likely to vomit within 2 h 
of exposure to specific vertical accelerations. Conversely, ISO 2631-
1 estimates the percentage of people expected to vomit by relying 
on the 𝑀𝑆𝐷𝑉𝑧 (measured in m∕s1.5) to quantify exposure over the 
measurement period. The Motion Sickness Dose Value is calculated as:

𝑀𝑆𝐷𝑉𝑧 =

√

∫

𝑡𝑒

𝑡0
𝑎𝑤(𝑡)2 𝑑𝑡 (12)

The corresponding Motion Sickness Incidence is then derived as: 
𝑀𝑆𝐼 = 𝐾𝑚𝑀𝑆𝐷𝑉𝑧 (13)

where 𝐾𝑚 is a constant reflecting the susceptibility of the exposed 
population; it is set to 1∕3 in this analysis to represent a mixed 
population (male and female) unadapted to the vibration environment.

3.2. Calm-water baseline performance

The performance baseline was established by deriving calm wa-
ter resistance curves for both configurations across the full range of 
available telegraph settings. Fig.  8 illustrates the normalized drag 
(𝐷∕𝐷𝑚𝑎𝑥𝑝𝑙𝑎𝑛𝑖𝑛𝑔 ) and velocity (𝑉 ∕𝑉𝑚𝑎𝑥𝑝𝑙𝑎𝑛𝑖𝑛𝑔 ) profiles.

The hydrodynamic behavior in calm water reveals a fundamental 
distinction: the planing hull exhibits a characteristic ‘‘hump’’ in re-
sistance as it transitions to planing mode. Conversely, the hydrofoil 
configuration demonstrates a drastic reduction in drag once the takeoff 
6 
Fig. 8. Calm water hydrodynamic performance curves detailing normalized 
drag, 𝐷∕𝐷𝑚𝑎𝑥𝑝𝑙𝑎𝑛𝑖𝑛𝑔 , and velocity, 𝑉 ∕𝑉𝑚𝑎𝑥𝑝𝑙𝑎𝑛𝑖𝑛𝑔 , profiles as a function of the 
telegraph setting.

threshold is surpassed (𝑇 𝑒𝑙𝑒𝑔𝑟𝑎𝑝ℎ > 0.35). This bifurcation allows the 
foiling craft to achieve significantly higher velocities for equivalent 
power inputs, quantifying the efficiency gains derived from eliminating 
the hull’s wetted surface area.

Figs.  9 and 10 show the power benefits of the foiling configuration 
relative to the planing baseline. Specifically, Fig.  9 presents the power 
requirements for both vessels, normalized against the maximum power 
and speed of the planing configuration. The normalized effective de-
livered power curve (Balestrieri et al., 2025), denoted as 𝑃∕𝑃𝑚𝑎𝑥𝑝𝑙𝑎𝑛𝑖𝑛𝑔 , 
shows that hydrofoils yield a substantial reduction in power demand at 
high speeds, enabling the attainment of higher velocities for the same 
delivered power. Moreover, the planing configuration curve clearly 
identifies the location of the previously cited drag hump; indeed, at 
approximately 60% of its maximum speed, the effective delivered 
power curve rises steeply without a corresponding increase in speed, 
indicating a local increase in hydrodynamic drag.

Furthermore, Fig.  10 illustrates the power ratio between the foiling 
and planing configurations. This comparison confirms that in the dis-
placement mode (below takeoff speed), the foiling craft is less efficient 
due to the added drag of the submerged appendages; however, once 
foilborne, it becomes significantly more efficient and capable of higher 
operational speeds.

Fig. 9. Normalized delivered power (𝑃∕𝑃𝑚𝑎𝑥𝑝𝑙𝑎𝑛𝑖𝑛𝑔 ) as a function of normalized 
speed for the calm-water baseline.
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Fig. 10. Relative calm-water performance ratios between the foiling and 
planing configurations.

3.3. Irregular seaway test matrix

While the calm water results align with established literature
(Faltinsen, 2005; Hoerner et al., 1954; Buermann, 1953), they ne-
glect environmental disturbances, which are ubiquitous in operational 
profiles. To extend the analysis to realistic conditions, simulations 
were conducted in irregular waves ranging from calm to slight sea 
states (codes 0 to 3), which encompass approximately 45% of global 
operating conditions (Fossen, 2011).

The upper limit of the tested sea states was determined by geometric 
constraints. The strut length of the foil configuration is approximately 
equal to the maximum expected wave height in the 𝐻𝑠 = 1.0m sea 
state, inclusive of a safety margin equivalent to the hydrofoil’s mean 
chord depth. This constraint prevents hull slamming or ventilation 
events caused by the foil breaching the free surface. The irregular 
wave fields were generated using a JONSWAP spectrum (Holthuijsen, 
2007; Bonfanti et al., 2024). A comprehensive test matrix comprising 
80 simulations per configuration was executed. This parametric sweep 
evaluated combinations of two wave peak periods (2.75 s and 3.5 s) and 
twenty wave heights, ranging from 0.05m to 1.0m in increments of 
0.05m.

4. Performance evaluation: seakeeping capabilities, energy effi-
ciency, and passenger comfort

The results are evaluated using the metrics defined in Section 3.1 
and are presented as a function of significant wave height (𝐻𝑠), wave 
peak period (𝑇𝑤), and telegraph setting. The data presented in the 
subsequent plots are derived exclusively from the steady-state regime, 
omitting the initial transient response.

Fig. 11. Convergence analysis depicting the absolute relative error of primary 
state variables against a four-hour reference simulation.

Fig.  11 presents the three primary parameters normalized by the 
results of a 4-hour reference simulation, plotted as a function of the 
7 
number of wave periods (𝑛𝑇𝑤 ). After 30 min of simulation, correspond-
ing to over 500 periods for the longest wave period (𝑇𝑤) analyzed, the 
ratio consistently remains below 1.01 for all variables. Consequently, 
a duration of 30 min was selected for the subsequent analysis, as this 
interval is sufficient to ensure statistical convergence.

To provide a comprehensive view of the dynamic differences be-
tween the two configurations, Fig.  12 presents a comparative time-
history extract. This dataset corresponds to a simulation in irregular 
waves with 𝐻𝑠 = 0.5 m and 𝑇𝑤 = 2.75 s, utilizing Telegraph 2 
(high-speed setting). The results are divided into two distinct temporal 
phases: the transient phase (𝑡 = 0 s to 55 s) and the regime phase 
(𝑡 = 500 s to 550 s). During the transient, the foiling craft (red line) 
undergoes a transition phase where the initial constant telegraph ac-
celerates the vessel to the takeoff velocity (≈ 0.25𝑉𝑚𝑎𝑥). Upon checking 
the flight altitude, a clear departure from the water surface is visible 
at 𝑡 ≈ 20 s. Following this transition, the vertical position of the 
Center of Gravity, 𝑧, ascends to converge with the mean flight alti-
tude, 𝑧, which corresponds to the reference setpoint arbitrary defined 
by the controller. Conversely, the planing hull (blue line) remains 
surface-bound, exhibiting larger vertical oscillations immediately upon 
interacting with the wave field. The steady-state (regime) window (𝑡 >
500 s) highlights the decoupling capability of the hydrofoil system:

• The foiling craft maintains a stable flight altitude with minimal 
deviation, whereas the planing hull tracks the wave elevation, 
resulting in continuous heave motion.

• The foiling craft maintains a normalized speed near 1.0 (calm 
water speed), while the planing hull suffers a speed degradation 
of approximately 40 − 50% due to waves.

• Longitudinal accelerations are an order of magnitude lower than 
vertical accelerations; therefore, although they are accounted for 
in this study, their contribution to the acceleration-related indices 
is negligible.

• The planing hull vertical acceleration signal is characterized by 
high-frequency, high-amplitude spikes indicative of slamming 
events (𝑎𝑧 frequently exceeding 4 m∕s2). In contrast, the foiling 
signal is smooth and of low amplitude, validating the effective-
ness of the Sliding Mode Controller in attenuating wave-induced 
disturbances.

Fig.  12(e) presents data specific to the flying configuration, illustrating 
the time history of the controlled flap incidence. These results demon-
strate the controller’s effectiveness in maintaining the dynamic stability 
of the craft. Notably, a distinct disparity is observed in the actuation of 
the respective foils. While optimizing this actuation strategy lies beyond 
the scope of this study, it represents a promising avenue for future 
research to further reduce vertical acceleration and minimize power 
usage. Finally, as specific details regarding the actuation system are not 
disclosed and its impact varies significantly between implementations, 
the energy consumed by the actuators is excluded from the overall 
energy analysis.

The shaded regions accompanying the curves in Figs.  13 to 15 
denote the 2% and 98% quantiles of the recorded time-series data. 
These bands characterize the temporal variability of the respective 
parameters throughout the simulation.

Fig.  13 presents the normalized longitudinal speed (𝛷), quantifying 
the speed-keeping capability of both configurations. The speed of the 
planing craft degrades significantly with increasing significant wave 
height (𝐻𝑠), indicating a severe penalty due to added wave resistance. 
In contrast, the foiling craft’s speed remains nearly independent of 𝐻𝑠, 
maintaining values close to calm-water performance. Additionally, the 
wider shaded regions (representing the 2% and 98% quantiles) for 
the planing hull indicate higher speed variability. When comparing 
Fig.  13(a) (Telegraph 1) to Fig.  13(b) (Telegraph 2), the foiling craft 
exhibits no distinct differences beyond a marginal reduction in speed 
loss. However, the planing configuration demonstrates a shift in the 
critical speed drop: for Telegraph 1, this drop occurs between 𝐻 = 0.3
𝑠



F. Balestrieri et al. Ocean Engineering 359 (2026) 125968 
Fig. 12. Comparative time-history of vessel dynamics during transient (𝑡 = 0−50 s) and steady-state (𝑡 = 500−550 s) phases in an irregular sea state (𝐻𝑠 = 0.5 m, 
𝑇𝑤 = 2.75 s).
and 0.5, whereas for Telegraph 2, it shifts to the range of 0.75 to 
1. This behavior is likely attributable to the vessel’s operating point 
relative to the drag hump (as highlighted in the calm-water perfor-
mance, Fig.  8). At the higher telegraph setting, the craft operates well 
beyond the drag hump; consequently, it can sustain a larger increase 
in wave-induced resistance before decelerating back into the high-drag 
transition region. This confirms that by lifting the hull above the free 
surface, the hydrofoil configuration effectively circumvents the wave 
resistance penalty.
8 
Fig.  14 plots the normalized mean specific fuel consumption (𝛹 ) 
against 𝐻𝑠, serving as the primary metric for energy efficiency. The 
planing craft’s fuel requirement increases substantially (by 30 − 50%) 
with increasing 𝐻𝑠, a direct consequence of the additional power 
required to overcome wave-induced resistance. Consistent with the 
velocity analysis, a comparison of Fig.  14(a) and Fig.  14(b) reveals 
a distinct shift in the consumption trend governed by the vessel’s 
proximity to the drag hump, a phenomenon observed exclusively in 
the planing configuration. In contrast, the foiling craft’s consumption 
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Fig. 13. Dimensionless speed-keeping index (𝛷) as a function of significant wave height (𝐻𝑠) for different telegraph settings and wave periods.
Fig. 14. Normalized mean specific fuel consumption (𝛹 ) evaluated across varying significant wave heights (𝐻𝑠) and wave periods.
remains almost constant, deviating little from its calm-water baseline. 
This behavior reflects the fundamental efficiency advantage of hydro-
foiling: by lifting the hull, the vessel substantially reduces its wetted 
surface area. This reduction mitigates the frictional contribution to total 
drag and minimizes wave-making resistance, directly translating into 
significant fuel savings. However, as previously noted, these specific 
propulsive savings must be contextualized by the exclusion of the 
energy required to actuate the hydrofoil control system, which would 
partially reduce the calculated margin of efficiency.

Fig.  15 presents the root-mean-square of vertical acceleration (𝑎𝑧), 
computed as: 

𝑎𝑧 =

√

1
𝑡𝑒 − 𝑡0 ∫

𝑡𝑒

𝑡0
𝑎𝑧(𝑡)2 𝑑𝑡 (14)

and as a function of 𝐻𝑠 for all test cases, it serves as the primary 
metric for seakeeping performance and passenger comfort. A pro-
nounced disparity in acceleration magnitude is evident: the foiling 
craft’s ̃𝑎𝑧 is exceptionally low (maximum ∼ 0.5 m∕s2) and exhibits only 
a marginal increase with 𝐻𝑠. Conversely, the planing craft’s 𝑎𝑧 is an 
order of magnitude higher (maximum ∼ 2 − 4 m∕s2) and increases 
9 
almost linearly with wave height. Comparing Fig.  15(a) to Fig.  15(b), 
it is observed that acceleration magnitudes scale with the telegraph 
setting, a result consistent with physical expectations. Furthermore, 
a critical distinction appears regarding the wave period: while the 
𝑎𝑧 of the planing configuration demonstrates sensitivity to the wave 
period, the hydrofoiling configuration appears largely independent of 
this parameter. This insensitivity is evidenced by the fact that the data 
curves for the foiling craft collapse onto a single trend across all sea 
states, regardless of the wave period. This behavior further underscores 
the superior seakeeping capabilities of the hydrofoil configuration.

To facilitate a direct comparison between the hydrofoil and planing 
configurations, Fig.  16 illustrates the relative variation of the perfor-
mance parameters (𝛷, 𝛹 , and 𝑎𝑧) of the foiling craft compared to 
the planing hull. The trends for speed and consumption are consistent 
and distinct; conversely, the acceleration performance exhibits greater 
sensitivity to the wave period and telegraph setting. Notably, in rougher 
sea states, the hydrofoil configuration simultaneously achieves a 60 −
90% increase in speed and a 40 − 50% reduction in fuel consumption, 
all while significantly mitigating vertical accelerations.
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Fig. 15. Root-mean-square of vertical acceleration (𝑎̃𝑧) as a function of significant wave height for distinct telegraph settings.
Fig. 16. Relative variance of speed-keeping, specific fuel consumption, and vertical acceleration performance of the hydrofoil configuration compared to the 
planing baseline. The comparative metrics are plotted against significant wave height for selected telegraph and wave period combinations.
As previously established, acceleration is the primary metric for 
assessing onboard comfort, in accordance with ISO 2631-1 (Ente Ital-
iano di Normazione, 1997) and established literature (O’Hanlon and 
Mccauley, 1974; Piscopo and Scamardella, 2015). The following results 
are calculated using the methodology detailed in Section 3.1 and are 
evaluated against the limits illustrated in Fig.  6. It is important to note 
that while the standard defines two Health Guidance Caution Zones 
based on distinct formulations, this analysis adopts the strictest bound-
ary corresponding to the computed acceleration magnitude. Given that 
continuous operations rarely exceed 24 h and the standard does not 
define limits beyond this duration, a 24-hour interval is adopted as 
the maximum upper bound for permissible acceleration exposure. How-
ever, as illustrated in Fig.  17, for certain lower acceleration magnitudes, 
the theoretical permissible exposure limit extends significantly beyond 
this 24-hour threshold.

Fig.  17 presents the simulation results distinguished by configu-
ration: planing (red triangles) and foiling (blue circles). Notably, the 
data corresponding to the foiling configuration cluster to the right of 
the limitation boundaries. This distribution indicates a substantially 
longer permissible exposure duration for the hydrofoil, consistent with 
its lower associated weighted acceleration levels.

Fig.  18 presents the projected maximum allowable exposure time. 
This graph directly corresponds to Fig.  17, depicting the same dataset 
across different axes. It quantifies the duration for which the computed 
10 
Fig. 17. Computed frequency-weighted RMS vertical accelerations mapped 
against the permissible exposure limits defined by the ISO 2631-1 standard.

frequency-weighted RMS acceleration can be sustained before breach-
ing the standard’s health caution zone. The results indicate that the 
planing craft (red and green lines) faces severe operational limitations; 
specifically, at high telegraph settings and increased wave heights, 
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Fig. 18. Projected maximum allowable exposure time as a function of signif-
icant wave height before breaching the ISO 2631-1 health caution threshold.

the permissible exposure time drops to less than one hour. In con-
trast, the foiling craft (blue and black lines) maintains safe operation 
for durations exceeding 4 h across nearly the entire tested range. 
This demonstrates a significant expansion of the vessel’s operational 
envelope regarding crew and passenger well-being.

Fig. 19. Estimated Vibration Dose Value (eVDV) distributions evaluated across 
the simulated significant wave heights.

Fig.  19 presents the data for the estimated Vibration Dose Value. 
According to Ente Italiano di Normazione (1997), the initial health 
caution threshold is set at 8.5 m∕s1.75, which corresponds to the lower 
boundary of the red health caution zone illustrated in Fig.  6. The 
hydrofoil configuration consistently exhibits 𝑒𝑉 𝐷𝑉  values that are less 
than half those of the planing configuration under identical conditions. 
Furthermore, for a wide range of tested conditions, the 𝑒𝑉 𝐷𝑉  trend for 
the hydrofoil is nearly linear. This behavior is a direct consequence of 
the acceleration trends illustrated in Fig.  15 and is further corroborated 
by the data in Fig.  20.

Fig.  20 illustrates the Motion Sickness Incidence as a function of 
significant wave height (𝐻𝑠). The MSI is quantified as a probability 
index (ranging from 0 to 1.0), representing the likelihood of passengers 
experiencing seasickness during the exposure period. The trends distin-
guished by these data are unequivocal. The planing craft (red and green 
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lines) exhibits a notable risk of motion sickness, reaching incidence 
rates of 10 − 20% in moderate sea states. In sharp contrast, the foiling 
craft (blue and black lines) generally maintains an MSI below 5% across 
the majority of tested conditions, with maximum values restricted to 
7.73%. This outcome is a direct consequence of the active control 
system’s capability to attenuate the specific vertical acceleration fre-
quencies that drive motion sickness. Consequently, this characteristic 
serves as a critical performance differentiator for commercial passenger 
transport applications.

Table  1 quantifies the performance disparity between the hydrofoil-
supported configuration and the conventional planing hull across the 
tested operational envelopes. Consistent with the trends illustrated 
in the preceding figures, this performance gap widens as sea states 
deteriorate. For instance, in a sea state characterized by 𝐻𝑠 = 1.0m and 
𝑇𝑤 = 3.5 s with the telegraph set to its maximum value, the hydrofoil 
exhibits a marginal speed reduction of approximately 4% relative to 
calm water conditions. Conversely, the planing hull suffers a severe 
reduction of nearly 40%. Simultaneously, the hydrofoil maintains su-
perior ride quality, subjecting passengers to vertical accelerations that 
are approximately one-third of the magnitude recorded for the planing 
configuration.

Fig. 20. Probability index for the Motion Sickness Incidence (MSI) as a 
function of significant wave height.

To summarize the findings, Table  2 presents the maximum, mini-
mum, and mean values of the performance ratios between the foiling 
and planing configurations across all tested conditions. The data con-
sistently demonstrate the superiority of the hydrofoil configuration 
across all considered indicators. Crucially, these ratios are derived 
from variables normalized against each vessel’s respective calm-water 
performance. Therefore, rather than a simple comparison of absolute 
magnitudes, these values quantify the relative degradation of perfor-
mance compared to calm water conditions. Even within this normalized 
framework, the results unequivocally highlight the superior robustness 
of the foiling craft. Note that in the table, the subscript 𝑓 denotes the 
foiling configuration, while the subscript 𝑝 indicates the planing one.

5. Conclusion

This study, conducted in collaboration between MARIN and the 
Polytechnic University of Turin, employed a hybrid numerical frame-
work to provide a definitive quantitative assessment of the operational 
benefits of active hydrofoil technology. By subjecting identical hull 
geometries, one planing and one foil-supported, to a systematic test ma-
trix of irregular sea states, the research isolated the specific advantages 
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Table 1
Extract of the comparative results between foiling and planing configuration.
 𝑇 𝑒𝑙𝑒𝑔𝑟𝑎𝑝ℎ 1 − 𝑇𝑤 = 2.75 s

 𝐻𝑠 Foiling Planing

 𝛷 − 1 𝛹 − 1 𝑎𝑤 eVDV t MSI 𝛷 − 1 𝛹 − 1 𝑎𝑤 eVDV t MSI  
 (%) (%) (m/s2) (m/s1.75) (h) (%) (%) (%) (m/s2) (m/s1.75) (h) (%)  
 0.10 −0.003 0.001 0.026 0.162 24.000 0.25 −14.875 9.686 0.294 1.507 24.000 2.30  
 0.25 −0.022 0.005 0.065 0.413 24.000 0.63 −20.831 14.473 0.260 1.368 24.000 2.09  
 0.40 −0.086 0.030 0.105 0.678 24.000 1.04 −31.950 25.836 0.365 1.935 24.000 2.96  
 0.55 −0.642 0.344 0.147 0.959 24.000 1.47 −38.127 33.597 0.487 2.516 19.146 3.85  
 0.70 −2.176 1.242 0.190 1.243 24.000 1.90 −42.460 40.245 0.626 3.190 11.912 4.88  
 0.85 −4.690 2.756 0.232 1.521 24.000 2.33 −46.239 46.947 0.782 4.020 7.501 6.15  
 1.00 −8.443 5.131 0.270 1.775 24.000 2.71 −49.261 53.033 0.919 4.717 4.980 7.21  
 𝑇 𝑒𝑙𝑒𝑔𝑟𝑎𝑝ℎ 1 − 𝑇𝑤 = 3.5 s

 𝐻𝑠 Foiling Planing

 𝛷 − 1 𝛹 − 1 𝑎𝑤 eVDV t MSI 𝛷 − 1 𝛹 − 1 𝑎𝑤 eVDV t MSI  
 (%) (%) (m/s2) (m/s1.75) (h) (%) (%) (%) (m/s2) (m/s1.75) (h) (%)  
 0.10 −0.005 0.002 0.021 0.123 24.000 0.19 −10.984 6.881 0.302 1.445 24.000 2.21  
 0.25 −0.029 0.010 0.054 0.311 24.000 0.47 −18.548 12.562 0.414 1.938 24.000 2.96  
 0.40 −0.085 0.032 0.088 0.508 24.000 0.78 −22.371 15.855 0.670 3.047 13.058 4.66  
 0.55 −0.437 0.226 0.123 0.720 24.000 1.10 −35.136 29.585 0.755 3.504 9.874 5.36  
 0.70 −1.558 0.878 0.159 0.932 24.000 1.43 −38.831 34.677 0.995 4.692 5.085 7.17  
 0.85 −3.318 1.923 0.197 1.170 24.000 1.79 −41.367 38.564 1.279 6.221 1.646 9.51  
 1.00 −5.479 3.239 0.250 1.527 24.000 2.33 −43.804 42.643 1.571 7.712 0.697 11.79 
 𝑇 𝑒𝑙𝑒𝑔𝑟𝑎𝑝ℎ 2 − 𝑇𝑤 = 2.75 s

 𝐻𝑠 Foiling Planing

 𝛷 − 1 𝛹 − 1 𝑎𝑤 eVDV t MSI 𝛷 − 1 𝛹 − 1 𝑎𝑤 eVDV t MSI  
 (%) (%) (m/s2) (m/s1.75) (h) (%) (%) (%) (m/s2) (m/s1.75) (h) (%)  
 0.10 −0.001 0.000 0.040 0.288 24.000 0.44 −11.842 7.263 0.347 1.777 24.000 2.72  
 0.25 −0.006 −0.002 0.100 0.732 24.000 1.12 −25.142 17.908 0.813 4.080 7.280 6.24  
 0.40 −0.036 0.006 0.165 1.206 24.000 1.84 −31.000 23.881 0.954 4.956 4.086 7.58  
 0.55 −0.407 0.216 0.232 1.705 24.000 2.61 −33.567 26.845 1.024 5.622 2.467 8.60  
 0.70 −1.564 0.896 0.303 2.232 24.000 3.41 −36.527 30.632 1.185 6.766 1.176 10.34 
 0.85 −3.514 2.057 0.382 2.809 15.362 4.29 −47.963 49.237 1.280 7.176 0.929 10.97 
 1.00 −6.249 3.733 0.487 3.599 9.358 5.50 −50.141 53.766 1.429 8.035 0.591 12.28 
 𝑇 𝑒𝑙𝑒𝑔𝑟𝑎𝑝ℎ 2 − 𝑇𝑤 = 3.5 s

 𝐻𝑠 Foiling Planing

 𝛷 − 1 𝛹 − 1 𝑎𝑤 eVDV t MSI 𝛷 − 1 𝛹 − 1 𝑎𝑤 eVDV t MSI  
 (%) (%) (m/s2) (m/s1.75) (h) (%) (%) (%) (m/s2) (m/s1.75) (h) (%)  
 0.10 −0.002 0.000 0.034 0.215 24.000 0.33 −8.229 4.876 0.389 1.803 24.000 2.76  
 0.25 −0.010 0.001 0.085 0.545 24.000 0.83 −18.052 11.819 0.823 3.822 8.298 5.84  
 0.40 −0.038 0.010 0.139 0.895 24.000 1.37 −25.776 18.511 1.153 5.460 2.773 8.35  
 0.55 −0.303 0.157 0.199 1.288 24.000 1.97 −29.969 22.779 1.458 7.156 0.940 10.94 
 0.70 −1.077 0.608 0.269 1.780 24.000 2.72 −33.211 26.492 1.772 8.870 0.398 13.56 
 0.85 −2.336 1.352 0.399 2.729 16.281 4.17 −36.775 31.110 2.098 10.751 0.185 16.44 
 1.00 −4.089 2.402 0.806 5.053 3.781 7.73 −41.819 38.588 2.271 11.991 0.119 18.33 
Table 2
Mean values of performance degradation factors relative to calm-water base-
lines ratios for all tested sea states.
 𝑉𝑥, 𝑓

𝑉𝑥, 𝑝
− 1 𝑎𝑧, 𝑓

𝑎𝑧, 𝑝
− 1 𝜓𝑓

𝜓𝑝
− 1 𝑡𝑒

𝑡𝑝
− 1 𝑀𝑆𝐼𝑓

𝑀𝑆𝐼𝑝
− 1 

 (%) (%) (%) (‰) (%)  
 𝑀𝑒𝑎𝑛 46.23 −80.93 −36.51 1.16 −75.43  
 𝑀𝑎𝑥 89.18 −64.50 −22.61 9.51 −55.21  
 𝑀𝑖𝑛 5.05 −93.48 −46.53 0.00 −92.10  

provided by active flight control, confirming that hydrofoil adoption 
offers distinct performance gains over traditional designs.

The implementation of a Sliding Mode Controller allowed the hy-
drofoil craft to achieve a ‘‘platforming’’ mode, effectively decoupling 
the hull from the free surface even in stochastic wave environments. 
The simulation data revealed that this decoupling resulted in vertical 
accelerations that were consistently an order of magnitude lower than 
those of the planing hull, effectively eliminating the high-frequency 
slamming events that characterize the planing regime in rough water. 
This drastic reduction in vertical motion validates the active control 
strategy’s capability to filter out wave-induced disturbances, maintain-
ing a stable flight altitude with minimal deviation.
12 
These dynamic improvements directly translate into significant ben-
efits in terms of human factors and operational safety. According to 
ISO 2631-1 standards, the planing craft’s operation at high speed was 
limited to under 1 h in moderate seas due to health risks associated 
with vibration and shock, whereas the foiling craft remained within 
safe exposure limits for over 4 h, essentially expanding the vessel’s 
operational envelope. Additionally, the active filtering of specific wave 
frequencies resulted in a Motion Sickness Incidence (MSI) of lower than 
7.5%, a strong contrast to the almost 20% sickness probability observed 
in the planing configuration, thereby proving the technology’s value for 
passenger comfort.

Finally, the study highlighted critical advantages in energy ef-
ficiency and environmental sustainability. The planing hull demon-
strated a steep penalty in power demand as wave height increased, 
fighting against added wave resistance, while the foiling craft main-
tained speed and consumption rates comparable to its calm-water 
performance. This confirms that hydrofoil technology is a robust path-
way for reducing fuel consumption and associated carbon emissions in 
real-world conditions.

Despite these promising results, certain limitations of the current 
numerical framework must be acknowledged, which concomitantly 
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define avenues for future research. Primarily, the present energy anal-
ysis excludes the power consumption required by the active control 
actuators; future studies should integrate actuator dynamics to pro-
vide a holistic assessment of the net efficiency gains. Furthermore, 
the hydrodynamic interactions between the hull and the hydrofoil 
subsystems are not explicitly modeled. While this simplification is 
justifiable for the fully foil-borne regime, incorporating these coupled 
interaction effects will be crucial for a more accurate resolution of the 
transient takeoff phase. Additionally, the lifting surfaces are currently 
evaluated as rigid bodies; integrating hydroelastic effects could enhance 
the fidelity of unsteady load predictions in rougher sea states. Finally, 
although the Sliding Mode Controller provided a highly robust baseline 
strategy, future work should explore advanced optimization of the 
actuation strategy to further minimize required control effort and refine 
passenger comfort.

Collectively, these findings validate the utility of real-time hy-
brid numerical tools for complex vessel design and support the mar-
itime industry’s transition toward more efficient, safe, and comfortable 
high-speed transport solutions.
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