
1 INTRODUCTION  

Windsurfing equipment is capable of extremely high 
sailing speeds (over 50 knots (World Sailing Speed 
Record Council, 2021)) where little of the board is in 
contact with the water and in fact almost all of the 
hydrodynamic upwind side force required to counter-
act the aerodynamic downwind side force of the sail 
is supplied by the fin, or (lateral hydro-) 8foil9 (Suth-
erland, 1993; Sutherland and Wilson, 1994). The only 
economically viable materials that can resist the re-
sulting very high loadings are advanced fibre (mostly 
carbon with some E-glass) composites.  
There are various basic fin designs for each intended 
sailing discipline - from control-biased wave sailing, 
through slalom, to speed-biased course racing. Con-
trol is usually achieved via 8twist-off9 (wash-out) at 
the fin tip to progressively reduce angles of attack at 
high loadings, and is normally realised via aft-swept 
planforms and aft rake to give the typical 8dolphin fin9 
shape of the wave fin. The hydrodynamically more 
efficient upright course racing fins with elliptical 
planforms result in better lift to drag ratios at the ex-
pense of more sudden, and hence uncontrollable, stall 
behaviour. Slalom fins tend to aim at a compromise 
between these two extremes.  
Hence, the fin is as important, if not more so, than the 
two other components of a windsurfer, the rig and the 
board. However, despite some scientific interest in 

the subject, mostly in the 19909s (Broers et al., 1992; 
Chiu et al., 1993, 1992; Fagg, 1997; Fagg and Velay, 
1996a, 1996b; Kunoth et al., 2007), the development 
of modern fins has been almost entirely empirical via 
8on-the-water9 testing of new ideas. This approach is 
perhaps not surprising given the complexity of the 
problem in terms of fluid flow, complex anisotropic 
composite structural deformations, and the hydro-
elastic interaction between the two.  
Whilst this approach has greatly improved fin perfor-
mance, further advances in fin design are hampered 
since exactly how this performance is achieved in 
terms of the deflections of the fin remains unseen un-
der the board. There are theories within the windsurf-
ing community, using vague 8semi-scientific9 terms 
(for example, 8softness9) and based on perceived 
physics of the problem, but the bases of these are of-
ten not very solid.   
Hence, the current work develops a design tool using 
fluid structure interaction (FSI) hydro-elastic numer-
ical analyses, as detailed in Section 2, to predict the 
actual fin responses of the fin to the hydrodynamic 
loadings under the board. The response of the fin to a 
range of typical sailing conditions is then explored us-
ing this FSI model and discussed in Sections 3 and 4. 
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ABSTRACT: Numerical structural and fluid dynamic models of a windsurf fin were developed and validated 
using mechanical and water tunnel tests. Then, both a 8one-way9 analysis (not including fin deformation fluid 
flow effects) and a full 8two-way9 iterative fluid-structure interaction model (including fin deformation effects) 
combined the two. Finally, these models were used to investigate the fin behavior and performance for a range 
of typical sailing velocities and leeway-angles. The more expensive two-way model was required to accurately 
predict the lateral 8lift9 and vertical forces, and tip twist, but the more economical one-way model gave good 
estimations of the drag force (especially at lower leeway angles) and tip deflection. Vertical fin forces became 
significant as the fin deflects. Both composite material bend-twist coupling giving wash-in (locally higher an-
gles of attack) at higher lateral deflections, and flow modifications due to fin deformations that give wash-out 
(feathering) are thought to be active. 



 

2 NUMERICAL MODEL 

2.1 Fin characteristics 

This study models an actual production fin; a 37 
cm slalom fin manufactured by F-Hot fins Ltd (Figure 
1).  

 
Figure 1 Slalom fin geometry 

The port and starboard sides of the fin laminate are 
hand laid up separately using epoxy resin in the two 
parts of a split female aluminium mould that are then 
bought together, before the resin cures, and bolted to-
gether. The fin is then left to cure as a single piece at 
50°C for 24 hours. The exact layup schedule is com-
mercially sensitive information, but each side consists 
of 19 plies of ±45° bi-directional and 0° uni-direc-
tional (UD) carbon and E-glass tapes.  

2.2 Finite Element Analysis (FEA) 

ABAQUS finite element analysis software 
(ABAQUS, 2018) was used to model the structural 
response of the fin, mainly because of the ease with 
which it can be integrated into an FSI analysis (Sec-
tion 2.5) with the CFD software used (section 2.4). 
Thickness measurements of an actual fin confirmed 
the accuracy of the input geometry, which was parti-
tioned into segments corresponding to areas with the 
same layup (Figure 2).  

 
Figure 2 FEA Partitions (shaded areas = UD tapes) and mesh 

SC8R general-purpose, 8-node, hexahedral, first-
order, reduced-integration, continuum shell elements 
were used to both model precisely the complex fin 
geometry and to reduce computational expenses. This 
element accounts for finite membrane strains, arbi-
trary large rotation, and allows for changes in thick-
ness, making it suitable for this large-strain / displace-
ment analysis. The composite layup of each partition 
of Figure 2 was defined as an ABAQUS 8composite 
set9, where the layup angles and thicknesses of each 
individual ply as in the actual fin were defined, allow-
ing the laminate mesh to subdivide through the lami-
nate thickness.  

The SC8R element required hexahedral meshing, 
and since it is a first-order reduced-integration ele-
ment, the mesh had to be sufficiently fine to avoid 
8hour-glassing9. A nominal global mesh size of 4 mm, 

selected via a mesh sensitivity study, resulted in 
13824 elements. The mesh was refined at the leading 
and trailing edges due to the increased curvature in 
these areas (Figure 2).  

The fin is mounted in the board with a very stiff 
cantilever arrangement and so the FEA modelled fin 
foil section was restricted here with boundary condi-
tions preventing both translation and rotations in all 
directions.  

As further detailed below, for validation of the 
structural model single point loads were applied to 
one side of the fin only. For the FSI analyses of sec-
tion 2.5 the pressure loadings on both faces obtained 
from the CFD model of section 2.4 were applied. 

2.3 Material properties and experimental FEA 
validation 

As is typical for marine composites, the fin lami-
nates produced here are not the well-documented and 
regulated factory-impregnated 8pre-pregs9 character-
istic of the aerospace industry, and so material prop-
erties may not be simply obtained from laminate data 
sheets, and there are no (expensive) material proper-
ties testing programmes. Further, the fins are hand 
laid up. Hence, not only are there no available mate-
rial properties data, but also their estimation is ham-
pered by a lack of information on the ratio of fibres to 
resin, the fibre volume fraction (FVF). Hence, as is 
typical for marine composites, an 8engineering9 ap-
proach had to be developed to estimate the material 
properties. 

Firstly, measurements of the weights of fibres and 
resin used in the manufacture of a fin were taken, giv-
ing an FVF estimate of 0.4 from the known densities 
of the materials used, which corresponded with the 
lower ranges of FVF for hand laid up marine compo-
sites to be found in the literature (Sleight, 1985; 
Smith, 1990). 

The material properties to be used should corre-
spond to both the closest raw materials and fabrica-
tion methods used for the laminates studied. In this 
case, 8wet layup9 (from the FVF9s this was deduced 
to be vacuum assisted wet layup, which is similar to 
the compression moulded wet layup used here) values 
were obtained from the material property library of 
another FEA software, ANSYS (ANSYS© 2020 R1, 
2020). A further advantage of these ANSYS library 
values is that they are experimentally based, and 
hence incorporate effects of the lay-up process that 
theoretical estimates will miss. It is unimportant from 
where these values originate, what is very important 
is that they are for relevant laminates. Young9s Mod-
ulus, E, Poisson9s Ratio, ν, and Shear modulus, G; 
each in all three orthotropic directions) for equivalent 
woven and UD carbon and UD E-glass were obtained. 

However, these ANSYS library values corre-
sponded to laminates of higher FVF (from 0.5 to 0.65) 



than of those considered here (0.4) and so these li-
brary properties had to be adjusted for the difference 
in FVF. This was achieved using the generalised rule 
of mixtures (ROM) equations (Shenoi et al., 1993), 
which is known to be acceptably accurate for stiffness 
estimation. For example, for longitudinal stiffness, 
E1, for two laminates 8A9 & 8B9 equivalent in all re-
spects except for FVF (Vf):  �1,� = �0���1,��� + ��(1 2 ��)       (1) 

and hence, �1,�,þ = �0���1,���,þ+��(12��,þ)�0���1,���,ý+��(12��,ý) × �1,�,ý     (2) 

where subscripts c, f and m refer to composite, fibre 
and matrix resin, respectively, ƞ0 = 1.0 for UD and 0.5 
for woven reinforcements, and ƞL = 1.0 (since fibre 
lengths > 10 mm). 

This semi-empirical approach, rather than ROM 
estimation of the material properties directly from the 
fibre and resin properties, is based on experimentally 
obtained values thus factoring in irregularities intro-
duced via hand lay-up, which are not considered by 
ROM. 

The material property values thus obtained were 
then verified using values estimated using the Chamis 
semi-empirical equations (Chamis, 1984, 1983; Vi-
gnoli et al., 2019) directly from the resin and fibre 
material properties and a typical hand lay-up void 
fraction of 0.05 (Abdelal and Donaldson, 2018; 
Roopa et al., 2015). This gave values very close to the 
previously calculated 8ROM adjusted FVF9 data in all 
cases, thus increasing confidence in the material 
property input data.  

The next step was to validate the FEA model 
against experimental force-deflection data. A simple 
cantilever loading of the fabricated fin, as in the sail-
ing condition was used, but reproducing the in-ser-
vice force loading on the fin was not practical and 
hence a simplified point load was used. This load was 
applied at ¼ chord from the leading edge, coinciding 
with the centre of effort of the fin under flow condi-
tions. Two separate tests were performed; at positions 
of 40 and 80 % of the span from the fin base (Nasci-
mento et al., 2018) (Figure 3), giving differing pro-
portions of shear and bending to provide a more rig-
orous validation of the FEA model than is often 
given. A calibrated, displacement controlled (at 0.1 
mm/s), servo-hydraulic test rig with load cell and dis-
placement transducer outputs was used. 

  
Figure 3 Experimental fin tests (Nascimento et al., 2018) 

However, these tests showed that the FEA model 
was predicting a less stiff response than shown to be 
the case by the experimental results. Hence, further 
discussions with the manufacturer and observations 
of the lamination process were undertaken, after 
which it was noted that the plies were not actually laid 
up in the mould with the fibres exactly straight and 
aligned with the fin span, but were curved to some 
degree. This occurred due both to natural fibre move-
ments during the rolling stage of hand layup, and to 
the process of fitting the plies into the mould with its 
curved leading edge plan shape.  

Even a slight curvature of the plies in the laminate 
is known to decreases the stiffness in the fibre direc-
tion, and typical fibre 8waviness9 was measured as ap-
proximately 2.5 mm amplitude in a wavelength of 10 
cm, giving a Young9s modulus reduction factor of 
0.25 according to Figure 3.1 of (Altmann, 2015). This 
reduction was applied to all UD and woven longitu-
dinal and woven transverse Young9s modulus, E, val-
ues, to give final material properties shown in Table 
1. 

This gave extremely good agreement with the ex-
perimental values for both point-loading spans (Fig-
ure 4). Thus the FEA model has been validated for 
both different loading cases and the input material 
values were obtained considering both the actual raw 
materials and the production process and resulting 
laminate characteristics, rather than simply carrying 
out a 8curve fitting9 exercise to force the model to fit 
the experimental data, which has unfortunately be-
come commonplace. 

Property UD E-glass UD Carbon Woven Carbon 

E1 (Pa) 2.23E10 5.66E10 2.84E10 

E2 (Pa) 7.90E9 5.11E9 2.84E10 

E3 (Pa) 7.90E9 5.11E9 5.54E9 

ν12 0.29 0.31 0.04 

ν23 0.40 0.42 0.30 

ν13 0.29 0.31 0.30 

G12 (Pa) 4.12E9 3.26E9 3.30E9 

G23 (Pa) 3.50E9 3.08E9 2.70E9 

G13 (Pa) 4.12E9 3.26E9 2.70E9 

Table 1 Material Property values 

 



 

 

Figure 4 Validation of FEA with experimental test results 

2.4 Computational Fluid Dynamics (CFD) Analysis 

Star-CCM+ software (Siemens Simcenter STAR-
CCM+ Documentation, 2019) was used which inte-
grates seamlessly with ABAQUS FEA software for 
FSI analyses. The analysis here is developed from the 
results of a previous study (Saldanha, 2019). Alt-
hough to eliminate numerical singularities the sharp 
leading edge of the FEA geometric model had to be 
slightly rounded for the CFD, this extremely localised 
and small geometry change would not cause discrep-
ancies between FEA and CFD results. 

The fluid domain was a rectangular prism of di-
mensions 16 x 10 x 8 fin base chord lengths, with the 
fin base located on the upper face, centred laterally 
and 6 base chord lengths from the inlet face (Figure 
5).  

 
Figure 5 CFD Fluid domain 

The boundary conditions were 8Wall9 for the fin 
surface, 8Pressure Outlet9 for the outlet aft face, and 
8Velocity Inlet9 for the inlet, lateral faces and bottom 
face, where there are unperturbed flow conditions. 
Although the fin base is actually inserted into the flat 
underside of the board, since the boundary layer at the 
board is less than 1 cm thick the finite extent of the 
board was not modelled and the whole upper domain 
face was assigned as a 8Velocity Slip Wall9 with zero 
vertical velocities representing the water-air inter-
face. This significantly reduced computational time 
and complexity and confirmatory tests showed that 
this did not affect the results. The 8Velocity Inlet9 
flows were assigned to give the angle of attack to the 
fin required.  

To model accurately the flow whilst also saving 
computational expense, the 8Automated Mesh9 fea-
ture of Star-CCM+ was used to mesh the domain, 
with increasingly finer volumes of refinement 
(VOR9s) from the outer domain down to the fin sur-
face (Figure 6). Since the analysis of the flow of the 

boundary layer is especially important, a prism layer 
that closely followed the fin profile was used next to 
the fin surface. Table 2 gives the mesh parameters, 
which were previously validated by a mesh conver-
gence analysis (Saldanha, 2019).  

The physical continuum models used were: (Sal-
danha, 2019): 

 Three-dimensional analysis 
 Steady and segregated flow 
 Constant density 
 Turbulent flow solution with RANS (Reyn-

olds-Average Navier-Stokes) equations 
 K-ω, SST (Menter) turbulence model 
 γ−Reθ transition model 
 Low y+ wall treatment 

 

 
Figure 6 CFD Mesh 

Base size     50 mm 

Domain Relative Cell Size     150% 

VOR 3 Relative Cell Size     50% 

VOR 2 Relative Cell Size     10% 

VOR 1 Relative Cell Size     3% 

Number of Prism Layers     25 

Prism Layer Thickness     2 mm 

Prism Layer Stretching     1.17 

Wall y+     ≈1 

Number of Cells     ≈ 3x106 

Table 2 Mesh Parameters 

The fluid assumed for all simulations was 35 g/kg 
salinity seawater at 20 °C, of density (ρ) 1024.9 kg/m3 



and dynamic viscosity (µ) 1.077x10-3 Pa ·  s (Nayar et 
al., 2016). Residuals convergence criteria (at 10-4) 
gave solutions that required around 180 computa-
tional hours running in 18 parallel cores, i.e. an 
elapsed real time of 10 hours. 

2.5 Fluid structure interaction (FSI) analysis 

The hydrodynamically efficient fine chord profiles 
of these fins together with the high loadings lead to 
large deflections, and hence a simple 8one-way9 anal-
ysis (where CFD derived loads assuming a com-
pletely rigid fin are applied in a single step solution to 
the structural model to give the structural response) 
may well lead to large errors. A full 8two-way9 FSI 
analysis where iterative re-application of the CFD 
loads to the structural model until convergence is 
achieved will more closely model such a hydro-elas-
tic case.  

The FEA and CFD models of sections 2.2 and 2.4 
were connected via the Simulia Co-Simulation En-
gine (CSE), which enables fully automatic communi-
cation between the two for import and export of field 
properties and mesh information. The CSE required 
that the same fin surface was present and with the 
same name in both CFD and FEA solvers. In this re-
gion, displacements are exported from FEA to CFD 
solvers, and pressures and wall shear stresses ex-
ported in the opposite direction (ABAQUS, 2018). It 
is important to use the same units in both solvers.  

Since significant fin deflections were expected, an 
iterative dynamic implicit approach was used where 
fields are exchanged multiple times per coupling step 
until an overall equilibrium is achieved prior to ad-
vancing to the next step. This iterative coupling 
scheme allows one analysis to lead, which, as highly 
recommended (Siemens Simcenter STAR-CCM+ 
Documentation, 2019), was the structural 
(ABAQUS) solver. A constant coupling step size of 
0.1 s between FEA and CFD solvers, allowing both 
analyses to advance in parallel, achieved good solu-
tion convergence. Especially for operating conditions 
with higher fin deflections and pressures, and at the 
start of each simulation, ramping of the pressure field 
was also required to achieve solution convergence. 
As for the CFD analysis, residual convergence crite-
ria at 10-4 were used for the FSI analyses. 

3 RESULTS 

The behavior of the fin under a range of typical 
sailing conditions was explored using the FSI analy-
sis tool. Two main parameters, velocity and lateral 
angle of attack (AoA, corresponding to 8leeway an-
gle9), may be used to represent these conditions. A 
parametric study of all permutations of a range of per-
tinent velocities and AoA9s was completed. The CFD 
analysis indicated that stall occurred at around 8° 

AoA, and a typical upper velocity is around 35 knots 
was assumed. Hence, the test matrix consisted of five 
levels of velocity (10, 15, 20, 25, 30 and 35 kn) at 
three levels of AoA (2, 4 and 6°). 

To quantify the fin behavior the responses 8lift9 (in 
the lateral, opposing sail side force sense) and drag 
forces give a good indication of the fin performance. 
Similarly, twist (thus varying the local tip AoA) and 
tip (cantilever) deflection, are important in terms of 
control.  

Vertical force is important in terms of both first 
starting to plane and then supporting the weight of the 
board, rig and sailor. If the fin can produce some of 
this vertical force then this reduces the required AoA 
and/or wetted surface area of the board, resulting in 
less drag since the fin produces vertical force much 
more efficiently than can the inclined flat plate, hy-
droplane, board. 

Especially as the fin is increasingly 8loaded up9 at 
higher velocities and/or AoA9s and deflections in-
crease), a two-way FSI may well produce more accu-
rate results than a one-way FSI. However, this will 
come at considerably increased time, software and 
expertise costs that will be very significant in the con-
text of the windsurfing industry. Hence, it is im-
portant to identify where the use of a two-way FSI 
over a one-way analysis is, and is not, beneficial. 

The results of runs at every combination of veloc-
ity and AoA for both 1-way and 2-way solutions for 
8lift9 and drag force, tip deflection and twist, and ver-
tical force are given below in Figure 7, Figure 8, Fig-
ure 9, Figure 10 and Figure 11, respectively. 

 
Figure 7 8Lift9 force results 



 

 
Figure 8 Drag force results 

 
Figure 9 Tip deflection results 

 
Figure 10 Tip twist results (negative = wash-in = increased AoA) 

 
Figure 11 Vertical upwards force results 

4 DISCUSSION 

To validate the FSI model the fin was tested in the 
Emerson cavitation tunnel at Newcastle University, 
UK (Tansley, 2018). Figure 12 shows that the fin de-
flected significantly, even at the relatively low sailing 
speed of approximately 10 knots. 

 
Figure 12 Water tunnel test set-up 

Although the tests had to rely on manual logging 
of the lift force from analogue measurements, re-
peated runs gave precise results, which also matched 
the relevant FSI values (Figure 13). 

 
Figure 13 Cavitation tunnel vs FSI lift force results 

The discrepancy at the lowest AoA is thought to 
be due to small errors in the alignment of the fin, 
which become more significant as AoA is reduced; 
during production, the fin is positioned in the base af-
ter lamination by hand and it is very possible that 
small errors in this mounting are present. Further tun-
nel testing with a digital data acquisition system will 
use both positive and negative angles of attack in or-
der to identify better the zero AoA position.  

Figure 14 shows a constant lift coefficient, CL 
(equation (3)) with velocity for the 1-way analysis as 
expected. 

 



 
Figure 14 Lift coefficient vs velocity �� = 2�Ā�2ý                 (3) 

where L is lift force, ρ fluid density, V the flow speed 
and A the surface area of the fin. 

However, for the 2-way FSI, as velocity increases 
the fin deforms due to the flow in such a way that the 
lift coefficient is increased and increases further with 
velocity. Further, the 8lift slope9 (the rate of change of 
CL with AoA, CL/α) follows the Prandtl equation 
(equation (4)) for the 1-way analysis, but the 2-way 
FSI again shows that as velocity increases the fin de-
forms due to the flow in such a way that this lift slope 
is increased (Figure 15). ÿ�� = 2ÿ1+ 2ý�                 (4) 

where: α is in radians and AR is aspect ratio (Span2 / 
Surface Area = 372 / 300 = 4.56) 

 
Figure 15 Lift slope vs velocity 

Hence, for accurate prediction of the lateral 8lift9, 
a full 2-way FSI is required, especially at higher ve-
locities when fin deflections are large. 

Drag force also increased with both velocity and 
AoA (Figure 8), as expected, but drag coefficient 
tended to decrease with velocity (Figure 16), which 
may be due to a reduction in skin friction drag (dom-
inant for these streamlined chord sections) with in-
creasing Reynold9s number (Abbott and Von 
Doenhoff, 1959).  

 
Figure 16 Drag coefficient vs Reynolds number 

Also, the pronounced drop in drag coefficient for 
6° AoA at a Reynold9s number of around 1 million is 
typical of a reduction in the form drag component 
(which would be more significant at this higher AoA) 
as flow becomes more turbulent and hence boundary 
layer separation is hence delayed (Munson et al., 
2009). 

At lower AoA, the cheaper 1-way analysis 
matches the accuracy of the more expensive 2-way 
FSI, but at higher AoA and velocities 1-way slightly 
underestimates the drag estimate. Whether or not this 
is significant depends on the design approach, for ex-
ample for comparative studies between two fin de-
signs the 1-way analysis may be sufficient even at 
higher AoA. 

As expected, Figure 9 shows higher lateral tip 
bending deflections as both AoA and velocity in-
creases, due to the higher lateral 8lift9 forces gener-
ated by the fin. The 2-way FSI deflections are slightly 
higher than the corresponding 1-way values, which is 
again consistent with the slightly higher lateral 8lift9 
forces predicted by the 2-way FSI. 

Figure 10 shows that to predict accurately, even 
quantitatively, the tip twist, however, the 2-way FSI 
is definitely required. The one-way analysis predicts 
monotonically increasing wash in (increasing local 
AoA) as velocity (and hence tip lateral deflection) in-
creases. However, with increasing velocity the 2-way 
FSI predicts an initial increase in wash-in until a max-
imum value at around 25 knots, followed by feather-
ing of the foil even as far as reaching overall wash-
out at higher velocities and lower AoA. 

The reasons behind these effects are not yet fully 
understood, but they point to the possibility that there 
are two competing main mechanisms; bend-twist 
coupling due to the composite layup resulting in 
wash-in at higher deflections, and modification of the 
flow due to fin deformations that produce a wash-out 
axial torsional moment. The 1-way analysis (which 
assumes an un-deformed fin) can only include the for-
mer of these two mechanisms, leading to the deduc-
tion that the composite bend-twist coupling produces 
wash-in.  



 

The 2-way FSI is also clearly necessary in accu-
rately predicting the contribution to vertical force (as 
opposed to lateral 8lift9 – which terminology comes 
from the aeronautical origins of foil theory) of the fin 
(Figure 11). Since the 1-way analysis does not include 
fin deflections it cannot predict the upwards vertical 
component of the fin lateral 8lift9 force as the fin ro-
tates and its suction face becomes more parallel to the 
water surface from its original purely vertical orien-
tation, and in fact only predicts a small sinking force. 
However, the 2-way FSI predicts an increasingly sig-
nificant vertical force component from the fin as ve-
locity and AoA, and hence lateral deflections, in-
crease (Figure 17).  

 
Figure 17 FSI lateral deflection for 35 knos at 4° AoA 

This is consistent with the experience of sailors 
sailing with too large a fin for the conditions – at 
speed the board becomes uncontrollably airborne re-
sulting in the inevitable spectacularly wet (yet some-
how enjoyable) crash. 

5 CONCLUSIONS 

Numerical models of a windsurf fin were devel-
oped and validated using both mechanical and water 
tunnel tests. Two models were made – a 8one-way9 
analysis (where the effects of fin deformation on the 
fluid flow are not considered) and a full 8two-way9 
FSI model (which iteratively takes into account the 
effect of the fin deformation on the fluid flow). A par-
ametric study then used these models to investigate 
the fin behavior and performance for a wide range of 
typical sailing velocities and angles of attack (leeway-
angles).  
 The more expensive two-way model was required for 
predicting accurately the lateral 8lift9 and vertical 
forces, and tip twist, but reasonable predictions of the 
drag force (especially at lower leeway angles) and tip 
deflection may perhaps be obtained using the more 
economical one-way model.  
The 2-way FSI predicts an increasingly significant 
vertical upwards force component from the fin as ve-
locity and AoA increase. Two competing twist mech-
anisms; composite material bend-twist coupling giv-
ing wash-in (higher AoA) at higher lateral 

deflections, and flow modifications due to fin defor-
mations that giving wash-out (feathering) are thought 
to be active. 
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