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Abstract The aim of the present work is to passively reduce
the induced drag of the rear wing of a Formula One car at
high velocity through aeroelastic tailoring. The angle-of-
attack of the rear wing is fixed and is determined by the
required downforce needed to get around a turn. As a result,
at higher velocity, the amount of downforce and related
induced drag increases. The maximum speed on a straight
part is thus reduced due to the increase in induced drag. A
fibre reinforced composite torsion box with extension-shear
coupled upper and lower skins is used leading to bending-
torsion coupling. Three-dimensional static aeroelastic anal-
ysis is performed loosely coupling the Finite Element code
Nastran and the Computational Fluid Dynamics panel code
VSAERO using ModelCenter. A wing representative of
Formula One rear wings is optimised for minimum induced
drag using a response surface methodology. Results indi-
cate that a substantial induced drag reduction is achiev-
able while maintaining the desired downforce during low
speed turns.
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1 Introduction

In present Formula One (F1) racing, the continuous need
for speed drives engineers to push both driver and the car to
the limit. F1 cars nowadays regularly reach velocities up to
300 km/h during a race. However, the cars are not optimised
for high speed on straight lines, but are mostly optimised to
achieve high turning speeds (Katz 2006). In order to be able
to turn as fast as possible, the car must have as much trac-
tion as necessary to pass the turn at the intended velocity.
At low speeds, this traction is mostly a mechanical trac-
tion originating from the car’s weight acting on the tyres.
At high speeds, however, the grip is mostly generated by
the aerodynamic downforce. This downforce is provided by
the aerodynamic surfaces and aerodynamic shaping of the
bodywork (e.g. diffuser, front and rear wing). These aero-
dynamic devices give the driver the opportunity to go faster
in a turn. The disadvantage is that, when the car is not cor-
nering, the larger grip given by the aerodynamic devices,
together with the increase in aerodynamic drag, tend to slow
the car down.

At the dawn of Formula One racing, this problem was
solved by means of moveable aerodynamic devices (Wright
1974). The driver had the ability to alter the angle-of-
attack of the rear wing, such that on a straight line, the
downforce and thus also the aerodynamic drag could be
reduced. However, in the present regulations of the Fédéra-
tion Internationale de l’Automobile (FIA 2007) it is stated
that moveable aerodynamic devices are prohibited.

The question arises whether it is possible to design a
fixed flexible wing capable of providing the right amount
of downforce needed to turn at a certain velocity, while
reducing the downforce at higher velocity when compared
to a rigid wing. One such solution is presented in Massegur
et al. (2007), where a two-element rear wing assembly is
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used with a flexible upper element. Due to its flexibility,
the gap between both elements disappears at high velocities,
causing the rear wing to reduce the produced downforce and
induced drag.

In the present work, a concept for the reduction of
induced drag is proposed based on aeroelastic tailoring of
the rear wing. The rear wing contributes to one third of the
total downforce (Zhang et al. 2006) and associated induced
drag. Furthermore, tailoring the rear wing has no effect on
any part of the car behind the rear wing, as would be the
case for the front wing. A definition of aeroelastic tailor-
ing within the context of Aerospace Engineering is given by
Shirk et al. (1986):

Aeroelastic tailoring is the embodiment of directional
stiffness into an aircraft structural design to control
aeroelastic deformation, static or dynamic, in such
a fashion as to affect the aerodynamic and structural
performance of that aircraft in a beneficial way.

So, the target is to make use of the interaction between
the structure and aerodynamics (Bisplinghoff et al. 1955;
Dowell 2004) to design a rear wing such that at a high
velocity the angle-of-attack, and as such the induced drag,
of the rear wing are reduced. The wing design, at the
same time, should still have the required angle-of-attack
to generate sufficient downforce during cornering at low
velocity. According to Lynch and Rogers (1976), aero-
elastic tailoring creates the possibility of drag reduction
compared to a rigid wing. More specifically, induced drag
reduction using aeroelastic tailoring has been applied to
improve Unmanned Aerial Vehicle (UAV) performance by
Weisshaar et al. (1998), Bramesfeld et al. (2008), and to
Micro Air Vehicles (MAV) in Stanford and Ifju (2008).
According to Shirk et al. (1986) and Weisshaar and Duke
(2006), wash-out wings are traditionally identified with
induced drag reduction.

Composite laminate tailoring of the rear wing is proposed
to obtain the envisioned result. The focus of this tailoring is
on the torsion box of the rear wing (Rehfield and Cheung
2003, 2004; Guo et al. 2005, 2006). The effect of wash-
out can be achieved by using an extension-shear coupled
upper and lower skin (Fukunaga and Sekine 1994; Diaconu
et al. 2002). The top and bottom skin of the torsion box
are constructed to generate a circumferentially asymmet-
ric stiffness (CAS) lay-up (Patil 1997). The net result of
this construction is a bending-torsion coupling of the torsion
box, without having bending-torsion coupling at the individ-
ual skin laminate level. This eliminates the curing problems
encountered when bending-torsion coupling is present at
laminate level. It has been shown by Weisshaar (1981)
that bending-torsion coupling using a CAS lay-up is also
effective for low aspect ratio wings.

The goal of this paper is to find a wing design which
effectuates such a bending-torsion coupling to maximise
the reduction in angle-of-attack of the rear wing at higher
velocity while maintaining traction at low speeds. For this
optimisation, the material properties are modelled using
lamination parameters (Tsai and Pagano 1968), similar
to previous work by Fukunaga and Vanderplaats (1991),
Fukunaga and Sekine (1992), Miki and Sugiyama (1993),
Abrate (1994), where lamination parameters are applied to
model and optimise composite plates and shells, or wing
structures in Liu and Haftka (2004). In Abdalla et al.
(2007) and Kameyama and Fukunaga (2007), the lamination
parameters are applied for aeroelastic tailoring of compos-
ite wing structures, and in Gürdal and Olmedo (1993) and
Setoodeh et al. (2006), they are used to model variable
stiffness composite plates.

In the following first a closer look at the problem at hand
is presented. The third section presents a 2D aeroelastic
analysis of a typical section to show the envisioned effect
of bending-torsion coupling. This effect is further analysed
using a 3D model which is presented in the consecutive
section. This 3D model is used in a fluid-structure rou-
tine which is further described in section five. Finally the
results are presented in the sixth section, followed by the
conclusions and recommendations.

2 Problem statement

A Formula One car is a compromise between going as fast
as possible on a straight track and achieving the highest pos-
sible turning speed while cornering. This problem is mostly
solved, depending on the lay-out of the track, by optimising
the car performance either to go fast through a corner or to
go fast on a straight part of the circuit. It would, however, be
a great achievement if the best of both worlds could be com-
bined. In the following we analyse the cornering manoeuvre
and the straight acceleration.

2.1 Cornering manoeuvre

To give a general idea about the maximum turn velocity, the
car is represented as a rigid body having a mass m. Consider
the force required to turn at a certain velocity:

Freq = m · V 2

R
, (1)

where V is the velocity along the path of the turn and R the
radius of that turn. This required force is generated through
contact with the ground, where the maximum generated
force is defined as:

Fmax = (m · g + L)μ, (2)
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Fig. 1 Simplified representation of an F1 car

where μ is the friction coefficient of the tyres, L is the
downforce, and g the gravitational acceleration. Using
(1) and (2) and recalling L = 1

2ρV 2CL S results in the
following expression for the maximum turning velocity:

V =
[

1

μgR
− ρCL S

2mg

]− 1
2

, (3)

where CL is the 3D lift coefficient and S the surface area of
the rear wing. In order to increase the turning velocity, only
CL can be changed in (3). The other constants are assumed
to be fixed either by regulations (m,S) or by external and
physical factors (μ,R). From (3) it follows that the lift coef-
ficient of the rear wing CL has to be increased in order to
increase the turning velocity. Since in this work the focus is
on the rear wing, only the rear wing’s contribution to the lift
coefficient is considered variable. Thus increasing the over-
all lift coefficient can be done by increasing the rear wing’s
angle-of-attack.

2.2 Straight acceleration

Since the angle-of-attack is a fixed value throughout a race,
this high angle-of-attack also has an influence on the straight
acceleration performance. Consider a basic representation
of a car as depicted in Fig. 1, the total acceleration a of the
car is given by:

a = Fa − F f − D

m
, (4)

where Fa is an acceleration force given by the engine, D
is the aerodynamic drag force and F f is the friction force
acting on the tyres. Since the engine is a fixed given subject,
the acceleration force is assumed to be fixed as well. So
to increase the acceleration of the car, both F f and D are
looked at. The friction force can be defined as:1

F f = μ

[
m · g + 1

2
ρV 2SCL

]
. (5)

1Note that this is a basic representation of the friction force using a
constant friction coefficient. In reality this relation is much more com-
plicated. However, for the purpose of demonstrating the influence on
the acceleration a simple representation will suffice.

The drag force is defined as:

D = 1

2
ρV 2CD S, (6)

with CD the drag coefficient of the rear wing:

CD = CD0 + C2
L

π e
, (7)

where CD0 is the drag coefficient at zero angle-of-attack,
is the aspect ratio of the rear wing, and e the Oswald factor.

The increase in CL for the higher turning velocity will
result in an increase of both the friction force F f in (5),
and the drag force D in (7). This leads to a lower overall
straight acceleration of the car. The objective of this work is
thus to obtain a flexible fixed wing which reduces both the
friction force F f , and the drag force D at high velocity, by
reducing the lift coefficient CL at this higher velocity. At the
same time, however, the magnitude of the lift coefficient CL

should not be reduced at low velocity in order to maximise
the low speed turning velocity as defined in (3).

3 Feasibility study

In order to clarify the envisioned aeroelastic effect using
bending-torsion coupling, a typical section is investigated
using a static aeroelastic analysis. In Fig. 2 such a flat plate
section is depicted, with Kh and Kα the bending and tor-
sional spring stiffness, respectively, h the wing plunge, c
the chord length, and other parameters defined as:

α = α0 + αe, (8)

Cl = Clαα, (9)

where α0 is the initial rigid angle-of-attack, αe is the elas-
tic angle-of-attack, Cl is the 2D lift coefficient, and Clα =
2π/(1 + (2/ )) for a finite flat plate. From this flat plate
assumption it also follows that the moment around the
aerodynamic center m AC , and the lift coefficient at zero
angle-of-attack Cl0 are assumed to be zero.

Fig. 2 2D section for aeroelastic analysis
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The moment about the elastic axis due to the aerody-
namic loads is then defined as my = Le. Note that until
now, the model does not have a coupling between the bend-
ing and torsion. This coupling is introduced using Khα in
the potential energy equation. Using Lagrange’s equations
(Török 2000), assuming static aeroelasticity and recalling
L = Clα (α0 + αe)cq , the equations of motion become:

{[
Kh Khα

Khα Kα

]
+ cq

[
0 Clα
0 −Clα e

]} [
h
αe

]
= cqα0

[−Clα
Clα e

]
,

(10)

in which q is the dynamic pressure. The behaviour of both
systems is studied by using a parameter which describes the
relation between the stiffnesses of the system. Similar to
Weisshaar and Ryan (1986) and Weisshaar et al. (1998), the
cross-coupling coefficient ψ is defined as:

ψ = Khα√
Kh Kα

. (11)

The stiffness matrix has to be positive definite, (van Kan
et al. 2005), so the determinant of the stiffness matrix should
be larger than zero. Introducing ψ this leads to the following
requirement:

−1 < ψ < 1. (12)

The influence of a positive or negative cross-coupling �

on the angle-of-attack α versus the dynamic pressure q
is depicted in Fig. 3. It can be seen that at increasing
dynamic pressure, the angle-of-attack will either increase or
decrease for positive or negative bending-torsion coupling,
respectively. In the present work, the main interest lies
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Fig. 3 Influence of cross-coupling ψ on angle-of-attack α

at decreasing the angle-of-attack at higher dynamic pres-
sure in order to reduce the induced drag. To facilitate such
behaviour, a negative coupling between bending and torsion
should be applied.

4 Three dimensional model

The two-dimensional analysis has shown that the target
behaviour can be achieved when using a negative bending-
torsion coupling ψ . According to Katz (1989) low aspect
ratio wings have to be designed using a three-dimensional
model. Thus a 3D aeroelastic analysis model is developed
to investigate the possible drag reduction achievable on an
F1 rear wing. This section defines the wing geometry and
the corresponding structural and aerodynamic models used
in the analysis.

4.1 Model geometry

According to the FIA Season 2008 regulations (FIA 2007),
the rear wing can consist of two elements, a front and a rear
element, as depicted in Fig. 4. By using a multi-element
airfoil, the angle-of-attack of the rearward element can be
increased, thereby increasing the overall downforce cre-
ated by the assembly (Katz 1989). In the present study, the
rear element is not considered to simplify the model. This
simplification is reasonable for an initial proof of concept.
The dimensions of the front rear wing element are found in
Table 1 (FIA 2007). The wing is assumed to be attached
to the car via central pillars, as shown in Fig. 4. This
arrangement maximises the flexibility of the wing, making
aeroelastic tailoring more effective.

To perform the 3D analysis, a wing cross-section should
be known. In F1 racing, an airfoil is chosen for its prop-
erty of being a high lift/low drag airfoil (Liebeck 1978; Katz
1989). Exact data about present F1 airfoils is hard to find,
however, some information is known about airfoils used
in the past. One series of airfoils which were often used
in F1, and nowadays still are used for airfoil optimisation,
are the Benzing airfoils (Benzing 1992), designed by the
Italian engineer Enrico Benzing. The chosen airfoil from the

Fig. 4 Support method of the rear wing
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Table 1 Dimensions of F1 rear wing

Name Value Dimension

b 1 m

c 0.2 m

Taper ratio 1 –

5 –

Benzing family is known as BE153-105.2 A cross section of
the BE153-105 airfoil is found in Fig. 5.

4.2 Structural model

The structural model used in the 3D analysis consists of
several components, each of which are depicted in the
schematic overview of the wing in Fig. 6. The inner voids
of the wing are filled with a structural foam which is not
depicted in the schematic overview. This foam is repre-
sented in the discrete model using a solid mesh as explained
later in this section. The normal directions of the upper and
lower skin are defined such that a CAS lay-up is created
when the upper and lower skin are modelled using the same
material properties.

All components are given constant material properties,
except for the upper and lower skin of the torsion box, which
are described using lamination parameters. Symmetric lam-
inates are used and the skin is assumed to be thin enough to
be modelled as a membrane. The in-plane stiffness matrix
A is expressed in terms of the lamination parameters:

A = h (�0 + V1�1 + V2�2 + V3�3 + V4�4) , (13)

with the stiffness invariants �, defined in terms of the lam-
inate invariants (Gürdal et al. 1999; Diaconu et al. 2002).
The four in-plane lamination parameters are defined as:

⎛
⎜⎜⎝

V1

V2

V3

V4

⎞
⎟⎟⎠ =

∫ 1
2

− 1
2

⎛
⎜⎜⎝

cos 2θ(z)
sin 2θ(z)
cos 4θ(z)
sin 4θ(z)

⎞
⎟⎟⎠ dz (14)

with z = z/h the normalised coordinate in thickness direc-
tion, h the total thickness of the laminate, and θ(z) the fibre
angle at z.

The wing is modelled in Nastran (MacNeal 1972). Using
appropriate symmetry conditions, only half of the actual
wing has to be modelled, as shown in Fig. 7. The mesh uses

2The first 2 digits refer to the maximum relative thickness of the airfoil,
the third digit refers to the position of this maximum thickness. The
fourth and fifth digit denote the maximum chamber, while the last digit
refers to the position of this maximum chamber along the airfoil.
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Fig. 5 Cross-section of the BE153-105 airfoil

both rectangular (CQUAD4) and triangular (CTRIA3) ele-
ments for meshing the skin, spars, and endplate. The inner
solid mesh consists of both five sided (CPENTA) and six
sided (CHEXA) solid elements.

4.3 Aerodynamic model

An aerodynamic model is necessary to perform Compu-
tational Fluid Dynamics (CFD) calculations. The pressure
forces are calculated by VSAERO (Maskew 1982), a com-
mercially available panel code capable of calculating the
non-linear characteristics of arbitrary objects. The use of a
panel code for aerodynamic modelling has two limitations.
First, viscous effects can only be taken into account using a
post-processing step within VSAERO. It was found that the
effect of viscosity is not significant, and results with viscos-
ity are not presented in this paper. Second, an initial wake
position has to be provided to VSAERO to be used in its
iterative wake relaxation routine.

A representation of the entire aerodynamic model includ-
ing the wake can be found in Fig. 8. A structured mesh is
applied to the wing skin and the trailing edge of the end-
plate. The remaining part of the endplate is meshed with an
unstructured mesh. The input for VSAERO is created using
a Matlab routine, which uses the Matlab program DistMesh
by Persson and Strang (2004) to create the unstructured
mesh.

Fig. 6 Schematic overview of wing components
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Fig. 7 Structural model of F1 wing with BE153-105 airfoil

5 Wing simulation and optimisation

For the purpose of analysing and optimising the 3D wing
model, a multi-disciplinary routine is created in ModelCen-
ter, coupling the commercial FE code Nastran to the CFD
panel code VSAERO trough a fluid-structure interaction
controlled by Matlab routines. The first section discusses
the aeroelastic analysis, while the second section highlights
the applied fluid-structure coupling. In the third section the
optimisation formulation is presented, and the last section
explains the implementation in ModelCenter.

5.1 Aeroelastic analysis

This work makes use of two commercial solvers, thus a par-
titioned method, as used by Farhat and Lesionne (1998) is
applied to create the aeroelastic analysis. In a partitioned
method, the coupling between fluid and structure can be
done either by advancing both meshes parallel or serial. The
present work uses the serial advancing of both meshes, also
referred to as the loosely coupled procedure.

The most basic and common way to introduce this loose
coupling is by using the Conventional Serial Staggered
(CSS) procedure (Farhat and Lesionne 1998; Beckert 2000).
The procedure for this scheme (see Fig. 9) starts by calcu-
lating the aerodynamic forces on the undeformed structure
(step 1). Next, these aerodynamic forces are transformed
to the structural mesh (step 2) to be able to calculate the
deflection of the structure (step 3). This deflection is used
to update the aerodynamic mesh (step 4) such that the entire
procedure can restart on the deformed mesh.

Fig. 8 Aerodynamic model of F1 wing with BE153-105 airfoil

Fig. 9 The Conventional Serial Staggered procedure

5.2 Fluid-structure coupling

The structural and aerodynamic model have different
meshes. A coupling procedure should be provided to enable
the interpolation of forces and displacements between both
models. The coupling method used in the present work is
based on the principle of equivalence of work. The vir-
tual work done by the aerodynamic loads acting on the
aerodynamic model should be equal to the virtual work
done by the equivalent aerodynamic loads on the structural
model, thereby assuring conservation of energy. Accord-
ing to Beckert (2000) and Beckert and Wendland (2001),
a coupling matrix H can be defined such that:

u f = H · us, (15)

fs = HT · f f , (16)

with us and u f the displacement of the structure and
fluid boundary, respectively, and fs and f f the aerody-
namic forces on the structural and aerodynamic model,
respectively.

The coupling matrix H can be constructed using a radial
basis function. According to Rendall and Allen (2007),
a decaying radial basis function should be chosen. These
functions put more emphasis on the local influence, leading
to a more physically meaningful force transfer. Moreover,
to reduce the computational effort, a compactly supported
radial basis function should be applied. The radial basis
function used in this work satisfies both requirements,
and is known as Wendland’s C2-function (Wendland 1995;
de Boer et al. 2007).

5.3 Optimisation formulation

An optimisation is performed to be able to create a rear wing
which passively reduces its induced drag at higher veloc-
ity. However, the wing should still be able to provide the
required downforce to be able to pass a low speed turn. The
idea is that the initial fixed angle-of-attack of the wing is
chosen such that the wing is able to provide the required
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downforce in low speed turns. By using a bending-torsion
coupling, at a higher velocity, the wing should reduce its
angle-of-attack as much as possible, thereby reducing the
induced drag at this higher velocity.

Thus, the objective for the optimisation is to minimise
the induced drag from the wing, calculated by VSAERO,
by using the lamination parameters V1, V2, V3 and V4

as design variables. Since the lamination parameters are
defined in terms of trigonometric functions in (14), they are
bounded by constraints (Fukunaga and Sekine 1992; Miki
and Sugiyama 1993). In order to find a physically mean-
ingful combination of in-plane lamination parameters, the
following requirements (Setoodeh et al. 2005) are used as
constraints:

2V 2
1 (1−V3)+2V 2

2 (1+V3)+V 2
3 +V 2

4 −4V1V2V4 ≤1, (17)

V 2
1 + V 2

2 ≤ 1, (18)

− 1 ≤ Vi ≤ 1, for i=1,2,3,4. (19)

5.4 Implementation in ModelCenter

ModelCenter (Phoenix Integration 2003) is a process inte-
gration environment enabling design and control using var-
ious programs from within one visual environment. The
flow diagram of the aeroelastic routine using the CSS pro-
cedure is depicted in Fig. 10. The initial CFD and Finite
Element Model (FEM) meshes are created first. Using these

Fig. 10 Flow diagram of 3D aeroelastic routine

meshes, the interpolation matrix H, which is independent
of any mesh deformation, can be calculated. The material
properties are defined by the optimiser. These steps are com-
pleted before entering the iterative process, which consists
of the CSS procedure, coupling Nastran to VSAERO. A dis-
placement convergence check is performed to decide on the
convergence of the fluid-structure iteration.

The optimisation is performed using Design Explorer
(Cramer and Gablonsky 2004), a surrogate-model-based
optimiser available in ModelCenter. Since no gradient infor-
mation is required by the optimiser, it is highly suitable
for usage with commercial codes such as Nastran and
VSAERO.

The Design Explorer will start by creating initial sur-
rogate models based on an initial set of design variables.
Using a sequential approximate optimisation method, these
surrogate models are used to perform several local optimi-
sations from different starting points. The local optimisation
points and some additional points are then evaluated using
the actual model. This procedure is denoted as the “Search
Step” within Design Explorer. After such a search step,
either the information from the actual model evaluations is
used to update the surrogate models, or a local exploration
around a base point is performed with the actual model
(“Poll Step”).

6 Results

In this section, the output of the optimisation is pre-
sented. The first section discusses the optimisation results.
The second section considers the results of a Multi-Body-
Simulation.

6.1 Optimisation results

The optimisation is performed for three cases, where the
upper and lower skin have a thickness of either 2, 3 or 4
layers. A single layer carbon fibre ply has a thickness of
0.075 mm. During the optimisation, the wing is simulated at
an angle-of-attack of 10 degrees, and at a velocity of 92 m/s.

For the 2 layer model optimisation, a total of 113 function
evaluations are performed, where each function evaluation
needed typically 3 fluid-structure iterations to converge.
However, 42 of the function evaluations have a set of

Table 2 Optimal lamination parameters for 2/3/4 layer models

N◦ layers V1 [−] V2 [−] V3 [−] V4 [−]

2 0.40625 −0.61328 0.15625 −0.76563

3 −0.23437 −0.56250 0.27734 −0.03516

4 −0.13282 −0.18359 0.35938 −0.80078
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Fig. 11 Results 2/3/4-layer optimised wing [α = 0.1745 rad]. a Non-dimensional lift coefficient versus velocity. b Non-dimensional drag
coefficient versus velocity

design variables which violate the constraints as defined by
(17)–(19). Therefore no actual function evaluation at these
design points is performed. Thus 71 runs are performed
inside the design space, consisting of 14 search steps and
3 poll steps.

The optimal in-plane lamination parameters for the mod-
els having either 2, 3, or 4 layers are given in Table 2. For
each of the optimised models, the lift coefficient CL and
induced drag coefficient CDi can be plotted against veloc-
ity. Comparison of the lift and induced drag coefficient,
respectively, against the results for a benchmark wing with-
out bending-torsion coupling are shown in Fig. 11a and b. It
can be observed that both the lift and induced drag decrease
at higher velocity. This is a direct effect of the wing tor-
sion, which is larger at higher velocity. The torsion induces
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1
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L re
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]
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3D Coupling

2D Coupling
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Fig. 12 3D versus 2D comparison of non-dimensionalised lift
coefficient

a reduction in angle-of-attack, thereby reducing the lift and
associated induced drag. By increasing the number of lay-
ers, the drag reduction at 90 m/s reduces from about 16%
for the 2 layer model to 10% for the 4 layer model. This
is due to the increase of the bending stiffness of the wing
by adding layers, thereby decreasing the amount of torsion
through the bending-torsion coupling. A lower reduction in
angle-of-attack leads to a smaller reduction of the induced
drag.

It is worthwhile to investigate whether the relation found
by the 2D analysis is continued by the results from the 3D
analysis. Therefore, the non-dimensional lift coefficients for
both 3D optimised and benchmark wing (2 layers) are com-
pared in Fig. 12 with the results obtained from a typical
section analysis. From the figure it can be observed that the
3D result shows good correspondence with the 2D analysis.

6.2 Multi-body-simulation

The influence of the flexible optimised wing on the driving
characteristics of a F1 car is investigated in a Multi-Body
Simulation (MBS) using the software Simpack (INTEC
GmbH 2004). A model having a benchmark wing and a
model equipped with the optimised wing are used for two
test cases. Both a 10 second acceleration along a straight

Table 3 MBS: acceleration performance

Variable Benchmark Optimised Absolute

model model difference

Distance [m] 730.08 730.48 0.40

Velocity [m/s] 99.65 99.79 0.14
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Table 4 MBS: turn performance

Variable Benchmark Optimised Absolute

model model difference

Distance [m] 156.45 156.48 0.03

Velocity [m/s] 29.95 29.94 .01

line, and a 1.8 g turn at a constant low velocity of 30 m/s
are investigated. The results for the straight line acceleration
are given in Table 3, while in Table 4 the turn performance
is presented.

From both tables is can be seen that the optimised model
has an advantage during a straight line acceleration, without
reducing the turn performance at lower velocity.

7 Conclusions & recommendations

The goal of this work is to find a rear wing for an F1 car
capable of passively reducing its angle-of-attack to create
a drag reduction at higher velocities. This goal is achieved
by using an optimised circumferentially asymmetric stiff-
ness (CAS) lay-up for the torsion box of the rear wing main
element. Lamination parameters are applied to describe the
variable material properties of the upper and lower skin of
this torsion box. These lamination parameters are used as
design variables in an aeroelastic optimisation framework,
having a minimisation of induced drag as design objec-
tive. Based on the results of this optimisation, the following
conclusions can be drawn:

– Application of bending-torsion coupling through the
use of a CAS lay-up can lead to a substantial drag
reduction of an F1 car’s rear wing.

– A Multi-Body Simulation (MBS) indicates that the use
of the optimised rear wing on an F1 car has an advan-
tage compared to a benchmark car when acceleration in
a straight line is considered. The simulation also indi-
cates that the low speed turning performance of the car
is maintained.

– The 2D predictions using a typical aeroelastic section
show good agreement with the results from the 3D
aeroelastic optimisation framework.

– The use of lamination parameters is valuable, since the
continuous behaviour of these parameters is useful dur-
ing optimisation. Once an optimal set of lamination
parameters is available, the corresponding lay-up can
be determined.

The results show the capability to reduce the induced
drag of an F1 car by tailoring the rear wing. When actual

application of this concept is considered, current framework
can be used, however some updates need to be made to
the models:

– The full rear wing assembly needs to be taken into
account. This can be done in two ways. The rear
element can be considered to be rigid, thus only the
aerodynamic influence of it is taken into account while
optimising the front element. Another option is to
optimise the material properties of both elements simul-
taneously in order to increase the drag reduction.

– The airfoil type of the rear wing needs to be updated
based on more recent data.

– The presence of the car in front of the rear wing needs
to be taken into account, as it will have an influence on
the airflow acting on the rear wing.

These updates are highly dependent on the actual F1 car
and team, since each F1 car has slightly different character-
istics with respect to the cars of competing teams. As such,
a wing designed for the car of a particular team, might have
a different lay-up and performance increase when compared
to a wing which is designed for another team’s car.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which permits
any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
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