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1. Introduction

In the report A Vision for 2020, [1], [2] the Euro-
pean Commission set up a list of goals for the aircraft
industry to be met by 2020. In the report, the future
of aviation is discussed, as well as the challenges laying
ahead of its development. Future aviation will need to
respond to restrictive imperatives in terms of costs, en-
vironmental impact and safety. These challenges are
driving goals that are meant to serve as guidelines for
future aviation developments.
The future commercial success of the aircraft indus-

try will strongly depend on the improvement of aero-
dynamic design in terms of drag. In cruise, the drag
of a very large transport aircraft is mainly composed
of friction and induced drag, accounting for 45− 48%
and 41− 44% of the total drag respectively. Methods
for reducing friction drag, e.g. boundary layer suction
and turbulent flow control, are being investigated, but
the results are not yet really impressive. In case of a
breakthrough in this field, the solution would be ap-
plicable to any aircraft configuration. The induced
drag mainly depends on the lift distribution over the
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wing span. Reducing this drag would have significant
effects on fuel consumption. The fraction of induced
drag becomes more important at low speeds, i.e. dur-
ing take-off and landing, typically around 80 − 90%
( [3]- [6]). The means for reducing induced drag are
basically increasing the wing span and improving the
lift distribution along the span. A 10% increase in
wing span would lead to a 17% reduction in induced
drag at constant lift and speed; this would however
increase structural weight and, furthermore, this ap-
proach, for very large airplanes of the class of an A380,
is limited by airport compatibility requirements. On
current airliners, the lift distribution is carefully op-
timized for induced drag through CFD computations:
further improvement will thus neither be easily ob-
tained nor quite large. Due to the limitations of con-
ventional designs, new concepts are needed for future
aviation [7]- [11] in order to meet the severe require-
ments imposed by the Vision 2020 report. Several con-
cepts are already being studied and tested. As shown
by recent surveys in this field, manufacturers seem to
be interested in these new advanced concepts, but with
a limited budget to be invested. A huge work has been
done on the evaluation of aerodynamic performances



Figure 1. Prandtl Plane 250 configuration

of innovative configurations; e.g. refs [12]- [18] in the
case of joined wings aircraft. Tools are needed to reli-
ably predict the weight of such unconventional config-
urations, as weight is critical in meeting both mission
and design requirements; tools are also needed to gain
structural insight, essential to anticipate problems re-
lated to unconventional configurations. Indeed the ac-
curate weight prediction of wing-box is still matter
of inquiries even for traditional aircraft configurations
( [19], [20], [21]). Such predictions are fundamentals
for multi-disciplinary optimization ( [22], [23]) aimed
at the preliminary design of an aircraft, especially in
case of unconventional or very large aircraft and in the
case of composite materials, all situations where semi-
empirical formulas are not reliably applicable. This
paper is addressed to the assessment of a procedure
for the prediction of the structural wing weight specif-
ically implemented to face the case of a box-wings lift-
ing system, namely the PrandtlPlane configuration:
this in honor of Ludwig Prandtl that in 1924 found
the Best Wing System, that is the most efficient lift-
ing system with respect to induced drag.
In theory, this configuration can reduce induced

drag up to about 30% with respect to an optimum
monoplane configuration [6]. The PrandtlPlane con-
figuration, although proposed in the 90s, still conforms
to the Vision 2020 requirements and has been recently
studied in terms of aerodynamic optimization of the
general configuration (Ref. [6], [24]) where the bene-
fits of this configuration are widely described. One
of the critical areas of research to meet the require-
ment on aircraft performance is the structural design,
in particular of the lifting system. A preliminary study
is presented in this paper, referred to a 250-300 pas-
senger civil transport aircraft; its conceptual design

(Ref. [6] , [28] and [29]) is in progress at Pisa Univer-
sity (Italy) and the general layout is shown in Fig.1.
The fuselage has two decks; the cargo deck holds 38
LD1 containers while the passenger deck is two-isled
with 10 passengers abreast for a total of 329 passengers
in three classes (270 economy, 49 business ad 16 first).
The maximum take-off weight (MTOW) is of 230 tons.
This aircraft can be compared, for number of passen-
gers and range, to some conventional liners, namely
AirbusA330−300, Boeing B767−300 and B777−300.
In this paper, the tool described in Ref. [25] is ex-
tended to obtain a more reliable prediction of the lift-
ing system structural weight for such unconventional
configuration; the upgrading likely could improve the
predictions for conventional ones too. They have been
focused during an extensive application of the mass
estimation method to the PradtlPlane case and will
be discussed in more detail in the following sections.
The approach exploits a simplified beam model of the
wing box in order to obtain a trial distribution of sec-
tional stiffnesses along the wing span, able to meet
both global and local constraints; global constraints,
e.g. aileron effectiveness, static aeroelasticity and flut-
ter, are evaluated in terms of global model responses,
while local ones, e.g. maximum stress, panel and stiff-
ener instability, are assessed by means of approximated
models. The various constraints are activated one at
time in order to gather knowledge on the behavior of
an unconventional configuration and to be able to ap-
preciate the effect of each of them on the final solution.

2. Structural design of the lifting system

The lifting system is composed of two opposite
swept wings, connected at their tips by two vertical
wings. They provide the kinematical link between the



Figure 2. Structural design process

obtained become simply comparable.

3. Weight estimation procedure

This section describes the optimization procedure
used in this frame to predict an estimate of the pri-
mary structural weight of a wing systems according to
different kinds of design constraints. This procedure
cannot be discussed in terms of a classical structural
optimization, as it is simply devoted to extending the
capabilities of simpler approaches for weight estima-
tion (e.g. Ref. [34]) while accounting for requirements
on aeroelastic behavior and torsional stiffness and sup-
plying general information on a possible cross section
layout, e.g. a preliminary weight budget for skins,
webs and stiffeners. The basic idea is to join two prob-
lems: the definition of the wing stiffness distributions
along wingspan, that grant the matching of global re-
quirements, and the wing box weight prediction, in
terms of mass of the structural material needed to give
such stiffnesses. Such wing description, in terms of the
sectional stiffnesses, represents the starting point for
the next design phase in which a more detailed investi-
gation of the box is performed using such stiffnesses as
design drivers. On the other hand reliable weight esti-
mations can be exploited in the conceptual design for
flight mechanics analyses and compared to different so-
lutions. According to this remarks a global simplified
model is used to describe the behavior of the wing: it
is a stick model made of simple onedimensional beam
elements. This kind of model has been confirmed to
be suitable for this kind of purposes (Ref. [42]). A
model is needed to link beam cross section stiffness
to weight: the predicted mass is assumed to be the

wings and transmit internal loads from one wing to the 
other. The two wings are loaded in a complex way, but 
the most relevant difference with respect to a conven-
tional configuration lies in the bending moments: due 
to the overconstrained architecture the null value is far 
from the wings tips. The rear wing is installed on two 
fins, that provide lateral control and stability; they 
also play an important role from a structural stand-
point by transferring lift loads generated by the rear 
wing to the fuselage. Goal of such preliminary design 
process is just a reliable prediction of the structural 
weight even for unconventional airplane configurations 
since the conceptual design phase. In theory this ob-
jective should be achieved by using constraints and 
performances of global kind, while leaving the intro-
duction of local requirements to further investigations, 
because of lack of information on structural details. 
This approach however demonstrated to be inefficient, 
with biased results, so that a further cross section de-
sign driven by stiffness requirements was unoptimal. 
To bypass these problems the set of global constraints 
has been implemented with local design constraints, 
even in such preliminary study, by exploiting approx-
imated formulas; the output of the design being rep-
resented by the cross section stiffness behavior, this 
approach leaves the possibility to redefine the local siz-
ing in next design steps without changing the global 
performances once the cross section stiffness is main-
tained. Thus the most relevant targets of the struc-
tural design of the lifting system are tackled, even in 
such a preliminary phase; e.g. to provide structural 
stiffness, to prevent aeroelastic static phenomena, to 
maintain the aerodynamic efficiency, to generate the 
necessary structural strength in order to bear loads 
and to meet local stability requirements. Indeed, the 
matching of global constraints becomes critical for the 
PrandtlPlane due to the small dimensions of the wing 
sections, which reduce the geometric leverages; fur-
thermore the benefits of inertial relief is reduced be-
cause of a limited amount of fuel storable in the wings, 
. The weight estimation exploits a design process of 
the wing that involves the use of various multidisci-
plinary optimization activities in order to find the best 
weight estimate in terms of minimum structural weight 
attainable while respecting all of the design constraints 
adopted. [30]- [33] In the present work the interest is 
mainly focused on two topics: the verification of the 
potentialities of the method in the case of unconven-
tional configurations and a preliminary discussion of 
structural solutions for a Prandtlplane aircraft. Ac-
cording to this focus an aluminum alloy wing box has 
been chosen to study instead a carbon fiber one, also 
available. In this way a comparison with real, existing 
aircraft can be performed and the differences found 
can be blamed to the configuration only. The bias of 
the contemporary introduction of a new configuration 
and innovative material is so avoided and the results



lower amount of structural material suitable to grant
the satisfactory global behavior, e.g. the flutter clear-
ance as well as a roll effectiveness. An optimization
system is used, exploiting such requirements in terms
of design constraints. The present method is mainly
suitable to obtain a first weight estimate of the lifting
system primary structure for unconventional configu-
ration, such as the joined wing, but it is also applica-
ble when the classical semi-empirical formulae are no
longer adequate, e.g. very high WTO aircraft, such as
the A − 380. The next sections describe the models
adopted.

3.1. Structural model

The structural model is built exploiting the flexi-
bility of common finite element codes. The layout of
the process, with the interactions between the differ-
ent computer codes, is shown in Fig.2; in this figure
the link with a second level design process, suitable for
the local design of cross sections, is also sketched: it
has been conceived in the frame of a multilevel design
optimization of the wingbox, thus an iterative process
is envisaged, but it is not exploited in this work.
The process starts with the translation of the basic

aircraft design into structural and aerodynamic mod-
els; they are automatically generated in term by using
a reduced set of geometric data, such as platform, air-
foils and twist angles along the span (see Fig.3). The

Figure 3. Structural and aerodynamic model of the
PP250 (Isometric view)

initial data include nonstructural mass (such as the
mass of the leading and trailing edges) as well as fuel
mass. The latter is located accounting for the avail-

able internal volume. According to choices previously
discussed, the material adopted is a typical Aluminum
alloy, as suggested in Ref. [34] and related mechanical
data are listed in Table 1.

Table 1
Aluminium alloy properties

Description Value
Density 2800 kg/m3
Young’s modulus 70 GPa
Poisson’s ratio 0.33
Shear modulus 27 GPa
Admissible yield stress 233 MPa

Standard assumptions are made on the shape of the
wing box to determine the front and rear spar posi-
tions (20% and 70% of the local wing chord, respec-
tively). According to comments in Ref. [25] the loca-
tion of the shear centers has been assumed in the mid-
dle point of the local wing-box chord) while the rib
spacing (0.75m), which is fixed during the optimiza-
tion, is quite common in jet liner design. Leading edge,
trailing edge and rib nonstructural masses are included
in the model but they are not subject to optimization.
The structural weight of the high lift devices, 7922kg,
has been derived from Ref. [29]. Secondary structures
and systems weights are predicted using the same em-
pirical approaches or statistical formulae as for a con-
ventional aircraft [34]- [36] , assuming that their design
is only marginally affected by the airframe configura-
tion. Table 2 reports the values of the nonstructural
components for a half-wing. The structural model

Table 2
Nonstructural component masses (half wing)

Fuel Leading Trailing Ribs
mass edge mass edge mass mass
[kg] [kg] [kg] [kg]

Front 24512 810 1201 159
Rear 15383 745 1105 142
Vertical - - - 22
Fin - - 100 36
Total 39895 1555 1406 359

is represented by tapered 2 nodes beam elements thus
the cross section of the wing box is allowed to contin-
uously vary along the span. For the present model,
54 CBEAM elements (Ref. [37]) have been used for
the entire lifting system with approximately uniform
lengths; 23 in the front wing (1 – 23, from 1 to 3 inside
the fuselage), 6 in the vertical wing (24 – 29), 19 in
the rear wing (30 – 48) and 6 in the fin (49− 54).
Interpolation elements (RBE3) are used to connect
lumped masses to beam nodes; leading and trailing



edge masses have been also lumped on their centre of
gravity. The rib masses are independently included at
each end of the beam elements. The fuel mass, es-
timated in 79790kg defined in [29] according to the
design mission presented in Table 3, is also lumped
at the beam ends, according to cross section geometry
and beam length; 61.5% is stored in the front wing and
the rest in the rear one. Symmetry conditions are en-

Table 3
PP250 Aircraft relevant data

Description Value
Range 6000 nm
Maximum take-off weight 230 ton
Take-off field length LTO 3000 m
Takeoff airport altitude 0 m (sea level)
Landing field length LLAND 2000m
Approach speed V3 260 km/h
Cruise altitude 10500 m
(T/W )TO 0.254
(W/S)TO 575 kg/m2

CD0 0.0255
SREF 362.6m2

Figure 4. Schematic view of the wing box models (up-
per symmetric and lower asymmetric)

bending moments (Ref. [26]), a situation similar to the
case of other types of joined-wing aircraft, as reported
in Ref. [27]. In this case, the regions around the two
corners of the rectangular box are the most stressed
by the combination of the bending moments; thus it is
interesting to tackle the problem of the wing structural
weight estimation removing the assumption of symme-
try for the wing box simplified model. In accordance
with this remark, a second wing box section model is
used: the external shape is again rectangular but the
condition of symmetry on the section is removed by
introducing two new variables in each section at the
opposite corners: the areas of the spar flanges. For
the sake of simplicity and calculation time reduction,
they are assumed to be cross-symmetric, as depicted
in Fig.4b. The principal axes of the cross section can
thus rotate to account for the combination of bending
moments.

Two parameters can be added to the previous ones:
(i) lumped area 1, CM1, (north-west and south-east
vertex masses with the same value), (ii) lumped area 2,
CM2, (north-east and south-west vertex masses with
the same value). They are considered as spar caps
with L shaped section. The approach usually adopted
for beam elements in Finite Element codes is main-
tained: the cross section stiffness of the beam is com-
puted by multiplying a geometrical cross section pa-
rameter by a physical property of the material. Thus
in the following only geometrical cross section proper-
ties are defined. The use of different materials could
be addressed by adopting reference material proper-
ties (density, elastic and shear modula) and introduc-
ing appropriate weighting coefficients in the following
equations. By defining the following terms: - c, h
and ω the chord, the average thickness and the en-
closed area of the wing box respectively; - N the num-
ber of stiffeners; - D2 a parameter accounting of the

forced on the wing nodes on the symmetry plane. The 
fin is clamped to the fuselage and to the rear wing. The 
connection of the fuselage to the front wing is mod-
eled by a hinge, 3.64m from the centerline, that allows 
rotation around an axis parallel to the fuselage. The 
properties of beam elements have been estimated using 
simplified models of the wing box cross section; in this 
way, an approximated but natural link between mass 
and stiffness is obtained. Classical formulae have been 
used to create relationships among local design pa-
rameters and both stiffness and mass properties; their 
values play the role of design variables in the optimiza-
tion process. The simplified models for the wing-box 
cross-section, are described in the next section.

3.2. Wing cross-section models

In a first analysis, the cross section model is assumed 
to have a simplified rectangular shape as shown in 
Fig.4a and the following three parameters are consid-
ered: (i) web thickness, tw (front and rear webs have 
the same thickness), (ii) skin thickness, ts (the same 
for upper and lower skins), (iii) stiffener areas, As (the 
same for upper and lower box skins, reacting purely 
to axial forces). In conventional wing boxes in-plane 
bending has a minor role in structural design and the 
stiffness required to counteract the out-of-plane bend-
ing moment is mostly given by the upper and lower 
skins (plus stringers). In this case, even though the 
airfoil is actually not symmetric, such detail is not 
essential and the model can be simplified and con-
sidered symmetric with no penalization. This is no 
more valid for the PrandtlPlane wings: the fore and 
aft wing boxes experience in-plane and out-of-plane



mean distance, squared, of the stiffeners from the ver-
tical neutral axis (fixed during the optimization); it is
exactly evaluated, by means of number and position
od stiffeners, but also approximated, by exploiting an
equivalent thickness corresponding to the overall stiff-
eners cross section (NAs) and the chord (c) - OCM1

and OCM2 the offsets of the diagonal lumped areas
CM1 and CM2 from the box edges - O the distance
of the neutral axis of the stiffeners with respect to
the wing-box skin, the equations used to evaluate the
beam cross section (A), the principal moments of iner-
tia (I1 and I2) and the torsional stiffness coefficient (J)
of the cross section are hereafter reported as functions
of the section parameters:

A = 2(tsc+ twh+AsN + CM1 + CM2) (1)

I1 = 2(tw
c2

4
h+

1

12
tsc

3+AsD2)+
1

2
(CM1 + CM2) c

2

(2)

I2 = 2

(

ts
h2

4
c+

1

12
twh

3 +AsN

(

h

2
−O

)2

+

CM1

(

h

2
−OCM1

)2

+ CM2

(

h

2
−OCM2

)2)

(3)

J = 2 · Ω2
tstw

twc+ tsh
(4)

By adding CM1 and CM2 design variables, the cross
section exibits also a coupled inertia (I12) given by the
following Eq.5:

I12 =
1

2
Ω (CM2 − CM1) (5)

Being the cross section As a very practical design vari-
able, the only design variable describing the stiffener
(local effects, e.g. crippling, are not accounted for in
the present optimization) scale coefficients are needed
to give the actual sizes of the stiffeners, thus allowing
the computation of cross section properties, in partic-
ular the position of the neutral axis. Such coefficients
are defined by assuming a fixed shape and making the
actual size depending on the cross section area and size
ratios; we adopted a Z shape with constant thickness,
a frequent design choice, so that stiffeners can be fully
described by a single free parameter (the height) and
two parameters size parameters: the thickness ratio,
Rt = t/D, and the size ratio, Rs = S/D, as described
in Fig. 5a.
A relevant driver of this model is the offsetof the

neutral axis of the stiffeners with respect to the wing-
box skin,O . It is derived from the stiffener cross-
section by means of geometric parameters:

D =

√

As

Rt(2Rs + 1)
O =

(

Rt +
1

2

)

D (6)

Figure 5. Conceptual shape of the stiffeners and
lumped masses areas

With geometric ratios adopted in this work, i.e. Rt =
0.12 and Rs = 1.0, it leads to O = 1.033

√
As. It is

modified at each step of the optimization procedure
according to the modifications of the variable As. The
use of this parameter in the calculation of the section
inertia is important: it makes the optimizer sensitive
to the use of panel thickness instead of stiffener area,
thanks to the penalty on the stiffener contribution due
to their actual positions.

The offsets of the diagonal lumped areas from the
box edges, OCM1 and OCM2 , are again derived from
the cap geometric modeling assumptions, a L section;
also in this case two size parameters, the thickness ra-
tio Rt=t/D and the size ratio, Rs = S/D (as described
in Fig. 5b) are needed to fully define the geometry
starting from the height of the section. The equation
for the offset computation is:

OCM =
D(1−Rt)

2
+ 2Rt (1−Rt) +DRt

4− 2Rt

D (7)

D =

√

As

Rt(1 +Rs +Rt)

In the present case the adopted geometric ratios are
Rt = 0.085 and Rs = 1.0, thus leading to OCM1 =
0.6928

√
As. The sensitivity analysis on these param-

eter is of interest but beyond the scope of the present
work and delayed to a further work, where the sen-
sitivity on local details is dealt with; nonetheless one
could expect a small effect of such a local detail. A
discussion on the assumptions made on some design
parameters (e.g. stiffener shape, rib distance, geomet-
ric ratios Rt and Rs) could be of interest but not really
necessary. They are needed to grant a design reason-
ably close to an actual structural solution so that the
cross-section stiffness behavior is meaningful and ac-
tually feasible in a next design phase; freedom is left to
the designer in finding an optimal detail design with
constraints to be satisfied in terms of global stiffness
but with likely different local choices.



ter speed, considering the wing rigid or accounting for
aeroelastic effects on load distribution.

3.4.1. Stress

In order to obtain a better estimation of the wing
box weight some modifications were introduced in the
stress and buckling estimation comparing to Ref. [25].
A Von Mises equivalent stress has been used so to
have a reliable evaluation of the effect of multiple
stress components acting simultaneously on the sec-
tion: axial components are provided by NASTRAN
while shear terms are evaluated by approximated equa-
tions.

Thanks to them instability of stiffened panels have
been introduced while the formula for buckling of stiff-
eners has been replaced with the Euler-Johnson’s one.
Assuming that the shear forces are applied close to
the shear centre and that the principal axes are close
to the axes of symmetry, the shear stress on the webs
and on the skins can be analytically calculated for the
simplified cross section.

The axial stress due to bending is directly supplied
by software at the vertices of the wing box, as stan-
dard structural response, while approximate contribu-
tions due to shear forces and torque are estimated by
analytical terms, implemented in DEQATN language,
so that the maximum Von Mises stress acting on webs
and skins can be estimated by:

VMweb =

√

σ2 + 3

( |Mt|
2Ωtw

+
|T2|
2htw

+ k
|T1|
2ctw

)2

(8)

VMskin =

√

σ2 + 3

( |Mt|
2Ωts

+
|T1|
2cts

+ k
|T2|
2hts

)2

(9)

where: Mt is the torque moment; T1, T2 are the shear
forces along the principal axes; Ω is the enclosed area
of the cross section; C andH the base and the height of
the wing box, t is the local thickness and σ is the axial
stress. The last term of the shear part of the equations
is related to the stress flow on panels not aligned with
the loads: k is a factor, set to 0.25 for webs and 0.5
for panels, accounting for the shear flow crossing the
web-skin connection through the spar caps. A stan-
dard Aluminum alloy is assumed and related data, in-
cluding allowable stress, obtained from (Ref. [34]), are
reported in Table 1. The 233MPa value, lower than
the yield stress, is used in order to account for differ-
ent phenomena, such as local load concentration and
fatigue life.

3.4.2. Instability of stiffeners and panels

Three kinds of instability are accounted for during
the optimization run: the first concerns the stiffeners,
the second, the portion of the panel bounded by con-
secutive ribs and stiffeners and the third, the whole
panel bordered by ribs and webs, considered stiffened.

3.3. Load conditions
Load conditions accounted for in the global design 

study are referred to pull-up and pull-down manoeu-
vers at maximum load factor (2.5 and −1.0) at the 
maximum speed VD. The loading pressure distribu-
tion has been computed by trimming the nominal ge-
ometry to obtain the required lift: a full three dimen-
sional CFD code is used; this result is then translated 
into aerodynamic loads on the beam model by means 
of a proximity concept, due to the large discrepan-
cies between the aerodynamic and structural models. 
The aerodynamic model too, shown in Fig.3b, is au-
tomatically generated by the procedure; 18 panels are 
used to discretize the chord (with cosin law used to re-
fine the mesh at trailing and leading edges, while the 
span discretization follows the structural one. Static 
aerolasticity effects have been accounted for in terms 
of change in pressure distribution due to wing deflec-
tion. The change in the lift distribution on a standard 
wing due to structural deflection and rotation is a well 
known phenomenon that leads to root moment alle-
viation. The effects on a PrandtlPlane, composed of 
a positive and of a negative swept wing, with oppo-
site behavior, are instead practically unknown, even 
if the presence of a wing with negative sweep could 
address to problems typical of such kind of wing for 
conventional aircraft. The different modifications on 
the front and rear wings originate an alteration of the 
internal loads, magnified by the hyper-static structure. 
Static aeroelasticity is introduced in the process in an 
iterative way: a first load calculation is carried out on 
the rigid wing and the weight is optimized. Once the 
optimized structure is obtained, the deflection due to 
aerodynamic loads is calculated, modifying the aero-
dynamic mesh accordingly.
A new load calculation is carried out with the de-

formed aerodynamic mesh and the optimization is 
restarted, accounting for the new loads. The process 
ends when the deflection remains the same between 
two consecutive steps (within a defined tolerance).

In the case of traditional aircraft configuration the 
iteration number is usually small, unless a very slen-
der wing is at hand; in the present case, due to the 
overconstrained wing system, such number is case de-
pendent is expected to be higher.

3.4. Objective function and constraints
The actual objective of the analysis is the simul-

taneous satisfaction of all the design constraints, the 
volume of the primary structures is used to estimate 
the corresponding wing-box weight and to drive the 
optimization algorithm to a solution in terms of min-
imum weight. The optimization solver is the gradient 
based Method of Feasible Directions implemented in 
SOL 200 of MSC NASTRAN38 and the constraints 
used are: (i) maximum stress, (ii) instability of panels 
and stiffeners, (iii) aileron effectiveness and (iv) flut-



The critical stress is compared to the maximum com-
pressive stress in each section. a) Euler-Johnson’s for-
mula is applied to determine the critical stress, σcr, of
the stiffeners considering the effective skin width too.
This equation depends on the ratio

λ =
L̄

ρ
(10)

named slenderness, and in particular on its critical
value

λcr = π

√

2
E

σyield

(11)

Depending on the slenderness, different formulae are
used:

σcr = σyield

[

1− 1

4π2

σyield

E

(

L̄

ρ

)2
]

(12)

σcr = π2E
( ρ

L̄

)2

(13)

respectively applicable when λ < λcr and λ > λcr and
where E is Young’s modulus, σyield is the yield stress,
L is the effective length and ρ is the gyration radius
of the stiffener accounting for the cooperating panel
area; the latter is calculated using the effective width
with the following equation:

w = tK

√

E

σ
(14)

Where the coefficient K has been settled to 1.9. From
an operative point of view, Euler-Johnson’s trend has
been interpolated by a polynomial:

σcr = (−3.218e− 8R5 + 1.030− 5R4 − 8.663e− 4R3

−3.357e− 3R2 − 1.036R+ 269.334) · 1e6
(15)

where R is the ratio of the distance between two con-
secutive ribs (assumed constant at 0.75m) and the gy-
ration radius of the stiffener. It has been derived from
chart presented in Ref. 39.
b) The panel instability between stiffeners and ribs

is calculated using:

σPcr =
π2Ekc

12(1− ν2)

(

t

b

)2

(16)

where t is the panel thickness, E and ν are Young’s
and Poisson’s moduli respectively, b is the distance
between two consecutive stiffeners; furthermore kc is a
buckling coefficient, related to the ratio of stiffener and
panel thicknesses, r1, and the ratio of stiffener width

and b, r2, derived from chart presented in Ref. [39]
and codified into the following equation:

kc = (23.43 · r2
1
− 24.55 · r1 + 2.22) · r3

2
+

(−17.92 · r2
1
+ 16.54 · r1 − 1.48) · r2

2
+

(3.11 · r2
1
− 2.74 · r1 + 0.24) · r2+

(−6.69 · r2
1
+ 13.17 · r1 − 1.24)

(17)

c) The global instability of the stiffened panels be-
tween the webs and ribs is calculated using:

σPcr =
π2Ek2

12(1− ν2)

(

t

b

)2

(18)

where k2 is the buckling coefficient of the stiffened pan-
els. It depends on the ratio r2, previously described,
and on the parameter r3 = 12I(1 − ν2)/(bt3) whose
term I is the equivalent sectional inertia of the stiff-
ener considering the contribution due to the collabo-
rative area of the panel. From an operative point of
view, the following interpolation equation, again de-
rived from Ref. [39], has been used:

c1 = 4.4396− 1.8146 · r2 + 0.0895 · r3 + 0.1708 · r22−
0.0104 · r2 · r3 + 3.2538e− 6 · r2

3
c2 = 4

k2 = min(c1, c2)

(19)

3.4.3. Aileron effectiveness

The incremental load due to aileron deflection and
the change in chord pressure distribution, can induce
a change in wing geometry and in airfoil attitude, and
may thus possibly lead to a reduction of the lifting
forces, with a consequent loss of efficiency. A positive
sweep angle reduces the aileron efficiency due to bend-
ing; the opposite occurs for a negative sweep angle. It
is to be noted that PrandtlPlane wings allow to posi-
tion the ailerons on the rear negative swept wing or to
split them between the front and rear wings. In the
present case, according to Ref. [29], the aileron has
been placed on the rear wing and spans a length of
9.25m from the tip. The roll effectiveness is evaluated
according to Ref. [25] as:

η = 1− ∆MRoll

MRigid Roll

(20)

where ∆Roll is the change in rolling moment due to
the structural flexibility and MRigidRoll is the nominal
rolling moment assuming the nominal geometry, i.e. a
rigid structure. The two terms are computed accord-
ing to the procedure described in cited reference. The
effectiveness can be constrained according the values
for flexible wings at high speed: in the present case,
a value of 0.525, reasonable for such application, has
been chosen at 460km/h.

3.4.4. Flutter speed

The airplane must prove to be flutter free in the
flight envelope enlarged by 15%. FAR regulations



lifting system. The total wing weight of the lifting
system and fins includes the weight of the wing box
as well as the weights of the leading and trailing edges
and the ribs; fuel is not included.

These results need further comments. First, the ad-
dition of the constraint on the instability of panels and
stiffeners seems to be severe, particularly for the verti-
cal wing: the stress state in the vertical wings includes
in-plane and out-of-plane components deriving from
vector decompositions of the stress characteristics in
both the horizontal wings and it also contains severe
compression stresses. The fin also suffers from this
constraint, although with a smaller increase in weight.
The constraint on the aileron effectiveness does not
require any additional weight: the particular geome-
try of the lifting system, with the ailerons mounted
on the negative sweep wings, offers high aileron effi-
ciency. Static aeroelastic effects on the load redistri-
bution are beneficial for the front wing and unfavor-
able for the rear wing due to the sweep angles. Front
wing lift is reduced due to out-of-plane bending and
torsion coupling that generates lower angles of attack;
the opposite happens on the rear wing, where bending
increases the local angle of attack and, consequently,
local aerodynamic loads. The trends of the lift distri-
bution, on the front and rear wing, in the rigid and
aeroelastic cases, are shown in Fig. 6. Taking all the

Figure 6. Lift distribution on front (lower) and rear
(upper) wings with nominal and deflected geometry

previous effects into account, the front wing weight de-
creases wherea s the rear wing experiences an increase
in weight and the overall result can be summarized
in a 2.6% increase in the total wing box weight as
compared to Case B. The centre of gravity of the en-
tire wing, including the fuel, moves back by 1.16m for
Case D with respect to Case B, ending up at 27.43m
from the root leading edge of the front wing.

The optimized behavior presents high torsion and
bending stiffnesses and thus the flutter constraint is
inactive. The trends of the optimized variables along

state that the calculations for flutter speed must be 
based on equivalent air speed: the following calcula-
tions take this into account. The design constraint 
Vmax, the velocity below which no flutter should oc-
cur, has been defined according to the worse of the 
following flight conditions: 1) At the cruise altitude of 
10500m, the calculation is based on the Mach number, 
as it is the limiting parameter. The cruise Mach num-
ber being MC =0.85, the design dive Mach number 
at cruise altitude is computed as MD = MC + 0.05 = 
0.90, meaning a diving speed VD = 267.55m/s, True 
Air Speed (TAS). Considering the EAS, one obtains 
VD = 150.52m/s and, enlarging the flight envelope by 
15%, one obtains Vmax = 173.1m/s. 2) At sea level, 
the diving speed is directly computed from the cruise 
velocity. According to Ref. [40], this point for jet air-
crafts is generally situated at altitudes between 20000 
and 25000ft. Considering the most constraining case, 
at 20000ft, one obtains, for a cruise Mach number 
MC = 0.85, a cruise velocity VC = 268.63m/s TAS.
Taking the EAS one obtains VC = 196.08m/s and 

the diving speed is VD = 1.25VC = 245.10m/s. Again 
enlarging the flight envelope by 15%, one obtains 
V max = 281.87m/s. The flutter analysis must then 
show that no flutter occurs before the speeds deter-
mined above; thus it has been executed at a fixed al-
titude (0 m) and fixed Mach number (0.8) up to the 
maximum velocity Vmax = 282m/s as a subcase of the 
optimization process.

4. Results

4.1. Three parameter wing box model

The optimization process was applied in the case of 
a wing box defined by the three previously discussed 
parameters (web and skin thickness and stringer area) 
for a total of 162 design variables. The different de-
sign constraints are applied successively so that it is 
possible to single out their influence on the structural 
design; the different cases considered are the following:
Case A: Constraint on maximum stress. From pre-

vious experience, the maximum stress has been set to 
233MP a at the limit load factor of n = 2.5. Case B: 
Same as Case A, with an additional constraint on the 
instability of the stiffeners and panels. Case C: Same 
as Case B, with an additional constraint on aileron 
effectiveness. The minimum aileron effectiveness was 
chosen to be higher than 52% of the rigid case, accord-
ing to a reasonable performance decay. Case D: Same 
as Case C, accounting for static aeroelastic effects on 
load distribution; indeed this point is not a design con-
straint but it is needed to assess the validity of the as-
sumption on load distribution Case E: Same as Case 
D, with the additional constraint on flutter speed.
Table 4 shows the influence of the previously de-

scribed constraints on the weight of the different parts 
of the wing. The weights presented are for half of the



Table 4
Influence of the constraints on wing component weights (symmetric wing box)

Case A Case B Case C Case D Case E
Front kg 5313 5837 5837 3845 4065

- (9.9%) (0.0%) (-34.1%) (5.7%)
Vertical kg 500 617 617 638 684

- (23.4%) (0.0%) (3.5%) (7.1%)
Rear kg 5776 6405 6405 8914 8755

- (10.9%) (0.0%) (39.2%) (-1.8%)
Fin kg 1000 1167 1167 1471 1411

- (16.7%) (0.0%) (26.0%) (-4.1%)
In fuselage kg 1345 1414 1414 978 996

- (5.1%) (0.0%) (-30.8%) (1.8%)
Total box kg 13936 15442 15442 15848 15911

- (10.8%) (0.0%) (2.6%) (0.4%)
Total wing kg 18255 19761 19761 20167 20231

- (8.3%) (0.0%) (2.1%) (0.3%)

The relative change is computed with respect to the previous column

the span are compared in Fig. 7, 8 and 9. Comparing
the trends of the variables in the different constraint
cases, it becomes evident that the results of Case A
are unrealistic. The stiffener area is maintained at
the minimum technological limit (80mm2) whereas the
skin thickness reaches its maximum. This effect is due
to the lower efficiency with respect to axial stresses of
the mass of the stiffeners with respect to skin panel:
due to the offset, the stringer centre of gravity is closer
to the neutral axis of the wing box and thus its contri-
bution to sectional inertia diminishes; so the optimiza-
tion algorithm prefers to move material to the panels.
Consequently, for the wing box model adopted, it is
essential to introduce instability constraints in order
to recover the correct contribution of the stiffeners to
the total mass.
A clear difference is visible between the results of

Case A and Case B as compared to Case D and Case
E. Whereas the first two are related to the rigid wing,
the second two concern the flexible wing: the front
wing shows a strong reduction in thickness, for both
webs and skins, passing from the rigid to the elastic
case. Complementary effects are shown by the rear
wing. It is thus evident that, in order to obtain re-
liable solutions, the static aeroelastic behavior of the
PrandtlPlane cannot be left aside during the prelim-
inary design, even though this implies an important
increase in calculation time.
Web thickness presents suspect values in the fin:

at the joint with the rear wing it reaches values of
about 70mm. This increment is probably due to a
stress concentration that comes from modeling simpli-
fications: the actual design of the details is fundamen-
tal for stress alleviation. Further investigation in this
direction is planned.
In synthesis: the optimal solution uses very thick

panels that are preferred to stiffeners due to their in-
fluence on both bending and torsional inertia. The

stiffener area is maintained at a minimum due to the
influence of offset, but it does not reach the technolog-
ical limit because the instability constraint becomes
active. The output of the optimization code includes
many information about the wing structure, which is
very different from that of a conventional wing. Let
us consider the internal loads at the maximum positive
load factor (n = 2.5). As known in a cantilever wing
the bending moment is null at the tip, whereas in the
case of a PrandtlPlane this happens before reaching
the ends of both the front and rear wings (approxi-
mately at 75% of the wing span). In this way, the
maximum bending moment at the wing root is lower
than for a traditional aircraft, under the same total
lift. The bending moment distribution on the rear
wing is clearly influenced by the presence of the fin
and, in order to reduce empty weight, the design fea-
tures a maximum distance between the two fins. It’s
important to emphasize that in this unconventional
wing configuration, the in-plane bending moment as-
sumes values comparable to the out-of-plane one, and
the trend of the internal loads, due to the fact that the
structure is statically undetermined, depends on the
structural actual sizing. The effect of static aeroelas-
ticity is also clearly shown in Fig.10: the aerodynamic
load rearrangement causes, in Case D and Case E, a
strong decrease of the bending moment in the front
wing and an increase in the rear one, which leads to a
relocation of the structural material between the two
lifting surfaces. On the vertical wing, the out-of-plane
bending moment (Fig.11) is zero at about half of the
length, which reflects the butterfly-shaped lift distri-
bution necessary for the minimum lift condition.

Figure 12 shows the trend of the area, out-of-plane,
in-plane and torsional inertias of the optimized sec-
tions in the front and rear wings. It is important
to note that the rear wing, although with a greater
amount of structural material, has a smaller out-of-



Figure 8. Web thickness along the span for the sym-
metric box

Figure 11. Out of plane bending moment for the ver-
tical wing(n=2.5)

Figure 7. Skin thickness along the span (symmetric
box model)

plane, in-plane and torsional inertia with respect to
the front one, due to the smaller thickness of the rear
wing airfoils. It is possible to foresee that an increase
in the rear wing airfoil thickness will produce a relevant
reduction on the overall weight, although its impact on
flight mechanics has to be analyzed.
Eigenmode shapes and frequencies can be easily ob-

tained using the optimized stick model, e.g. with the
SOL 103 of MSC NASTRAN; they are reported, for
Case E, up to 5Hz, in Table 5 and in Fig. 13. The first
mode, with a fairly low frequency of 0.75Hz, is prin-
cipally a quarter wavelength bending mode, where the
front and rear wings are moving in phase. The node
for the front wing is situated at the junction with the
fuselage, whereas the node for the rear wing is situ-



Figure 9. Stiffener area along the span for the symmetric box

Figure 10. Bending moment comparison along the wing span: out-of-plane (upper) and in-plane (lower) (n=2.5)



Figure 12. Sectional inertia along front (left) and rear (rught) wings



Figure 13. Mode shapes for the PP250 (Case E)

ated at the connection with the fin; this causes the
vertical wing to oscillate vertically, parallel to its equi-
librium position. In the second mode, the bending of
the two wings is also of a quarter wavelength, but the
two wings move in opposition of phase. This causes
the vertical wing to rotate around a point situated at
about a third of its span, closer to the front wing. The
vertical wing is thus working in compression, without
significant deformation; consequently, a non negligi-
ble amount of in-plane deformation is introduced on
both wings in such a way that, when the front wing
moves forwards, the rear wing moves backwards and
vice-versa. The third mode exhibits a half-wavelength
bending deformation; the nodes are, in addition to the
two already cited, situated at the wing-tips; the ver-
tical wing moves parallel to itself, following a quasi
horizontal axis.
Here too, the in-plane deformations are significant,

but the two wings are moving in phase.
Similarly to the situation encountered in the first

mode, in the fourth mode the vertical wing is verti-
cally translating parallel to itself. The bending shape
of the wings however exhibits a half wavelength; in-
plane deformation is also not negligible. The behavior
observed is similar to that of the third mode, where the
two wings move in phase. The fifth mode shows a be-
havior analogous to the second mode; the vertical wing
rotates around a point, and the in-plane movements of
the wings are out-of-phase; the bending shape exhibits
slightly more than a half wavelength, the nodes being
at around 6m from the wing tips on each wing. We
can remark that, for the first five modes, neither the
fin nor the vertical wing deform in bending.

Table 5
Wing modes

Mode Freq. Description
# (Hz)
1 0.75 in-phase quarter wavelength bend-

ing of the two wings (no in-plane de-
formation)

2 1.46 out-of-phase quarter wavelength
bending of the two wings (out-of-
phase in-plane deformation)

3 2.17 in-phase half wavelength bending of
the two wings (in-phase in-plane de-
formation)

4 2.79 in-phase half wavelength bending of
the two wings (in-phase in-plane de-
formation)

5 3.04 out-of-phase half wavelength bend-
ing of the two wings (out-of-phase
in-plane deformation)

These structural elements work in bending only at
higher frequencies which, from these preliminary re-
sults, seem of no interest for flutter.

4.2. Four parameter wing box

The introduction of the asymmetric wing box model
leads from 162 to 270 design variables with a relevant
increase in computational time. In order to correctly
account for the asymmetry of the section and also
avoid an unmeaning rotation of the principal axes,
Case A has been modified, introducing the n = −1
load case alongside the n = 2.5 aerodynamic loads. In
fact, when using only the positive load factor, the in-
ertial axes undergo a very large rotation; even though
the wing box obtained is perfectly able to satisfy the
needs of this case, it becomes unfeasible for the nega-
tive load factors because of the increased distance of
the spar caps from the neutral axis. Table 6 shows the
influence of the constraints on the weight of the differ-
ent parts of the wing using the asymmetric wing box
model. Weights are still presented for half of the lift-
ing system. The introduction of the alternative wing
box layout allows to save about 2100kg on the final
wing weight, Case E, that leads to a reduction of the
structural weight estimate of about 12.5%.

The following figures report the most significant re-
sults, limited to the front and rear wings, in the pres-
ence of static constraints, instability, roll and flut-
ter (Case E) for the symmetric and asymmetric wing
boxes. The area of the wing box sections along the
span are presented in Fig. 14, which summarizes the
previous results. It shows that the volume saving,
thanks to the introduction of the asymmetric model, is
significant along the entire span but it is especially re-
markable between the root and about 2/3 of the span
for the front wing. In the rear wing, the weight saving
is more significant between the root and about half
of the span. Due to the introduction of the concen-



Table 6
Influence of the constraints on the wing component weights (asymmetric box)

Case A Case B Case C Case D Case E
Front kg 4425 4701 4701 3362 3360

- (6.2%) (0.0%) (-28.5%) (-0.1%)
Vertical kg 662 814 814 842 842

- (23.0%) (0.0%) (3.4%) (0.0%)
Rear kg 5039 5502 5502 7277 7298

- (9.2%) (0.0%) (32.3%) (0.3%)
Fin kg 984 1152 1152 1477 1471

- (17.0%) (0.0%) (28.3%) (-0.4%)
In fuselage kg 1228 1304 1304 933 928

- (6.2%) (0.0%) (-28.5%) (-0.1%)
Total box kg 12338 13472 13472 13891 13898

- (9.2%) (0.0%) (3.1%) (0.1%)
Total wing kg 16657 17791 17791 18209 18217

- (6.8%) (0.0%) (2.4%) (0.0%)

The relative change is computed with respect to the previous column

trated lumped masses at the vertices of the sections,
the principal axes of the sections rotate with respect
to a reference system aligned with the side of the rect-
angular wing box. In order to easily compare the be-
havior of the bending moments for the symmetric and
asymmetric sections, they are all plotted referring to
the original axes, whereas the trend of the static in-
ertia, I12, is shown in a separate graph. The out-of-
plane inertia of the front and rear wings is presented in
Fig. 15; it appears that the optimal asymmetric box
section allows only a small reduction of the bending
inertia, concentrated, for both wings, in proximity of
the fuselage. The difference is instead negligible for

Figure 15. Comparison of the wing box out-of-plane
inertia for the symmetric and asymmetric models):
front (upper) and rear (lower) wings

the in-plane bending moment, thus it is not reported.
The asymmetric wing box model allows the rotation

of the sectional neutral axes acting in a differential way
on the diagonal lumped masses. The change in the po-
sition of the neutral axes generates a decrease of the
maximum stress in the section with a consequent re-
duction of weight. Fig. 16 shows the principal axes ro-
tation angle allowed by the asymmetric model. Even
though the rotation of the principal axes is limited, its
benefits are relevant, as proved by the significant de-
crease in total weight. On the other hand, the torsional
stiffness is reduced by the introduction of the asymme-
try of the section. For the front and rear wings, the
reduction is important in the sections from the root to
half of the span, as shown in Fig. 17. The difference

Figure 14. Comparison of the wing box area for the 
symmetric and asymmetric model: front (a) and rear 
(b) wing



between the section inertias derives from the reorga-
nization and modification of the material used in the
stringers, caps, webs and skins to resist to the stress.
In fact, the additional masses, simulating the caps of
the spars placed at the corners of the rectangular wing
box, have a great impact on the section layout, due to
the high distance from both of the neutral axes, in-
ducing a complete rearrangement of all of the other
structural components. It is evident that the intro-

Figure 16. Rotation of the neutral axes for the asym-
metric model (Case E): front (upper) and rear (lower)
wings

duction of the two new variables does not allow a direct
comparison of the data, especially for the stiffeners:
to bypass this problem, Fig. 18 shows, for the asym-
metric model, the equivalent areas of the stringers and
lumped masses. The use of the asymmetrical wing box
introduces a relevant increase in the influence of the
longitudinal components in the kinky part of the front
wing, whereas in the tip zone, this increase is limited.
On the other hand, for the rear wing, the asymmetric
solution presents a more uniform increment, reaching
its maximum near the root.
The asymmetrical wing box model has the opposite

effect on skin thickness, as can be seen in Fig. 19.
The first graph, concerning the front wing, shows the
great weight saving along the entire span but, more
significantly, up to 16m span; the thickness reduction
is of 7mm around the end of the kink. A great ad-
vantage is obtained on the rear wing as well, second
graph, with a maximum of 9 mm at the fin intersec-
tion. Fig. 20 refers to the last optimization variable,
the front and rear web thickness. The thickness re-
duction, about 7mm, due to the introduction of the
asymmetrical model is very evident in the kink zone

Figure 17. Comparison of the wing box torsional in-
ertia for the symmetric and asymmetric models: front
(upper) and rear (lower) wings

of the front wing. On the rear wing, the difference be-
tween the two cases is strong, maintaining a reduction
of about 8mm throughout the inner part of the wing.

In Figs. 21 the height of longitudinal elements, i.e.
stiffeners and flanges ( CM1 and CM2) are depicted
to offer a physical insight into the possible guess sizing
produced by the weight estimator. The thicknesses are
not represented being related to the height by the geo-
metric ratios previously defined. It’s worth to observe
that the sizes are fully compatible with a classical siz-
ing of such structural components, despite they are due
to the need of a rotation of the cross section principal
axis.

5. Comparison between standard and Prandtl

Plane configurations

A validation of the method employed has been pre-
sented for conventional wings in Ref. [25]. The ob-
tained weight estimation of B747-100 was compared
with available data and values obtained by other sta-
tistical methods with a satisfactory matching. A com-
parison between the weights of the PrandtlPlane wing
and a conventional one has been carried out in order
to estimate the impact of the new configuration on
the weight of the primary structures. Three airplanes,
comparable in terms of maximum take-off weight and
mission range, have been chosen. In order to normal-
ize the differences, the ratio between wing and take-off
weight has been adopted as a figure of merit. The wing
masses of the A330-300, B767-300 and B777-300 are
not directly known and are thus extrapolated using an
analytical/statistical procedure, described in Ref. [34],
whereas the other data and the necessary geometri-



Table 7
Aircraft data and Wing weight comparisons

A330-300 B767-300 ER B777-300 PP250
Range, nm 5’669 5’990 6’005 6’000
WTO, kg 230’000 186’880 299’370 230’000
Wing Span 67.3 47.6 67.9 52.0
Overall Length m 63.7 54.9 73.9 47.0
Passengers (3 classes) 295 218 386 329
Fuselage diameter m 5.64 5.03 6.20 7.3
Max Fuel Capacity l 97’500 91’400 171’000 95’000
Wwing, kg 33’697 24’293 47’671 33’494
Wwing + tail, kg 37’067 26’722 52’438 36’435
Wwing/WTO, % 14.7 13.0 15.9 14.6
Wwing + tail/WTO, % 16.1 14.3 17.5 15.8

Figure 18. Comparison of the stiffener areas for the
symmetric and asymmetric models: front (upper) and
rear (lower) wings

cal information have been found in Ref. [41]. The
tail weight, including horizontal and vertical units, has
been estimated to be 10% of the wing weight, accord-
ing to literature, for the standard configuration air-
plane while, for the Prandtl Plane, the weight of the
fins has been simply added. The results are summa-
rized in Table 7. Although a final answer cannot be
given due the approximations adopted and the differ-
ences between the aircraft used for the comparison, the
PrandtlPlane configuration is comparable, in terms of
wing structural efficiency, to the standard solution.

6. Conclusions

Figure 19. Comparison of the panel thicknesses for the
symmetric and asymmetric models: front (upper) and
rear (lower) wings

obtained. Constraints concerning stress, instability,
aileron effectiveness and flutter have been considered
in order to achieve a better reliability of the results ob-
tained, even in such preliminary phase of the design.

Aeroelastic static effects on aerodynamics have also
been taken into account. The procedure adopted has
shown the differences between a standard wing and the
present one: a completely different distribution of the
internal loads along the span and the presence of an
in-plane moment comparable in terms of magnitude
to the out-of-plane one has been confirmed; a different
aeroelastic behavior of the front and rear wings, due to
the positive and negative sweep angles, has also been
outlined. The literature alternative model of the wing
section has been considered and implemented in or-
der to minimize the effect of aprioristic assumptions,
such as wing box symmetry, able to significantly bias
the results. The soundness of the idea of allowing the
rotation of the neutral axis has been confirmed. The

A previously developed weight estimator for wing-
box systems has been improved to approach uncon-
ventional aircraft configurations. It has been assessed 
in the case of a PrandtlPlane unconventional aircraft: 
weight and cross section inertia properties have been



Figure 20. Comparison of the web thicknesses for the
symmetric and asymmetric models: front (upper) and
rear (lower) wings

Figure 21. Flanges (CM1 and CM2) and stiffeners
cross section height

PrandtlPlane wing has been compared to that of other
conventional liners whose weights were evaluated by
classical semi-empirical methods. These results show
that the prediction of mass needed for the lifting sys-
tem of the PP250, in percentage of MTOW, is con-

sistent with that of current aircraft. An improvement
in effectiveness can probably be reached by coupling
the aerodynamic and structural design by MDO tech-
niques that would almost certainly increase the rear
wing airfoil thickness, diminishing the material while
maintaining sectional inertia. Further studies will in-
vestigate the weight reduction with the use of compos-
ite materials and the effects of the introduction of fur-
ther design constraints, e.g. the gust load, on wing-box
weight prediction and design variables distribution.
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