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Abstract
A new investigated concept for passive load alleviation is to exploit the nonlinear behavior of wing design components to trig-
ger a deformation which reduce loads once a critical load level is reached. The necessary deformation is a torsional rotation 
which is supposed to reduce the angle of attack. For this target, wingbox sections are investigated regarding their nonlinear 
behavior with finite element analysis. Parameter studies feature anisotropic carbon fiber reinforced polymer (CFRP) layups 
for the skins, layups and thicknesses for spars and the presence of stringers. Results show a desired nonlinear progressive 
bending-torsion coupling for an unstiffened wingbox section, when the upper skin and the rear spar are modified. After 
modification they are allowed to buckle within the load envelope. The skin has an anisotropic layup. The rear spar needs to 
be thinner than the front spar. Both modifications result in progressively increasing torsional rotation of the wingbox with 
increasing load. Stringers are not applied because they limit the nonlinearity which is not desired for the envisioned load 
alleviation technique.

Keywords Structural nonlinearity · Structural design · Bending-torsion coupling · Passive load alleviation

1 Introduction

Weight reduction plays a major role in the development of 
new efficient aircraft. Besides reducing weight by apply-
ing materials such as composites with low density and high 
strength, another possibility is to reduce the load which the 
structure needs to withstand. Today, airplanes are designed 
to perform maneuvers with a load factor of 2.5 g. High load 
levels can also be reached during a gust encounter [33]. For 
normal operations maneuvers with a load factor of 2.5 g are 
not needed. If it is made sure via design features, that a load 
factor of 2.5 g can not occur, the airplane can be designed for 
a lower load level, which is allowed by certification speci-
fication CS 25.337 [12]. This results in a lighter structure. 

The limitation of the maximum aerodynamic load which can 
physically occur is called load control or load alleviation.

There are different approaches to load alleviation. Active 
load alleviation uses sensors and control surfaces or other 
actuating measures to adapt the wing to an gust. Basic active 
load alleviation using the ailerons is already implemented 
in modern airliners [25] using control surfaces. Research is 
made on forward looking sensors using LIDARs [14] and 
advanced actuation such as using piezoelectric actuation in 
combination with compliant structures to create a smooth 
morphing wing [17].

Passive load alleviation does not use sensors and actua-
tors. Therefore these components are not needed, which 
potentially saves weight as well. Additionally it is not prone 
to system failures, e.g. of electrical nature.

A common approach for passive load alleviation is aer-
oelastic tailoring. Shirk [27] proposes the definition “Aer-
oelastic tailoring is the embodiment of directional stiffness 
into an aircraft structural design to control aeroelastic defor-
mation, static or dynamic, in such a fashion as to affect the 
aerodynamic and structural performance of that aircraft 
in a beneficial way.” Thus aeroelastic tailoring is not only 
related to load alleviation like in [22], but can be also used 
for control effectiveness [32], flutter suppression [6], drag 
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minimization [31], or divergence protection [21]. The direc-
tional stiffness in aeroelastic tailoring is mostly based on the 
anisotropic properties of laminated composite. However, it 
is also possible, to design structures with isotropic materials 
and directional stiffness using rib orientation and skin cren-
elation [1] or a Z-Beam as spar [28]. The tailoring can be 
uniform for the complete wing like in [20] and [24]. Alter-
natively, tailoring can be defined individually for divided 
wing panel sections [8]. Fiber-tow-steering even allows for 
seamless variation of fiber angles over the wing [29]. Jutte 
[19] provides a further overview of aeroelastic tailoring 
studies for transportation aircraft. With increasing aspect 
ratios, geometric nonlinearity becomes more important and 
is considered in the aeroelastic analyses [2].

Other approaches for passive load alleviation feature the 
application of dampers at wing struts, which are able to limit 
the wing root bending moment in dynamic load events excit-
ing eigenmodes [30]. Another possibility is an unrestrained 
wingtip attached to a tilted hinge [10].

Recent load alleviation concepts focus on stronger non-
linearities than the rather weak geometric nonlinearity of 
a beam wing. Strong nonlinearity in this context refers to 
buckling of e.g. composite shells [13]. Also the postbuckling 
behavior of composite shells [7] provides interesting nonlin-
ear features. Dong [11] used the buckling and postbuckling 
behavior with a mode change to create a dampening element. 
Imperfections influence the buckling behavior of composite 
shells [18]. In dynamic compression loads with frequencies 
higher than the first eigenfrequency of a cylindrical compos-
ite shell, the dynamic buckling load are increased compared 
to the static critical loads [35]. Another strong nonlinearity 
is mode jumping in the post buckling regime, as shown for 
thermomechanical loading of composite plates [3].

Load alleviation approaches exploiting strong nonlinear 
features improve the hinged wingtip from [10] with a nonlin-
ear negative stiffness spring device [9]. Arrieta [4] replaces 
a beam in a compliant airfoil by a bistable composite strip, 
which snaps sharply into its second stable state at a critical 
compression load. This second stable state has lower stiff-
ness in compression direction and the airfoil changes its 
camber to alleviate load. The bistable strip does not snap 
back into its original state without actuation. Runkel [26] 
works on quadratic box beam structures that exhibit bend 
twist coupling due to instabilities in a single web, which are 
used as wing spars.

The authors’ project within the cluster of excellence SE2 A 
(Sustainable and Energy-Efficient Aviation) investigates on 
this approach for passive load alleviation which aims to 
exploit nonlinear behavior of the wing design components 
to trigger significantly increased deformation above a critical 
load level. Such nonlinear behavior can be the postbuck-
ling behavior of a part. The stiffness of the part changes in 
the postbuckling regime. This change affects the stiffness 

distribution of the whole wing and thus the deformation. 
The deformation is supposed to be tailored to shapes which 
reduce lift. Such deformations are downward twist and 
camber line or profile changes, like in classical aeroelastic 
tailoring. The difference to classical aeroelastic tailoring is 
the aim for significant nonlinear behavior, which keeps the 
deformation small below the critical load, but increases the 
deformation disproportionately high above the critical load.

The first project phase focuses on the basic understanding 
of the design of wing components with specified signifi-
cant nonlinear behavior. This paper explores possibilities to 
design wing components with nonlinear progressive bend-
ing-torsion coupling. The selected component is a simplified 
section of the wingbox between two ribs, which is modified 
to show nonlinearity. According to the concept this wingbox 
segment is supposed to exhibit progressive bending-torsion 
coupling. This deformation leads to reduced loads in the 
wing part outboard of the modified segment. The postbuck-
ling behavior is tailored using anisotropic fiber reinforced 
polymer laminates. At this stage the target is the structural 
nonlinear behavior under load. The aeroelastic interaction 
with fluid and therefor changing loads and the response is 
not yet covered. Also material failure is not covered, since 
the focus is how to design the structural nonlinear behavior 
using postbuckling behavior of anisotropic materials, not 
the material itself.

The basic idea of exploiting nonlinearities for progressive 
load alleviation is similar to Runkel [26] and Arrieta [4]. 
In contrast to Runkel [26], who worked with quadratic box 
beams used as single spar, the dimensions of the wingbox 
in the authors’ research are designed to represent a single 
aisle transport aircraft. Furthermore the laminate layups are 
not unidirectional and the influence of the layering sequence 
is investigated. Also instabilities in the skin and pressure 
forces on the skin are covered. Bistable laminates gaining 
their instability from internal stresses due to the thermal 
curing of the asymmetric laminate like in Arrieta [4] are 
not used in the authors’ approach. Instead, focus is set on 
elastic buckling, which resumes to the original state, when 
the structure is unloaded.

Sect. 2 describes the methods and baseline configura-
tion. The parametric studies are presented and discussed in 
Sect. 3. Sect. 4 concludes the paper.

2  Methods

This research uses finite element analysis with the commer-
cial toolbox Abaqus to analyze the structural behavior of a 
simplified wingbox section.
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2.1  Reference configuration

In the research cluster SE2 A three aircraft reference con-
figurations are developed. These consist of a short range, 
medium range and long range aircraft, each being platform 
of new and for the mission appropriate technologies [23]. 
The load alleviation concept of this paper is based on the 
medium range configuration. The first version of the medium 
range configuration has a high aspect ratio backward swept 
wing. This wing is the basis for the derivation of a simpli-
fied geometry for the structural models. These simplifica-
tions are done to produce more generic results. The loads 
are estimated using weight information from the reference 
configuration.

2.2  Wingbox model

The models represents a wingbox section in the area between 
the spars and two ribs in the outer wing, at 17 m of 19.33 
m half span. To generate more general results the profile 
is approximated by a circular arc and tapering and sweep 
are neglected. The dimensions are given in Table 1 and the 
model is depicted in Fig. 1. The skin thickness is selected to 
buckle within the load envelope.

The material is generic carbon fiber reinforced poly-
mer (CFRP) with 57 % fiber volume fraction and epoxy 
matrix. The material parameters for an unidirectional layer 
are taken from the material database of eLamX2 [15] and 
given in Table 2. The listed material parameters are Young’s 

modulus parallel and perpendicular to fiber direction E∥ and 
E
⟂
 , Poisson’s number �∥⟂ , shear modulus G∥⟂ and density 

� . The baseline layup is a quasi isotropic aircraft design 
laminate with a [45/− 45/90/0]s layup. The fractions of 
these layers for the skin are (0.2, 0.2, 0.15, 0.45). The same 
stacking sequence is used for the spars, however, the lay-
ers are equally distributed. Material failure is not taken into 
account.

The wingbox is clamped at the inboard rib and con-
strained as rigid body on the outboard rib. The reference 
point for the rigid body is located in the center of the out-
board rib. Since both ribs are defined by constraints they are 
not modeled as solid. At the reference point of the outboard 
rib shear force S and bending moment M are applied. Begin-
ning with the cases discussed in Sect. 3.3 there are additional 
pressure loads p acting on the panels. The maximum loads 
are modeled with a basic Shear Moment Torsion (SMT) 
approach, assuming an elliptical lift distribution. The total 
lift at 2.5 g equals the reference configurations maximum 
take off weight force of 530.25 kN with factor 2.5. Coun-
teracting weight of the wing and engine structure are taken 
into account for calculation of the wing internal loads. The 
loads are scaled linearly with respect to the 2.5 g model 
case. Load magnitudes at 2.5 g are given in Table 3. No 
torsional moment is applied as external load, which would 
be present in a real wing. However, this is a decision for the 
study design with the idea, that all observed rotations stem 
from induced moments rather than external applied loads. 
The pressure is calculated by distributing the local line load 
q modeling the elliptical lift distribution onto the surface. 
0.33 of the pressure is applied on the lower skin, 0.67 of it 
is applied on the upper skin with a negative sign to represent 
suction on the skin.

The load history features a static step to 1 g, followed by a 
1-cosine-gust shape load to 2.5 g as maximum in an implicit 
dynamic step. Since 1 g represents the stationary flight state 
and no snap-through behavior is supposed to happen until 1 g 
using a static step is the most efficient. The gust load is calcu-
lated in the time domain. This allows to capture snap-through 

Table 1  wingbox section dimensions

Distance between ribs 400 mm
Distance between spars 585 mm
Radius of circular arc 3.4 m
Skin thickness 4 mm
Spar thickness 4 mm
Spar height 105 mm

Fig. 1  Sketch of the wingbox section model. S shear, M bending 
moment, RP reference point, P pressure

Table 2  Material parameters of 
an unidirectional layer E∥ 129 GPa

E
⟂

7.38 GPa
�∥⟂ 0.319
G∥⟂ 4.48 GPa
� 1560 kg⋅m−3

Table 3  Load magnitudes
M 24.5 kNm
S 26.5 kN
p 84.51 kPa
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induced oscillations. The implicit scheme using Newton’s 
method is more time efficient than the explicit scheme, 
because the step size in implicit calculations is orders of mag-
nitudes larger than in the explicit scheme for most parts of 
the calculation. In the baseline case the gust duration is 1 s, 
which represents a gust length of 214 m at an airspeed of 214 
ms−1 based on the ranges given in certification specification 
CS25.341 [12]. The load history is depicted in Fig. 2.

Results of interest for this model are the maximum trans-
lational displacement u

max
 and rotational displacement �

max
 

for the free section and the gradients in the respective load-
displacement curves �n∕�u , respectively �n∕�� , with load fac-
tor n. The ratio of the gradients at 0 g and 2.5 g is an indicator 
for the structural nonlinearity, where a value of 1 represents 
linearity. The ratios are defined as translational stiffness ratio

and rotational stiffness ratio

Field displacements are also considered to evaluate buck-
ling modes. The model uses 5.000 linear quadrilateral shell 
elements with reduced integration and hourglass control. 
The selected mesh size is based on the convergence study 
depicted in Fig. 3 with the baseline model. The mesh is vis-
ible in Fig. 9, which is a later figure showing results. 9.

(1)R
t
=

�n

�u
(n = 2.5g)∕

�n

�u
(n = 0g)

(2)R
r
=

�n

��
(n = 2.5g)∕

�n

��
(n = 0g).

2.3  Variations of parameters

Parametric studies are conducted to gain basic understand-
ing of their influence on the nonlinear behavior in the post-
buckling regime. The target behavior is progressive bend-
ing-torsion coupling, as further elaborated in Sect. 3.1. 
Variations of the following parameters are analyzed:

skin:

– Ply rotation angles for different layers in different skins
– Layer stacking sequence

spar:

– Thickness
– Crossply orientation
– Balanced ply laminate angle and orientation

stringer:

– Number of stringers

conditions:

– Aerodynamic pressure

Since the target of this paper is a basic understanding, no 
optimization methods are used. In later stages optimiza-
tion methods could be considered, which is challenging in a 
highly nonlinear regime with possible unstable snap-through 
behavior.

Fig. 2  load history

Fig. 3  convergence study
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3  Simulation results

In this section results of the parametric studies are shown, 
analyzed and discussed with regard to the application for 
load alleviation.

3.1  Desired behavior

For the evaluation of the results it is necessary to define an 
aimed behavior. In backward swept wings, upward bending 
is beneficial for load alleviation and avoiding torsion diver-
gence. The reason is the reduction of the effective angle of 
attack because of the geometry. For a forward swept wing, 
upward bending is not beneficial. The same geometric effects 
lead to an increased angle of attack and thus increased load. 
This behavior is described by Wright [34]. Forward swept 
wings are currently in the interest of research because of 
their advantages regarding laminar flow [5]. A second pos-
sibility to reduce the angle of attack is the rotation of the 
wingbox which leads to a twisting of the wing. This kind 
of deformation is beneficial for load alleviation indepen-
dently of wing sweep. For this reason focus and priority 
of this research is given to the rotational motion compared 
to upward bending. Since the wing is mainly loaded by a 
bending moment, the desired behavior is a bending-torsion 
coupling.

The aim of this project is to design a nonlinear load 
alleviation, such that the structure does not deform much 
below a critical load level. At higher loads it is supposed 
to deform disproportionately high with load. So it is not 
the aim to reach the largest possible rotational deformation, 
if this results in a structure which rotates linear with load. 
Within this paper a nonlinear behavior with large differ-
ences between the rotational stiffness at 0g and at 2.5g is 
desired. A significant rotation is still necessary, but not the 
only target.

3.2  Skin ply layup rotations

In the first series of models the ply layup of the skin panels 
is modified. The basic idea is like aeroelastic tailoring but 
extended into the postbuckling regime. Selected plies are 
rotated by an angle � from their initial direction. � covers 
the range from 0 ◦ to 45◦ within each series of models. At 45◦ 
rotation a ply reaches the direction of another ply from the 
baseline laminate. Several cases with different layer selec-
tions for rotation are investigated to explore the different 
effects. There are cases where layers in in both skins are 
selected for rotation, but also cases where just the upper skin 
is modified. Either the complete layup or just the 0 ◦ layers 
are rotated in the different models. In case the layers are 
rotated in both skins, both the same direction and alternating 

directions are tested. A legend with case numbering and spe-
cific layups for the subsequent discussion is given in Table 4. 
This first model series does not include the pressure load.

The resulting maximum rotations for these variations 
are depicted in Fig. 4. Without ply rotation the cases show 
a torsional rotation of 0.0325◦ at maximum load. This is 
due to different distances of the plies in 45◦ direction to 
the middle surface, which result in an asymmetric case in 
the post buckling regime. Case 3 has the highest maximum 
rotation, when the layers are rotated by 35◦ . The second 
highest value is reached by case 5. Like in case 3 not all plies 
are rotated. The cases 1,2 and 4, where all plies are rotated 
together show less torsional rotations. This difference can 
be explained by the different anisotropic material behaviors. 
According to classical lamination theory (CLT), if the whole 
layup is rotated, the stiffness distribution is also rotated, but 
the maximum and minimum values stay the same. If only 
one ply is rotated, the total stiffness values are redistrib-
uted for the orientations, because the direction difference 
between neighboring plies changes. This results in higher 
maximum and lower minimum values and thus higher ani-
sotropic behavior. The difference is shown with polar plots 
of the orientation dependent stiffness values of the layup 
with 35◦ rotation in Fig. 5. The plots are calculated with the 

Table 4  Case numbering

Upper skin Lower skin

Case 1 [45+�/-45+�/90+�/�]s [45+�/-45+�/90+�/�]s

Case 2 [45+�/-45+�/90+�/�]s [45-�/-45-�/90-�/-�]s

Case 3 [45/-45/90/�]s [45/-45/90/�]s

Case 4 [45+�/-45+�/90+�/�]s [45/-45/90/0]s

Case 5 [45/-45/90/�]s [45/-45/90/0]s

Fig. 4  Maximum rotation of the wingbox. For the case legend refer 
to Table 4
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tool eLamX2 [15]. A
11

 , A
12

 and A
22

 measure longitudinal, 
transverse and shear stiffness of the layup and are entries in 
the ABD-Matrix. In such polar plots isotropic materials are 
represented by circles. Anisotropic behavior is visible by 
the deviation of the visible shape from circles. The shape 
of the layup with only the 0 ◦-layer rotated is slimmer than 
the layup with all plies rotated. Applied in the wingbox skin 
this higher anisotropy leads to larger rotations. In case 2, the 
rotation in alternating directions leads to a small decrease in 
maximum rotation.

Figure 6 shows the rotation behavior of case 5 with 35◦ 
ply rotation in the time domain during loading and unload-
ing between 1 g and 2.5 g. After a smooth initial rise the 
structure starts to oscillate. This oscillation is excited by a 
snap-through buckling of the upper skin. The parameters of 
interest are not evaluated from the plots in the time domain. 
Instead, load-displacement and load-rotation curves are 
used. Since the calculation is still from the time domain, 
the oscillations are still visible in such curves, even if they 

are basically time independent. If the loading was applied 
slower, the oscillations would cover a smaller band in the 
load factor range. The load-rotation curves for all cases 
with a ply rotation angle of 35◦ are depicted in Fig. 7. All 
curves show the oscillations beginning between 1.5 g and 
1.7 g, when the skin starts to buckle with a snap-through. 
The resulting buckling buckling mode is also depicted in 
Fig. 7. Due to the anisotropy the bulges from buckling are 
not symmetrical but skewed. The sudden pulse from snap-
through excites eigenmodes. The gradients before and after 
the snap-throughs differ from each other, most visible for 
cases 1 and 5.

Analogous to stiffness, which is measured by the gradient 
of a load-displacement curve, the term rotational stiffness 
refers to the gradients of the load-rotation curve. Since there 
is no rotational external force, this term may be misunder-
stood. It refers not directly to the stiffness against a rotational 
force, but to the rotation induced by the applied load combi-
nation. The ratio between the rotational stiffness at 0 g and 
2.5 g are depicted in Fig. 8. The cases differ between declin-
ing and progressive stiffness behavior. Progressive behavior 
has a rotational stiffness ratio over 1 and means, that the 
wingbox rotates more before buckling than in the postbuck-
ling regime during the loading process. Declining behavior 
with a ratio below 1 on the other hand means that it rotates 
more after the nonlinearity. Declining stiffness behavior cor-
responds to progressive bending-torsion coupling and is the 
desired behavior. Thus the best suiting behavior out of this 
series is found in case 5 with a ply rotation angle of 35◦ , 
because of its still significant maximum rotation and desired 

Fig. 5  Polar plots of stiffness values for different layups

Fig. 6  Time-rotation curves for case 5 with ply rotation of 35 deg. 
and 1 s gust duration

Fig. 7  Load-rotation curves for a ply rotation of 35 deg and 1 s gust 
duration. For the case legend refer to Table 4
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declining rotational stiffness ratio. Cases 1, 2 and 4 are not 
further investigated due to their low torsional rotation.

3.3  Influence of aerodynamic pressure

The cases in Sect. 3.2 only consider bending and shear force. 
To get more realistic load conditions, a pressure force is 
added. This addition changes the buckling behavior. Without 
pressure load, the skin bulges to the inside of the wingbox. 
With pressure, the skin bulges to the outside of the wing-
box. These two different shapes are shown in Fig. 9. The 
dynamics of the two modes also differ from each other. The 

buckling mode to the inside buckles with a snap-through 
behavior. This means a sudden instability. The mode with 
pressure does not have such a sudden change in the shape. 
Due to the evolving pressure load, the skin is deformed from 
the beginning, which acts like an imperfection. This results 
in a smoother behavior. This difference can be seen well in 
the curves of the translational displacement in Fig. 10. It 
has to be noted, that Fig. 10 looks like the stiffness of the 
case with pressure was lower because of its lower slope. 
However, the reason for the lower slope is not reduced stiff-
ness. Instead the overall load is higher, because the pres-
sure component is added to the other load components. The 
snap-through is visible by the horizontal line with subse-
quent oscillations. This oscillations come from the pulse-like 
change, which excites many frequencies including the eigen-
frequencies of the structure. The shown data is from case 5 
(Table 4) with a rotation value of 35◦ . This basic behavior 
is also observed for case 3.

As visible in Fig. 10 the translational stiffness ratio is 
higher in the case with pressure. A series of models based 
on case 3 applies pressure values between 0 and 150 % of the 
initially modeled pressure as given in Table 3. It shows, that 
the critical pressure fraction, at which the change between 
the modes takes place, is between 50 % and 55 % pressure. It 
can be seen by the sharp rise in the stiffness ratios in Fig. 11. 
This percentage is only valid for the load distribution at the 
particular position on the wing. At other wing positions, the 
load is distributed in different ratios among the load compo-
nents bending, shear and pressure.

Fig. 8  Ratio of the rotational stiffnesses. For the case legend refer to 
Table 4

Fig. 9  Buckling shape with and without pressure load

Fig. 10  Load-displacement curve showing snap-through and soft 
nonlinear behavior
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As visible in Fig.  11, the rotational stiffness is also 
affected. In case 3 the maximum rotational stiffness ratio 
decreases from 1.7 to 1.1, when pressure is applied. In case 5 
on the other hand the maximum rotational stiffness increases 
from 0.7 to 1.45 with applied pressure. These values are the 
maximum values from all considered ply rotation angles. 
The different buckling shapes have different postbuckling 
stiffnesses resulting in different stiffness distributions in the 
whole wingbox, which is a reason for the differences in the 
rotational stiffness ratios.

3.4  Ply stacking sequence

As stated in Sect. 3.2 the distance to the middle surface of 
plies which are not aligned along the skin panel edges influ-
ence the asymmetric postbuckling shape. This also holds 
true for the thick, rotated former 0 ◦-layers. This effect is only 
present, if the layers are thick and have therefor a unique 
lever arm. If the layup is build out of many thin plies in 
sequential order, this effect is expected to become less sig-
nificant, because the anisotropic effects of each layer are 
smeared over the complete range of possible distances. For 
the wingboxes in case 3 and 5 (Table 4) with a ply rotation 
value of 35◦ , the 35◦-layer is in the center of the symmet-
ric layup. For these two cases two additional models are 
used, in which the 35◦-layers are shifted to the outside of 
the symmetric laminates. All four models include aerody-
namic pressure. The changes on the maximum rotation and 
the rotational stiffness ratio are given in Table 5. It shows 
that increasing the influence of the rotated layers by shifting 
them to the outside of the layup results in declining stiff-
ness ratios even though aerodynamic pressure is applied. 
The stacking sequence thus is a possibility to mitigate the 
undesired increase of the stiffness ratio as consequence of 
the imperfection, which is introduced by the pressure.

3.5  Spar ply layup

Not only the skins can have nonlinear behavior, but also 
the spars. To get buckling in the spars, they need to be thin-
ner than they are in the baseline model. To get a downward 
rotation of the wingbox segment the rear spar is thinner 
than the front spar. This is based on the assumption that 
reduced spar stiffness leads to stronger upward motion at the 
respective spar. The new baseline model for spar alterations 
has spar thicknesses of 2 mm for the front and 1.5 mm for 
the rear spar. With the baseline skin thickness of 4 mm and 
weakened spars the wingbox shows unstable snap-through 
buckling before reaching 2.5 g because of the reduced spar 
stiffness. Increasing the skin thickness to 5.5 mm results in 
a structure with stable nonlinear behavior until 2.5 g. The 
dimensions for the model used for spar modification analy-
ses are given in Table 6.

Different rear spar layups are modeled. The layups each 
have two ply directions with equally distributed ply thick-
nesses. The first type of layup is a crossply layup. In crossply 
layups, the plies are orientated perpendicular to each other. 
The front spar layup is [45/−  45]s because of the stiffness 
against expected shear in the spar. The rear spar layups are 
varied. With a [0/90]s layup as baseline case this crossply 
is rotated in the range from -40◦ to 45◦ in 5 ◦ steps. Extend-
ing the range would lead to redundant results since every 
possible orientation of the crossply is covered within one 
quarter circle. This spar modification is modeled for two 
cases with different skin modification. The first series has 
the skin from the baseline case. The second series combines 
the spar modification with a skin modification. For the skin 
modification case 3 with 35◦ rotation is used.

Fig. 11  Stiffness ratios with different pressure load fractions

Table 5  Results for different ply stacking sequences for max. rotation 
�
max

 and rotational stiffness ratio R
r

Case, 35◦-layers �
max

 / deg R
r
 / -

Case 3, centered 0.24 1.04
Case 3, outside 0.14 0.71
Case 5, centered 0.13 1.09
Case 5, outside 0.11 0.65

Table 6  dimensions of the wingbox section for spar modifications

Distance between ribs 400 mm
Distance between spars 585 mm
Radius of circular arc 3.4 m
Skin thickness 5.5 mm
Front spar thickness 2 mm
Rear spar thickness 1.5 mm
Spar height 105 mm



671Exploration of the effect of wing component post‑buckling on bending‑twist coupling for…

1 3

Figure 12 shows the maximum rotation for both cases. 
Both curves show the same shape with a nearly constant 
difference. This shows, that the effect of the skin modifica-
tion is combined with the effect of the spar modification 
regarding the maximum rotation. The highest maximum 
rotation is achieved with the [0/90]s orientation. The lowest 
rotation is found at the [40/−  50]s orientation. Since spars 
are shear loaded and [45/-45]s layups provide high stiffness 
against shear loads these results support the assumption that 
lower stiffness in the rear spar leads to larger rotation. The 
rotational stiffness ratios in Fig. 13 have similar results. The 
highest values are obtained for the [0/90]s layup. With this 
layup the rotational stiffness ratio is at 0.9 without skin mod-
ification and 1.05 with skin modification. In both cases the 
rotational stiffness ratio decreases towards [45/-45]s layups. 
At [45/−  45]s are the lowest values of 0.1 without and 0.55 
with skin modification. The ratios are high for the layups 
with high rotation. This is because the high rotation is not 
primarily triggered by buckling. Instead the rotation already 
starts at low loads because the lower stiffness at the rear spar 
is present also in the pre buckling phase. A corresponding 
load-rotation curve is a nearly linear line.

The second layup type is a balanced ply laminate. This 
means that for each ply with positive angle � there is a ply 
with the same thickness and angle −� . The layup can be 
rotated by an angle � leading to the layup structure [ � + � 
/ � − �]s. Two model series varying the rotation angle � are 
analyzed. The two series differ in the layup rotation � . � is 
0 ◦ in the first and 45◦ in the second series. In both series 
the rotation angle � is in the range between 0 ◦ and 90◦ in 
10◦ steps. The skin is modified with case 3 and 35◦ rotation 
angle.

The results for maximum torsional rotation are shown in 
Fig. 14. The maximum value of 0.57◦ is achieved with the 
unidirectional [0] layup. The lowest value of 0.32◦ is reached 
by a [60/−  60]s layup. The span of values is smaller for the 
rotated reference orientation. The minimum value of 0.395◦ 
is found with a [25/65]s layup, the maximum value of 0.52◦ 
with a [95/−  5]s layup.

Fig. 15 shows the rotational stiffness ratios for the bal-
anced ply laminates. Like for the crossplies there is a 
tendency, that for large rotations large stiffness ratios are 
obtained. However, they are slightly different. For the  [45]s 
and [55/35]s layup the maximum rotation is higher than in 
the [25/65]s layup, which is not represented in the rotational 
stiffness ratio. The rotational stiffness ratio is lower for these 

Fig. 12  Maximum rotation for rotated rear spar crossplies with and 
without skin modification

Fig. 13  Rotational stiffness ratio for rotated rear spar crossplies with 
and without skin modification

Fig. 14  Maximum rotation with different angles for a balanced ply 
layup in the rear spar
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two cases. Another difference are the minimums for the lay-
ups with � = 0◦ . The rotation minimum is at [60/−  60]s, 
while the minimal rotational stiffness ratio is at [40/−  40]s. 
Therefor, [40/−  40]s is a layup that matches the desired 
behavior. In general, for the proposed load alleviation con-
cept the rear spar should be weaker than the front spar and 
allowed to buckle. But if the difference is large, a large 
amount of the rotation is independent from the nonlinearity.

3.6  Layup variations including spar modification

Getting closer to the desired behavior the ply sequence 
and layup cases are further investigated with a model now 
including the spar modifications. The selected spar layup is 
[40/−  40]s in the rear spar. mod. Case 3 and mod. Case 5 
are introduced, in which not only the former 0 ◦-ply, but also 
the former 90◦-ply is rotated. The skin rotation angle is 35◦ . 
Different ply orders are modeled and summarized in Table 7 
in their initial form before ply rotation.

Table 8 shows maximum rotation �
max

 and rotational stiff-
ness ratio R

r
 for different combinations. The lowest R

r
 is 

in mod. Case 5 with layup L3, which is an upper skin with 
rotated 0 ◦-ply and rotated 90◦-ply, with the 0 ◦-ply at the 
outside. In this model the maximum rotation is the highest 
of Case 5 variations. Case 3 and the according variations 
have higher maximum rotations and higher rotational stiff-
ness ratios. The desired behavior is best met by mod. Case 

5, L3 because of its low rotational stiffness ratio and still 
comparably high rotation values.

3.7  Influence of basic stringers

The deformed wingbox segments do not only show torsional 
rotational but also significant bending. Significant bending 
is not part of the desired behavior. The application of simple 
linear stringers is modeled to investigate if bending can be 
reduced while maintaining the torsional rotation. The string-
ers are 20 mm high and 2 mm thick. This is rather small for 
the reason to still allow nonlinearity. They are distributed 
equally on the skin panels. The stringer layup is a [45/−  45]s 
layup. The wingbox design is Case 3, L1, but with a slightly 
thinner skin of 3.5 mm for all models. The spar thicknesses 
are 2 mm and 1.5 mm, but the layup differs slightly from 
Sect. 3.5 because the model is based on an older version of 
the baseline selections. The front spar has an equally dis-
tributed [45/-45/0/90]s layup. The rear spar has the same 
sequence but the 0 ◦ and 90◦ layers together are 80% of the 
layup. The idea behind this layup was the high rotation of 
the [0/90]s crossply layup with a bit of added stability in 
other directions. But this did not consider the rotational stiff-
ness ratio. A model with 8 stringers per skin is depicted in 
Fig. 16.

Figure 17 shows the relative translational and rotational 
maximum displacements when stringers are added. It is vis-
ible that translational displacements are more restrained by 
the stringers than rotational displacements. This matches the 
expectations since stringers are supposed to strengthen the 

Fig. 15  Rotational stiffness ratio with different angles for a balanced 
ply layup in the rear spar

Table 7  skin ply sequence cases
L1 [45/− 45/90/0]s

L2 [90/0/− 45/45]s

L3 [0/90/45/−  45]s

Table 8  Results for max. rotation �
max

 and rotational stiffness ratio R
r
 

with modified layups

Case, ply sequence �
max

 / deg R
r
 / -

Case 3, L1 0.35 0.54
mod. Case 3, L1 0.31 0.55
mod. Case 3, L2 0.42 0.38
Case 5, L1 0.22 0.42
mod. Case 5, L1 0.23 0.37
mod. Case 5, L2 0.23 0.36
mod. Case 5, L3 0.30 0.27

Fig. 16  Wingbox segment with 8 stringers per skin
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bending stiffness. This different effect on the translations 
favors stringers for the investigated load alleviation concept. 
Unfortunately there are significant drawbacks in terms of 
the rotational stiffness ratio as seen in Fig. 18. The rota-
tional stiffness ratio increases significantly when stringers 
are added. The reason for that is the added resistance against 
buckling which lowers the magnitude of the geometric non-
linearity. Because of the significantly increased rotational 
stiffness ratio, simple linear stringers are not considered ben-
eficial for the desired behavior in this configuration. More 
studies regarding simple stringers varying stringer size and 
skin thicknesses have been done but are not discussed fur-
ther in this paper since they do not provide advantages for 
the desired behavior either. Models with unconventional 
stringer concepts like differently spaced or rotated stringers 
are planned.

3.8  Influence of the boundary conditions

The model of the wingbox segment is directly fixed at the 
inboard rib and the outboard rib is a rigid body. These 
boundary conditions are stiffer than a wing structure. To 
assess the influence of the boundary conditions on the 
behavior of the modified wingbox segment, the mod. Case 
5, L3 model is extended by one conventional rib bay on both 
sides. These rib bays have no rotated plies and spars without 
reduced thickness. Six stringers with 30 mm height and 5 
mm thickness are added on both skins in the attached rib 
bays. Two ribs with 6 mm thickness are included between 
the three segments. The shear and bending moment, which 
now are located further away from the wing box segment 
of interest are reduced such that the forces at the boundary 
between to the wingbox segment of interest and the loaded 
rib bay remain the same. To accommodate for the increasing 
bending moment towards the clamped side, the skin thick-
ness in the clamped rib bay is increased from 5.5 mm to 6 
mm. The extended model and a corresponding deformation 
plot is depicted in Fig. 19.

Figure 20 shows the load-displacement and load-rota-
tion curves for the extended model and the directly fixed 
model. The displacement and rotation in the extended model 
describe the motion of the outboard rib with respect to the 
inboard rib including all translational and rotational degrees 
of freedom. The results show a difference between the mod-
els, but the general behavior remains comparable.

The difference depends on the stiffness of the rest of the 
wing. In a stiffer design the difference becomes smaller 
and in a weaker design it becomes larger. When a wing is 

Fig. 17  Remaining relative maximum displacement with stringers

Fig. 18  Stiffness ratios with stringers
Fig. 19  Undeformed and deformed contour of the extended model 
with attached rib bays
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designed to include a modified wingbox segment, this has 
to be taken into account in the sizing.

This paper focuses on the influence of design choices on 
the tailored segment, so the stiff boundary condition can be 
used for this purpose. The results provide guidelines on how 
to modify a wingbox segment for nonlinear bending-torsion 
coupling.

3.9  Differences between spanwise positions

Up to this point the wingbox models featured only one posi-
tion at the wing span in the outer wing. At different positions 
the balance between the different load components changes. 
According to the load model (Sect. 2.2) shifting towards 
the inside of the wing the elliptical lift line load flattens 
out. The pressure load is calculated using this line load. The 
shear force increases approximately linear and the bending 
moment increases approximately quadratic. So at wing posi-
tions nearer to the wing root the bending moment tends to 
dominate more over pressure and shear force than in the 
outer wing.

Additionally to the different ratios of load magnitudes, 
the wingbox aspect ratio also changes, if the rib distance is 
considered equal over the whole span. These influences have 
not been studied in detail. Considering the influence of the 
pressure load on stiffness ratios, the stiffness ratio could be 
more suited for the proposed load alleviation at positions 
shifted towards the wing root, where the pressure influence 
is reduced compared to the bending moment.

These theses motivate the sizing and simulation of a 
wingbox segment nearer to the wing root to explore, if there 
is potential to improve the desired behavior. Its span wise 
position is set to 13 m, which is shifted towards the wing 
root compared to 17 m from the former series of models. 
Table 9 shows the adjusted load magnitudes.

To allow for significant torsional rotation, the wingbox 
segment length should not be too small in comparison with 
the spar distance. Therefor one rib in the middle of the seg-
ment is removed. The wingbox segment thus has the length 

of two initial rib distances. The spar and skin thicknesses are 
sized to have the desired behavior in the load range to 2.5 g. 
The dimensions are given in Table  10.

The skin layup corresponds to mod. Case 5, L3 with a 
ply rotation of 35◦ for the initial 0 ◦ and 90◦ plies in the 
upper skin. The 35◦ ply is located at the outside of the 
layup. The front spar has a [45/−  45]s layup. The rear spar 
has a lower thickness (Table 10) than the front spar and 
a [40/−  40]s layup. The wingbox section is not stiffened 
by stringers.

The resulting load-rotation curve is depicted in Fig. 21. 
The desired declining stiffness behavior is visible by the 
declining gradient of the curve. A linear behavior with the 
same initial gradient is visualized by the reference line. The 
distance between the reference line and the blue line cor-
responds to the increased rotation by the nonlinearity. The 
maximum rotation is 0.9◦ and the rotational stiffness ratio 
0.17.

Fig. 20  Load-displacement and load-rotation curves of the modified 
wingbox with attached rib bays (extended) and with directly fixed 
boundary conditions (simple)

Table 9  Load magnitudes
M 356.2 kNm
S 138.4 kN
p 46.12 kPa

Table 10  wingbox section dimensions

Distance between ribs 800 mm
Distance between spars 850 mm
Radius of circular arc 5.5 m
Skin thickness 13 mm
Front spar thickness 6 mm
Rear spar thickness 4 mm
Spar height 180 mm

Fig. 21  Load-rotation curve of the tailored wingbox
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This rotation is higher than the achieved rotation with the 
small wingbox in the outer wing. This supports the theses, 
which motivated the analyses of this model. The progres-
sively increasing rotation is considered suited for the inves-
tigated load alleviation concept.

Another difference when implementing the modified 
wingbox closer to the wing root are effects with the larger 
remaining outer wing structure. A rotation of a segment 
nearer to the wing root affects more of the wing. On the 
other hand the reaction speed of the wing deformation could 
be slower due to the outer wing’s inertia.

3.10  Discussion of limitations

This study focuses on design choice influences for the tai-
loring of components with structural nonlinearities for load 
alleviation. There are several challenges to face before it can 
be applied in a real system. The first challenge is material 
failure. This aspect has not been studied in this research. Due 
to comparably large displacements for a CFRP material, fail-
ure could occur. It could be necessary to refine the geometry 
design at key points or change the material to a more flexible 
material with comparable anisotropic properties.

Overall the structure is less stiff in this segment. This 
decreases flutter speed and torsional divergence speed. Tor-
sional divergence is especially important for forward swept 
wings.

The model only represents the wingbox segment itself. As 
discussed in Sect. 3.8, when such a tailored wingbox seg-
ment is included into a full wing, the sizing of the wingbox 
and of the rest of the wing influence each other and need to 
be considered together. The missing outer wing string struc-
ture affects the dynamic simulations resulting in faster reac-
tion because there is no inertia from the outer wing structure 
and fuel mass. The load case has been simplified compared 
to a real wing as well. This is particular the case for the 
pressure load distribution, which is uniform over the whole 
skin surface. Inertia and pressure distribution effects will be 
accounted for in fluid structure simulations.

In a real wing a torsional moment is present. For the 
application of this concept, this has to be considered in the 
sizing process.

4  Conclusions and outlook

This paper discussed fundamental research on structures 
for a new load alleviation concept exploiting the nonlinear 
structural behavior of wing design components. It is shown 
by the simulations that a wingbox section with progressive 
nonlinear bending-torsion coupling can be designed using 
nonlinearities of the components. Material failure is not 
taken into account at this stage and will be considered in 

the future. Both upper skin and rear spar are designed to 
buckle within the load envelope. The upper skin uses an 
anisotropic CFRP ply layup, [35/− 55/45/−  45]s with ply 
fractions (0.45, 0.15, 0.2, 0.2.). The rear spar is thinner than 
the front spar and uses a slightly adapted layup of [40/−  40]s 
instead of [45/−  45]s as in the front spar. Both measures lead 
to the progressive nonlinear bending-torsion coupling which 
is considered to be beneficial for passive load alleviation.

The differences in span wise position are only covered 
briefly with one case. In following studies this aspect will 
be investigated in more detail, such that the concept can be 
applied in the most valuable position.

The behavior with more realistic aerodynamic loads of 
wings including this modified wingbox section will be eval-
uated in upcoming investigations which will couple structure 
and fluid simulations using the in-house coupling environ-
ment ifls [16]. This will allow to assess the effectiveness of 
the proposed wing box segment for load alleviation and the 
assessment of the weight reduction of the wing.
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