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Abstract 

This paper presents recent activities conducted in the framework of the ERC-NABUCCO project 
aimed at increasing the structural efficiency of future aircraft through innovative concepts based on a 
smart adoption of buckling-driven solutions. While structural buckling has traditionally been viewed as 
a potentially dangerous phenomenon to be avoided due to its association with catastrophic failure, 
the nonlinear behavior associated with this phenomenon could actually be beneficial in the current 
push for more efficient structures. The paper describes how allowing a certain level of buckling in 
specific locations of a typical wingbox could result in a reduction of peak loads caused by gust 
response, which typically dictate the structural sizing process, ultimately leading to weight savings. 
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1. Introduction 

The need to explore the benefits of novel aircraft architectures to provide a significant increase in 

fuel efficiency is evident. This need has been identified by ICAO, FLIGHTPATH2050, Clean Sky 2 

and more recently Clean Aviation initiatives in Europe as well as by NASA, with challenging goals 

set for reductions in CO2, NOX and noise by the year 2050 [1-2]. However, the path towards a 

completely carbon neutral air transport will certainly take several years and will require intermediate 

steps. Historically, the most significant improvements in jet aircraft efficiency have been related to 

advancements in the propulsive term associated with the development of high-bypass-ratio turbofan 

engines. Most recently, the increasing use of high-strength composites promises to reduce weight. 

Additionally, configuration changes such as increased wingspan can improve the lift-to drag ratio. 

However, it must be noted out that the integrated nature of aircraft design means that few substantive 

configuration changes can be made without encountering some multidisciplinary trade-offs. This  

represents the only way to ensure a net improvement in global efficiency by combining and 

harmonizing conflicting requirements, such as the weight penalty due to increased aspect ratio, or 

the combination of different objectives resulting from different disciplines, such as blending passive 

and active control systems.  

Different EU projects [3-4] have already demonstrated that a potential reduction in wing structural 

weight of around 20 percent is achievable  through an aggressive combination of maneuver and gust 

load alleviation technologies. This reduction in wing structural weight ultimately leads to an overall 

weight reduction of 4-5% for the entire aircraft, considering the snowball effects. This structural 

weight reduction could potentially result in produce a fuel burn reduction of the around of 6-8% on a 

typical short and medium range flight mission.  

The ERC Advanced Grant Project NABUCCO (New Adaptive BUCkling-driven COmposite 

aerospace structures), which began in May 2023, aims to design adaptive buckling-driven structural 

concepts for the next generation of aircraft. The project aims to achieve this goal by utilizing buckling 
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phenomena, particularly their nonlinear response and related stiffness redistribution [5], to control 

responses and induce shape variation.  

While it is understood that structural nonlinear responses  can reduce the peak loads as in the case 

of gust responses [6], the potential benefits of introducing these capabilities in the commonly used 

numerical framework for dynamic aeroelastic response calculation, have not been fully explored. 

Current numerical approaches used to meet the CS25 certification rules are primarily based on linear 

aeroelastic analysis tools, which are not immediately applicable in the case of nonlinear responses 

caused by buckling induced changes in stiffness. 

This paper introduces a new methodology to account for the localized nonlinearity introduced by 
buckling, without compromising the efficiency of commonly used approaches for dynamic loads 
computation. An example is provided to illustrate the application of this approach in evaluating the 
impact of buckling on the gust load envelope. 

2. Gust Loads Computation Framework 

In aircraft design, gust related dynamic load conditions can easily reach 10 millions (e.g. 50 flight 
points, 100 mass cases, 10 control surface configurations, 50 manoeuvres and gust gradients, 4 
control laws), which can be reduced to some thousands thanks to practical engineering judgement, 
such as using load envelopes to identify more sever conditions. This large number of load cases 
cannot be analysed with detailed non-linear solutions on high fidelity models, for this reason the typical 
approach adopted by aerospace industries to determine the complete set of dynamic loads, including 
those related to continuous and discrete gust conditions, is mainly based on linear methods applied 
to simplified models. 
Usually, a stick model with properties derived from a detailed finite element (FE) model of the aircraft, 

is coupled with an unsteady aerodynamic solver, typically a Doublet Lattice Method (DLM). Due to 

the need to analyse thousands of conditions, resulting from different aircraft configurations and flight 

conditions, the computation scheme is based on the use of a reduced model, which is based on a 

limited set of vibration modes, and the problem is solved in the frequency domain since the DLM is a 

frequency-based method [7].  

Structural buckling, on the other hand, needs to be treated as a nonlinear problem, especially if the 

redistribution of stiffness and the associated stresses during the post-buckling regime must be fully 

understood. In this scenario, a time marching solution seems more appropriate. However, this 

approach is not ideal for analyzing numerous cases due to its computational expense and time-

consuming case set-up. The novelty of this work lies in utilizing conventional preliminary design tools, 

as described in the next paragraph, but modified to account for the nonlinearity caused by buckling, 

as outlined in section 3. 

The gust analyses are performed using NeoCASS, an aero-servo-elastic simulation tool developed 

by the Politecnico of Milano [8]. It is based on the stick representation for the structural part (beam 

elements for structural components and concentrated masses for non-structural items) coupled with 

a DLM solver for the aerodynamics through a set of splines based on the Radial Basis Functions 

(RBF) [9]. 

In the industry, this kind of model is used to compute the static (trim) and dynamic (gust, control 

surface response, etc.) loads envelope that is used to size the aircraft. Focusing on the gust loads, 

the stick model is the compromise between accuracy and analysis cost that allows to identify the 

sizing load set performing a high number of analyses. The overall load set must encompass different 

flight points (altitude and airspeed) and mass configurations to cover all the aircraft flight conditions. 

Dynamic problems are usually solved on a Reduced Order Model (ROM), that is computationally 

cheaper than solving the problem on the full Degrees of Freedom (DOFs) set. It is common practice 

for such applications to project the aeroelastic problem on the modal base, that contains the most 

relevant structural modes. For this reason, in the following the problem is written in modal base where 

𝒖 = 𝑼𝒒, being u the DOFs physical displacement, U the eigenvectors matrix and q the modal 

coordinates.   

The aerodynamic force computation performed by the DLM is based on the (reduced) frequency 

domain, and usually the problem is solved in frequency and then translated in time through an inverse 

Fourier’s transformation. The Generalized Aerodynamic Forces (GAFs) due to the structural motion 
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and gust excitation, obtained as function of reduced frequency (k) and Mach number (Ma) are in the 

form of Eq.(1), where 𝑞∞ is the dynamic pressure, q is the modal displacement, vg is the gust velocity 

and Ham, Hag are the aerodynamic matrices related to the structural motion and gust respectively. 

 𝑮𝑨𝑭𝒔 = 𝑞∞(𝑯𝒂𝒎(𝑘, 𝑀𝑎)𝒒 + 𝑯𝒂𝒈(𝑘, 𝑀𝑎)𝑣𝑔 (1) 

Despite describing functions [10] can be used for the introduction of non-linearities, it is easier, and 

more general, to introduce them into a state-space (SS) model as described in section 3, but before 

the frequency dependent GAFs need to be translate in time domain. NeoCASS implements a feature 

for the identification of the aerodynamic forces transfer function based on the Matrix-Fraction 

Approximation (MFA) method [11], that approximates the transfer function Ham as function of the non-

dimensional Laplace’s variable p, as in Eq.(2), where A, B, C, D are the aerodynamic system matrices 

to be identified. 

 𝐇𝑎𝑚(𝑝) ≈ 𝐃𝟎
𝑎 + 𝑝𝐃𝟏

𝑎 + 𝑝2𝐃𝟐
𝑎 + 𝐂𝑎(𝑝𝐈 − 𝐀𝑎)−1(𝐁𝟎

𝑎 + 𝑝𝐁𝟏
𝑎 + 𝑝2𝐁𝟐

𝑎) (2) 

Once identified the A, B, C, D matrices, it is possible to reformulate Eq.(2) into Eq.(3), substituting the 

Laplace variable p with the time derivatives(
𝑑𝑧

𝑑𝑡
= 𝑧̇). The result is a state-space system where xa is 

the aerodynamic state, q are the modal displacements and Qa are the aerodynamic forces due to the 

structural motion. 

 {

𝑑𝐱𝑎

𝑑𝑡
=

1

𝑡𝑎
𝐀𝑎𝐱𝑎 +

1

𝑡𝑎
𝐁𝟎

𝑎𝐪 + 𝐁𝟏
𝑎𝐪̇ + 𝑡𝑎𝐁𝟐

𝑎𝐪̈

𝐐𝐚 = 𝐂𝑎𝐱𝑎 + 𝐃𝟎
𝑎𝐪 + 𝑡𝑎𝐃𝟏

𝑎𝐪̇ + 𝑡𝑎
2𝐃𝟐

𝑎𝐪̈

→ {
𝐱̇𝑎 = 𝐀𝐱𝐚 + 𝐁𝐪
𝑸𝒂 = 𝐂𝐱𝐚 + 𝐃𝐪

 (3) 

A similar approach is used for the definition of the gust related term of the GAFs, Hag. 
The resulting aerodynamic system is coupled with the structural SS model derived from the classical 
mechanical equations of an elastic system projected on a modal base, characterized by modal mass 
(Mhh), damping (Chh), and stiffness (Khh) matrices. 
The state of the mechanical system (modal motion q) is the input for the aerodynamic SS system, 
and the modal aerodynamic forces (Qa) are the forcing term of the mechanical system. The two SS 
model can be assembled into a single SS model, generating an aero-elastic SS model, completely 
defined in the time domain, as in Eq.(4), where the external forcing term Fc is added. 

 

[

𝐈 𝟎 𝟎
𝟎 𝐌𝐡𝐡 − 𝑞∞𝑡𝑎

2𝐃𝟐
𝑎 𝟎

𝟎 −𝑡𝑎
2𝐁𝟐

𝑎 𝑡𝑎𝐈
]

𝑑

𝑑𝑡
[

𝐪
𝐪̇
𝐱𝑎

] = 

+ [

𝟎 𝐈 𝟎
−(𝐊𝐡𝐡 − 𝑞∞𝐃𝟎

𝑎) −(𝐂𝐡𝐡 − 𝑞∞𝑡𝑎𝐃𝟏
𝑎) 𝑞∞𝐂𝑎+𝑔

𝐁𝟎
𝑎 𝑡𝑎𝐁𝟏

𝑎 𝐀𝑎+𝑔

] [

𝐪
𝐪̇
𝐱𝑎+𝑔

] 

+ 
1

𝑉∞
[

𝟎 𝟎 𝟎
𝑞∞𝐃𝟎

𝑎𝑔 𝑞∞𝑡𝑎𝐃𝟏
𝑎𝑔 𝑞∞𝑡𝑎

2𝐃𝟐
𝑎𝑔

𝐁𝟎
𝑎𝑔 𝑡𝑎𝐁𝟏

𝑎𝑔 𝑡𝑎
2𝐁𝟐

𝑎𝑔

] [

v𝑔

𝑣̇𝑔

𝑣̈𝑔

] + [
𝑩𝒄

0
0

] [𝐅𝐜] 

 

(4) 

Finally, the SS model can be converted into the canonical form of Eq.(5), where the aeroelastic state 

xae contains both mechanical and aerodynamic states, the inputs are the gust profile alongside its 

time derivatives ug, and the control force uc. The output y is whichever required structural response. 
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 {
𝒙̇𝒂𝒆 = 𝑨𝒙𝒂𝒆 + 𝑩𝒈𝒖𝒈 + 𝑩𝒄𝒖𝒄

𝒚 = 𝑪𝒙𝒂𝒆 + 𝑫𝒈𝒖𝒈 + 𝑫𝒄𝒖𝒄
 (5) 

The obtained SS model can be used to perform aeroelastic gust responses directly in time domain, 
and since the native environment of NeoCASS is Matlab, the implementation of a Simulink model is 
straightforward. The model is Linear Time Invariant (LTI), but it can be modified to introduce 
concentrated nonlinearities as described in the next section. 

3. Buckling-Driven Nonlinear Aeroelastic Response 

This section describes how the nonlinearity generated by the buckling is accounted into an aeroelastic 

simulation based on a LTI SS model. The typical behaviour of a stiffened panel in pre and post 

buckling conditions is reported in Figure 1: the non-linear relationship between the force and the 

displacement has a bi-linear behaviour [12-13], characterized by the two linear stiffness values and 

the point at which buckling occurs. For a stick model, which reduces the 3D model of the wingbox into 

a 1D beam element, this is equivalent to a localized stiffness modification in correspondence of the 

area where buckling occours. 

 

Figure 1: Typical non-linear behaviour of pre- and post-buckling force-displacement relation 

The implementation of such stiffness behaviour into the structural model is not straightforward, for this 

reason a time-marching approach derived to the one used in [14-16] is used. The basic idea is 

represented in Figure 2, and consists in replacing the stiffness between two elements with a control 

force that is function of the relative displacement itself. This feedback force acts as a “numerical” 

spring that connects the DOFs involved by the buckling, that feeds back a force or moment. Figure 2 

sketches the approach for a simple 1DOFs mass-spring system, where the linear spring is removed 

from the system and it is replaced by a force F, proportional to the displacement x through the stiffness 

value k itself, but the concept can be easily extended to a FE model. 

 

Figure 2: Schematic representation of the proposed approach 

This control-like approach allows to use a feedback force that is no more linearly dependent on the 
displacement, but it can be an arbitrary function of the structural response, transforming the classical 
Hooke’s law 𝐹 = 𝑘𝑥 into a more general 𝐹 = 𝑓(𝑥).  
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The feedback branch is added to the SS model realized following the approach described in Section 
2, resulting in the Simulink block scheme of Figure 3. 

 

 

Figure 3: Simulink model for the force feedback 

The displacement-force relation of Figure 1 is implemented as in Eq.(6), where F is either a force or 

a moment, k is the stiffness in pre and post buckling (b) conditions, x is the relative motion between 

two DOFs (either a translation or a rotation), Pb and xb are respectively the buckling load and the 

related displacement. 

 
{

𝐹 = 𝑘𝑝𝑟𝑒 𝑏𝑥 𝑓𝑜𝑟 𝑥 < 𝑥𝑏

𝐹 = 𝑘𝑝𝑜𝑠𝑡 𝑏𝑥 + 𝑃𝑏 − 𝑘𝑝𝑜𝑠𝑡 𝑏𝑥𝑏  𝑓𝑜𝑟 𝑥 > 𝑥𝑏
 (6) 

The bilinear stiffness behaviour assumed for this work can be easily replaced with an arbitrary 
stiffness distribution. With a more general perspective, the feedback can be an arbitrary function of 
whicheverer structural response, for example in the case of a nonlinear damping that is function of 
the velocity. 
To implement such feedback, the kinematic of the stick structure has to be modified. In the area where 
the buckling is supposed to appear, two coincident nodes are placed. The kinematic is modelled with 
an algebraic constraint (MPC) for the degrees of freedom (DOFs) that are not affected by the buckling, 
while the remaining DOFs remain unconstrained, and a scalar point (SPOINT) is added to the 
equation. A scheme of the kinematic is presented in Figure 4, while the MPC relation is expressed as 
in Eq.(7), where xi is the displacement of the i-th DOF for the nodes A and B. 

 
{

𝑥𝐴,𝑖 = −𝑥𝐵,𝑖  → 𝑓𝑜𝑟 𝑛𝑜𝑛 − 𝑏𝑢𝑐𝑘𝑙𝑒𝑑 𝐷𝑂𝐹𝑠

𝑥𝐴,𝑖 = −𝑥𝐵,𝑖 − 𝑥𝑆𝑃𝑂𝐼𝑁𝑇  → 𝑓𝑜𝑟 𝑏𝑢𝑐𝑘𝑙𝑒𝑑 𝐷𝑂𝐹
 (7) 

 

Figure 4: Kinematics used for the introduction of the nonlinear force 

The kinematic is restored by forcing the scalar point through the value obtained with Eq.(6). In this 

case the relative displacement between A and B is the displacement of the scalar point. For the linear 

case, the force is proportional to the displacement or rotation through the stiffness: 𝐹 = −𝐾𝑥. In the 

case a non-linear phenomenon, like when buckling occurs, the stiffness may be an arbitrary function 

of the scalar point displacement: 𝐹 = 𝑓(𝑥). Figure 3 shows the Simulink’s block diagram of the 

proposed simulation framework, where x is the scalar point displacement used as feedback measure 

Aircraft state-space aeroelastic model

Nonlinear feedback force

Gust excitation
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and the computed nonlinear force F restores the kinematics.  

The framework, developed for simple stick structures, helps to understand the impact of the buckling 

on the aeroelastic response. A non-linear time marching simulation of a full wing is a computationally 

expensive simulation that cannot be used for trade-off and sensitivity studies. Instead of evaluating 

the force vs. displacement function as a result of a detailed analysis, the proposed framework helps 

the designer to evaluate how the response is affected by the buckling load and by the stiffness 

reduction in post-buckling conditions. It must be considered as part of a wider design loop, 

represented in Figure 5: the aeroelastic simulation on a simplified model provides indications about 

the desired buckling behaviour, while the next design steps, performed on higher fidelity models, must 

design a structure that buckle as prescribed. It is a buckling-driven design because the objective of 

the high-fidelity optimisation is the buckling behaviour that is identified on a lower fidelity model and 

computationally cheap aeroelastic framework. After the first set of high-fidelity analyses, the stick 

model is updated with the buckling behaviour identified, iterating the loop until the convergency is 

reached. 

 

Figure 5: Buckling Driven Design Approach and the models used in each phase. 

The description of the detailed design performed on the higher fidelity FE model is not presented in 
this work, that is mainly focused on the development of the non-linear aeroelastic simulation 
framework. 

4. Application 

The framework described in Section 3 is here exploited to investigate the gust response of a clamped 
wing. This boundary condition addresses the focus on the aeroelastic response without considering 
eventual contribution coming from rigid body modes. However, the wing is fully representative of a 
medium range aircraft, and it was extracted from a model studied within the U-HARWARD [4], where 
an aircraft like the Airbus A321 with an aspect ratio extended to AR=15 was considered. 
Figure 6(a) shows the CAD model of the full aircraft, while Figure 6(b) represents the aeroelastic 
model of the clamped wing, with indicated the area where the buckling is considered. It is the wing 
root and in this region the model is modified to introduce the coincident nodes to modify the 
kinematics. 
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(a) CAD model of the A321 AR15 aircraft 
(b) Aeroelastic Stick model with DLM mesh of the 

A321 AR15 wing 

Figure 6: Reference models. 

A parametric study was performed using as mean of comparison the Wing Root Bending Moment 
(WRBM): its sensitivity w.r.t. the buckling load (parameter 1, P1) and the post buckling stiffness 
(parameter 2, P2) for several gusts was mapped. The impact of P1 and P2 on the stiffness is reported 
in Figure 7(a). The buckling load, or P1, ranged between the maximum feedback force for the linear 
case and 50% of this value. At the same time, the post-buckling stiffness, or P2, was reduced from 
0% to 50% w.r.t. the nominal case. For both cases, a discretization of 10% was used, creating a total 
of 5 P1 x 5 P2 = 25 nonlinear stiffness curves. This led to investigate force-displacement functions 
that cover the grey-filled area of Figure 7(b), where the starred marker indicates the maximum load 
acting on the scalar point for the linear case and the related displacement, value adopted to non-
dimensionalize the plot. 

 
 

(a) Parameters used in the sensitivity analysis (b) Maps of the nonlinear stiffnesses considered 

Figure 7: Maps of the force-displacement considered during the sensitivity study. 

All the 25 models were excited using 10 different gust lengths with positive and negative amplitudes 
following CS/EASA 25 regulation for large transportation aircraft. It resulted in the gust profile 
represented in Figure 8 (only positive gust plotted). It was selected a single flight point, equivalent to 
the cruise condition with a true air speed (TAS) of 229m/s at an altitude of 8000m. 
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Pbuckling
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Buckling area 
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Figure 8: 1-cosine gust shape considered for the analyses. 

For each gust and P1/P2 combination, it is possible to recover the time history of the quantity of 
interest, in this case of the WRBM. As an example, the time response of the feedback force for 
different buckling cases (grey lines) are compared with the linear case (red line) in Figure 9. 

 

Figure 9: Feedback force for different buckling cases 

The simulations show a reduction of the feedback force, that directly impact on the WRBM, but the 
interpretation of the results from the time histories is hard to read. For this reason, for each model 
analyzed, the maximum WRBM is compared with the one obtained in the linear case, resulting into 
the sensitivity map of  

Figure 10, that shows how the WRBM peak is affected by P1 (buckling load) and P2 (stiffness 
reduction). Both the parameters concur to alleviate the WRBM peak, obtaining a passive alleviation 
up to 10%. It is possible to notice how the same WRBM alleviation can be obtained considering 
different P1&P2 combinations (isolines in  

Figure 10), this set of information is then provided to the next design phases to investigate which is 
the best structural solution to achieve the desired alleviation. 
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Figure 10: Sensitivity of the WRBM peak w.r.t. P1 and P2 

5. Conclusions 

This work proposes a simple but effective approach to consider local nonlinearities, such as stiffness 

reduction in the post-buckling regime, for gust load alleviation. The approach works with the model 

conventionally adopted in conceptual-preliminary design phases for dynamic load computation (stick + 

DLM). It increases the analysis capability by considering a phenomenon, buckling, that is typically 

investigated with more computationally expensive analysis and more complex models. This allows for 

the analyse of many configurations, in the order of thousands, in a reasonable time and with limited 

computational resources, like a notebook. The approach can be used to a) establish the desired 

buckling performances to be achieved with a detailed optimization, and to b) evaluate the dynamic 

response of a structure with provided buckling behaviour. It is easy to establish a design loop between 

the two design steps. 

The application of the proposed approach to a conventional wing shows how remarkable (10%) WRBM 

reductions can be achieved by exploiting buckling, rather than treating it as a phenomenon to be 

avoided. Different combination of buckling load and stiffness reduction provide the same alleviation 

capability, opening a design space to find the optimal compromise between the structural solution and 

buckling performance. 

The results presented are the first step of the NABUCCO’s project, which will promote  the buckling-

driven design to realize more efficient structural solutions. 
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