
06 June 2023

POLITECNICO DI TORINO
Repository ISTITUZIONALE

Experimental and Numerical Dynamic Behavior of Bending-Torsion Coupled Box-Beam / Patuelli, Cesare; Polla,
Alessandro; Cestino, Enrico; Frulla, Giacomo. - In: JOURNAL OF VIBRATION ENGINEERING & TECHNOLOGIES. -
ISSN 2523-3920. - ELETTRONICO. - (2022). [10.1007/s42417-022-00759-7]

Original

Experimental and Numerical Dynamic Behavior of Bending-Torsion Coupled Box-Beam

AIMS postprint/Author's Accepted Manuscript [con art. gia' pubblicato]

Publisher:

Published
DOI:10.1007/s42417-022-00759-7

Terms of use:
openAccess

Publisher copyright

This article has been published in a revised form in JOURNAL OF VIBRATION ENGINEERING & TECHNOLOGIES
{http://dx.doi.org/{dc.identifier.doi}. This version is free to download for private research and study only. Not for
redistribution, re-sale or use in derivative works.

(Article begins on next page)

This article is made available under terms and conditions as specified in the  corresponding bibliographic description in
the repository

Availability:
This version is available at: 11583/2972818 since: 2022-11-04T13:44:50Z

Springer



Journal of Vibration Engineering & Technologies 
https://doi.org/10.1007/s42417-022-00759-7

ORIGINAL PAPER

Experimental and�Numerical Dynamic Behavior of�Bending-Torsion 
Coupled Box-Beam

Cesare�Patuelli1  �· Alessandro�Polla1,2�· Enrico�Cestino1�· Giacomo�Frulla1

Received: 14 June 2022 / Revised: 1 September 2022 / Accepted: 18 October 2022 
© The Author(s) 2022

Abstract
Purpose  Structural con�gurations related to new green aircraft design require high e�ciency and low weight. As a conse-
quence, moderate-to-large deformation under operating loads arise and aeroelastic instabilities di�erent with respect to rigid 
counterpart are possible. Coupled structural con�gurations can provide the right mean to overcome such a critical situations 
selecting the right coupling parameters and structural performance. In this work, the dynamic behaviour of sti�ened box-
beam architecture with selected optimal sti�ener orientation to emphasize the bending-torsion coupling characteristics has 
been investigated.
Methods An extensive experimental activity has been performed for a validation and con�rmation of the numerical results. 
Two cantilever beams produced with di�erent technologies and materials have been tested. Modal performance has been 
determined by means of a laser Doppler vibrometer (LDV), while Finite-Element Method (FEM) numerical simulation 
based on solid elements and equivalent single layer approach have been applied and compared. Experimental/numerical 
comparison have been presented pointing out the speci�c coupling performance of this architecture with respect to natural 
frequencies and modal shapes.
Results The activity demonstrates a good correlation in natural frequencies that remains mostly under 4 �  . Modal assurance 
criterion (MAC) has been considered in comparing experimental and numerical modal shapes.
Conclusion The proposed innovative con�guration demonstrates its capability to be used in aeroelastic critical problem as 
a mean to reduce their in�uence in aircraft design. The numerical procedure used for equivalencing the sti�ened parts of the 
box-beam has also been validated in dynamical response con�rming the possibility to be used in design phase.

Keywords Vibration�· Finite element�· Modal analysis�· Laser Doppler Vibrometer (LDV)�· Oblique sti�eners�· Equivalent 
layer

Introduction

The increasing level of environmental requirements related 
to CO�  emissions for civil aviation are pushing forward the 
structural research activity around the world. The necessity 
of high e�ciency aircraft, such as long-endurance aircraft, 
leads to high aspect ratio wing structures, which could pre-
sent large de�ections during normal �ight situations. These 
characteristics can increase the occurrence of di�erent aer-
oelastic instabilities if compared to their rigid counterparts 
[1–5].

Innovative structural concepts are necessary for the next 
generation aircraft reducing structural weight and improv-
ing structural performance. Static and dynamic aircraft 
structural and flight performance can be influenced by 
speci�c and imposed structural couplings. This innovative 
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technical solution can be used to cope with such a demand-
ing structural design devoted to reduce/control the aeroe-
lastic instabilities as a primary consequence. Finite element 
(FE) analysis and numerical optimization can be adopted to 
improve the structural model. The introduction of innovative 
solutions such as Variable Angle Tow (VAT) laminates and 
curvilinear sti�eners signi�cantly enlarged the design space 
for aeroelastic tailoring [6–12]. Particularly, these innova-
tive solutions introduce a local sti�ening e�ects which may 
allow structural coupling and postpone critical aeroelastic 
phenomena typical of High Aspect Ratio (HAR) wing [7, 
13, 14].

The increasing complexity of such aeronautical structures 
requires very accurate numerical simulations during the 
design phase. Often, those simulations can be very demand-
ing in terms of computational costs. In the early stages of 
the design process, models which simplify the structure can 
reduce considerably the time required for the simulation and 
give reliable results which can be used as a preliminary cal-
culation for the �nal design. In this research, an equivalent 
single-layer material model (EQM) developed by Cestino 
et�al. [13, 15] is used to simplify the geometrical local com-
plexity of aluminium sti�ened panels. EQM model has been 
used previously by Danzi [11, 15] to evaluate the buckling 
loads of a sti�ened plate and by Cestino et�al. [13] for the 
analysis of a cantilever beam subjected to static tip load. An 
extension of the EQM to the dynamic properties of the same 
box-beam con�guration is presented in this work. A com-
plete validation of the potentiality of such structural archi-
tecture is also described with reference to previous research 
activity performed by Pratico et�al. [16] speci�cally related 

to sti�ened plate. This work paves the way for future studies 
on the potential for dynamic tailoring of wing structures.

The article is organized as follows: “Research Meth-
odology” refers to research methodology followed in this 
investigation including an accurate description of selected 
box-beam geometry and materials with several details about 
the carried out experiments and numerical simulations. 
“Correlation Method” is devoted to the adopted correla-
tion method, while experimental and numerical results are 
reported and discussed in “Results and Discussion”. Main 
innovative results and outcomes are collected in “Conclu-
sion” as a conclusion.

Research Methodology

A complete dynamic analysis of two coupled box-beam 
(Table�1) con�gurations is performed. Two geometrical 
con�gurations are selected to demonstrate the structural 
performance obtained during the design activity.

The �rst one (Fig.�1) is the same used in Cestino and 
Frulla [13]. It is composed of two aluminium sti�ened pan-
els oriented at �� �  designed to achieve a bending-torsion 
coupling. The sti�eners are symmetric with respect to the 

Table 1   Beam mass and useful length

Beam Mass [kg] Length [mm]

Aluminium 2.810 1100

Carbon FRP 1.510 1450

Fig. 1   Aluminium Beam - Geometry and dimension in mm
























