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Real-Time Structural Monitoring Using the
Inverse Finite Element Method: A Review
of Experimental Applications in

Aerospace Engineering

MARCO ESPOSITO, MATTEO SORRENTI,
VINCENZO BISCOTTI and MARCO GHERLONE

ABSTRACT

The realization of an efficient Structural Health Monitoring (SHM) system strongly
depends on the availability of tools that can accurately detect the structural condition
during operational life. This detection can be achieved by means of physical sensors,
which can provide information on the mechanical state of a structure. However, the in-
stallation of several sensors is often impractical or even impossible for systems operating
in complex environments, such as aerospace, marine, and civil structures. In this context,
the inverse Finite Element Method (iIFEM) was developed. This algorithm is based on
the finite element discretization of the structural domain. iFEM is able to reconstruct two
physical quantities crucial for assessing the health status of a structure, the displacement
and the stress fields, from a reduced number of easily installable physical strain sensors
and without the need to know the loading conditions and the material properties. The
method is extremely accurate and computationally efficient. These characteristics make
it suitable for the real-time monitoring of structures and crucial for feeding the SHM
framework with sufficient data using only a few sensors installed. Several works have
proved the method’s accuracy when strain data are collected and processed offline. For
the first time, this work presents an overview of the implementation of structural digital
twins of several structures through the use of iFEM as a real-time monitoring system. In
this study, both simple structures, such as a cantilevered beam, and more complex ones,
such as a half-wing, are monitored live. In the presented applications, the data from the
real structure is broadcast through an internet network so that the data from the sensors
can feed the digital twin model remotely. These applications demonstrate that iFEM en-
ables real-time monitoring, representing a significant step forward in the realization of
the digital twin paradigm.

INTRODUCTION

The structural maintenance of aerospace, civil, and marine structures is often com-
plex and costly. Structural Health Monitoring (SHM) techniques help improve safety
and reduce maintenance efforts [1]. In this context, the inverse Finite Element Method
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(iFEM) was developed [2]. This monitoring algorithm uses easily obtainable discrete
strain sensor data to reconstruct key structural responses such as displacements and
stresses. The method is inspired by FEM and is based on a Finite Element modeliza-
tion of the structure.

iFEM has been successfully applied to the monitoring of marine, civil, and aerospace
structures [3—6]. However, in all the existing applications, the method has been applied
off-line, i.e., data collected from the sensors have been post-processed to feed the algo-
rithm at the end of the loading process. In this paper, real-time monitoring with iFEM is
performed. The iIFEM structural model is continuously fed with strain data, and the digi-
tal model is updated with the computed displacements at each time step. This procedure
led to the realization of a proper structural digital twin.

The digital twin has been successfully implemented for two structures with an in-
creasing level of complexity: a cantilevered aluminum beam and the half-wing of a
commercial aero-model. Different communication systems between the sensors and
the model are evaluated: serial communication is considered for the beam, whereas a
Wi-Fi TCP/IP communication protocol is used for the half-wing. Moreover, for the
half-wing, a recently developed formulation of iFEM, the Single Sensor Based iFEM
(SSB-iFEM) [7], is tested. This formulation removes the standard iFEM requirement for
back-to-back sensors, allowing the sensorization of thin-walled structures with single-
sided sensor configurations.

The performed experimental tests on the two structures prove the impressive accu-
racy and efficiency of iFEM and SSB-iFEM. These characteristics allowed the two for-
mulations to successfully implement a proper structural digital twin for structures with
different features and sensor setups.

IFEM AND SSB-IFEM FORMULATIONS

This section introduces the iFEM and its Single Sensor Based (SSB) enriched for-
mulation. The iFEM is based on the discretization of the structural domain into finite
elements (FE). It allows for the computation of the FE discretized displacement field
of a deformed structure by minimizing, in a least-squares sense, a functional based on
the error between the analytical and the experimental strains measured in some discrete
locations on the structure. In its original formulation for shell elements [2], the iFEM
error functional is not based directly on the strain measurements. Firstly, they must be
converted into strain measures. The analytical strain measures are defined in the context
of First-order Shear Deformation Theory for thin plates and shells as derivatives of the
theory’s kinematic variables (displacements and bending rotations) [8]. The top and bot-
tom in-plane strain measurements and transverse shear measurements, respectively &,
g, , and &, relate to the strain measures, ¢, through simple expressions:
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where t is half of the thickness of the structure, and the strain measures, e, are sub-
divided into membrane (k = 1, 2, 3), bending (k = 4,5, 6), and transverse shear ones
(k = 7,8). To compute the error functional associated with each inverse element, the



analytical strain measures are related to the nodal degrees of freedom (DOFs) of the
element, u®, through proper shape function derivatives [9]. Similarly, Eq. 1 is used to
compute the experimental strain measures, e}', from the experimental strain measure-
ments:
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This operation requires the back-to-back in-plane strain measurements, (¢;')" and (¢]')~,
on the top and bottom surface of the corresponding inverse element. The resulting ex-
pression for the iFEM error functional is the following:
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where A° is the area of the inverse element, the coefficient wj, guarantees the dimensional
consistency between the strain measures [8], and the coefficient )} is used to account for
sparse strain sensor configurations. It is set to 1 if the corresponding strain measure is
measured, or to a small value (107°) if it is not: for instance, since the transverse shear
strains are not measurable through strain sensors, the values of A\{ for £ = 7, 8 are always
set to 1077,

To directly compare the SSB formulation to the original one, the SSB-iFEM func-
tional is presented hereafter:
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It can be noticed immediately that the SSB formulation does not make use of the strain
measures: the error is based on the strain measurements, and the eight terms that are
summed in the functional are now related to the three components of the in-plane strain
measurements, either on the top (£ = 1,2,3), or on the bottom (k = 4,5, 6) of the
element, and to the transverse shear strain measurements (k = 7, 8). Notably, as per Eq.
2, the transverse shear strain measures and the corresponding measurements coincide;
thus, the related terms in the functionals are identical. On the contrary, the use of the in-
plane measurements substantiates the difference between the two formulations. As the
SSB-iFEM does not require the computation of the strain measures, single-sided sensor
configurations are now employable: in such cases, similarly to the iFEM, the coefficients
(A, )¢ corresponding to the unknown strain measurements are set to 10~°. For both iFEM
and SSB-i1FEM, the minimization of the error functional with respect to the nodal DOFs
leads to a system of linear algebraic equations:
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To compute the vector of the global DOFs, U, the local contributions of the element
coefficient matrix, k® or (ke)/, and constant vector, f° or (f e)/, as in the standard FEM
assembly procedure, are used to generate the system of linear global algebraic equations,



Figure 1. Geometry, iIFEM discretization, and sensor configuration for the aluminum
beam. All dimensions are expressed in mm.

where F takes into account the mesh, the strain sensor configuration, and the values of
the discrete strain measurements, whereas K takes into account only the mesh and the
strain sensor configuration. Therefore, it can be observed that the algebraic system is
independent of the material properties and loading conditions of the structure and can
be solved indifferently under static and dynamic loads. Moreover, it is important to
highlight that the matrix K does not change for a selected sensor configuration. This
observation can be exploited to achieve the real-time monitoring of the displacement of
a structure through iFEM and SSB-iFEM: the inversion of the matrix, which has a high
computational cost, is performed only once. Thus, the real-time computation of U is
possible, as it requires only matrix-by-vector multiplications.

ALUMINUM BEAM REAL-TIME MONITORING

In this work, two structures with different characteristics and sensorization schemes
are analyzed to prove the versatility of iFEM. Furthermore, the two presented iFEM
formulations best adapt to each of the selected test cases. Therefore, the live monitoring
capabilities of iFEM are verified in different scenarios.

To demonstrate the live monitoring capabilities of iFEM, initially, a simple struc-
ture is used: a cantilevered aluminum beam made of 7075 T6 alloy, 3 mm thick. As
highlighted in [7], the displacements of flat plate structures can only be reconstructed
using the standard iFEM formulation, with a back-to-back configuration of strain sen-
sors. Consequently, for this structure, eight mono-axial strain gauges are installed in a
back-to-back layout to measure the axial strain along the x-direction in four locations.
The beam geometry and sensor layout are shown in Fig. 1. The iFEM discretization is
also presented in Fig. 1. It consists of 4 1QS4 elements with a total of 10 nodes.

For this application, the strain data are recorded through an acquisition system based
on Arduino and Hx711 A/D 24-bit converters developed for this experiment. This system
is connected and shares the sensors’ data with a computer through a serial communica-
tion port. On the computer, the standard iFEM algorithm is implemented and fed with
the strain data in real-time.

The beam is clamped on one end during the experiment, and transverse loads are
applied manually at various points along the beam. The strain data, acquired at a fre-
quency of 50 Hz, are processed with the standard iFEM to reconstruct the displacements
and, from them, the stress fields. In the animated figure 2, it is possible to watch some
extracted frames from the experiment. The entire experiment video can be watched at
https://youtu.be/UZSijelikhw. The system is responsive and accurate, with no notice-



Figure 2. Real-time monitoring of displacements and stresses on the aluminium beam.
The animated figure can only play on Adobe Acrobat Reader®.

able reconstruction delay.
HALF-WING REAL-TIME MONITORING

The second experiment is a more complex one that is performed to demonstrate
the impressive versatility of SSB-IFEM. The monitored structure is the half-wing of
a commercial hotliner produced by the Robbe modelsport company, Fig. 3. More
specifically, the selected one is the "Limit PRO” hotliner, with a Glass-Fiber-Reinforced
Polymer/Carbon-Fiber-Reinforced Polymer (GFRP/CFRP) structure. This test is partic-
ularly significant since it focuses on a commercial product, and the manufacturer has
not released information on the geometry and material characteristics. Moreover, the
internal surfaces of the half-wing are not accessible. For these reasons, the recently for-
mulated SSB-iFEM represents the only feasible choice for the monitoring. In fact, the
method allows for the sensorization of the thin-walled structure’s sole external surface,
widening the standard iFEM’s applications. Moreover, although the material properties
are not known, both the iFEM and the SSB-iFEM can still perform the displacement and
strain field reconstruction, as only the geometrical properties of the structure are needed.
The geometrical features were derived through a reverse engineering process employing
computed tomography. The data retrieved through this process are summarized in Fig.
4, and include the thickness of the skin, ¢ = 1.45 mm. No information about the internal
wing-box is presented, as it is not needed to reconstruct the whole displacement field of
the half-wing outer shape.

Fig. 4 also shows the strain sensor configuration adopted for the application. In this
case, fiber optic distributed strain sensors based on the Rayleigh back-scatter principle
are used. In particular, six measuring lines along the wingspan are installed by means
of a unique optical fiber. Three lines are placed on the upper surface and three on the
lower surface of the half-wing. The adopted fiber sensor has a high density of sensing
locations on the fiber, which enables the sensorization of all the elements of the inverse
mesh (Fig. 4) that lie underneath the sensor.

The first analysis performed on the specimen is a static test to validate the accuracy
of the SSB-iFEM for this application. This test is performed by applying a concentrated
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Figure 3. Half-wing experimental configuration.
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Figure 4. Half-wing geometry, iFEM discretization, and sensor configuration. All di-
mensions are expressed in mm.

transverse load F), at the tip of the wing (Figs. 3 and 4). The root of the wing is clamped
through aluminum blocks fixed on a test bench. The structure is mounted upside down,
so that the application of the weights generates a load that is in the same direction as the
lift in operative conditions. To asses the accuracy of the displacement reconstruction,
two transverse deflections (w;, wy) of the wing are measured on the upper surface of
the half-wing employing two time-of-flight laser sensors. One deflection (ws3), on the
lower surface, is measured with an LVDT. The sensors are distributed on the surfaces as
shown in Fig. 4. The static test results are reported in Table I and show very accurate
reconstruction of the measured displacements, with errors that do not exceed 5.6% and
that are very small (1.1%) for the maximum measured displacement, i.e., w;.

Exp. values | SSB-iFEM | %ERR
w1 [mm] 18.34 18.15 -1.1%
wy [mm] 12.35 12.02 -2.7%
w3 [mm] 4.85 4.59 -5.6%

TABLE I. Static test results for F, = 2.0 Kg.



Figure 5. Real-time monitoring of displacements and strains on the half-wing. The ani-
mated figure can only play on Adobe Acrobat Reader®.

Once the method’s accuracy is verified, its real-time capabilities are tested. This test
case represents a more challenging application with respect to the aluminum beam for
multiple reasons. The inverse model of the structure consists of 941 elements and 994
nodes. The model size has an impact on the computational cost for real-time reconstruc-
tions. Moreover, the amount of information from the strain sensors is sensibly higher
and requires a significant data exchange between the sensing and computing systems.
For this experiment, the communication system between the sensors and the computer
running SSB-iFEM is more complex. The strain data from the fiber sensors are acquired
using a Luna ODISI 6100 acquisition system. The data are then streamed to the com-
puting system through a Wi-Fi TCP/IP protocol, and the data packets are elaborated in
real-time to reconstruct the displacement and strain field with SSB-iIFEM. The stresses
cannot be computed since the material characteristics are not disclosed for this applica-
tion. The Von Mises strains are computed and plotted together with the displacement
field, instead. The test is run using the maximum acquisition frequency of the ODISI
6100 system, i.e., 12.5 Hz. This limit is imposed by the acquisition system technology,
and not by SSB-iFEM or the computing system. The final result of the real-time moni-
toring, when loading the wing dynamically by hand, is shown in the animated Fig. 5. A
more detailed video of the experiment can be seen at https://youtu.be/x VEKFxSgBOA.
The video proves the realization of a structural digital twin for a representative aerospace
commercial structure.

CONCLUDING REMARKS

This paper presents two experimental applications of the inverse Finite Element
Method (iFEM) for the real-time monitoring of structures. Two test cases and two dif-
ferent formulations of the iFEM are considered. The first test case is a simple one, a
cantilevered aluminum beam, and is analyzed using the standard iFEM formulation. The
second experiment consists of the real-time monitoring of the half-wing of a commercial
hotliner aero-model. For this application, a novel iFEM formulation, the SSB-iFEM, is
used. This formulation allows for the sensorization of the structure with sensors on one
surface only, removing the constraint of back-to-back sensor configurations. The two



experiments show that the iFEM is computationally efficient in both its formulations
and can manage the real-time monitoring of simple and complex structures receiving
streaming data from different sensors via different communication protocols. For both
experiments, a structural digital twin is successfully realized with iFEM.
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