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Abstract: In structural applications of aerospace industry, weight efficiency, understood as
minimal weight and maximal stiffness, is of great importance. This criterion can be achieved by
composite lightweight structures. Typical structures for aforementioned applications are sand-
wich panels (e.g., with honeycomb core) and stiffened panels (e.g., with blade ribs, T-bar ribs,
or hat ribs). In this paper, a hat-stiffened panel, made of carbon/epoxy woven composite, is
considered. Results of experiments, consisting of loading the panel and measuring exciting forces
and strains (using strain gages), are presented. The results are compared to strains distribution
obtained from finite element model of the panel.

1 INTRODUCTION

Composite lightweight structures are popularly used for aerospace applications (aircraft skin,
wings etc.). They are characterized by very good weight efficiency, which means low weight
and high stiffness. Typical aerostructures are sandwich panels (e.g. with honeycomb core) and
stiffened panels (e.g. with blade ribs, T-bar ribs, or hat ribs) [1–5].

In aerospace applications, such structures are often monitored in real-time in order to de-
tect potential changes to material or geometric properties which could mean potential damage
(Structural Health Monitoring) [6–8], or in order to estimate the remaining in-service life of
the structures (Operational Loads Monitoring) [9–12]. The monitoring is often performed by
means of embedded or surface mounted strain sensors (e.g., intrinsic optical fibers or strain
gages) [13, 14].

In the following paper, a hat-stiffened panel, of geometry presented in Fig. 1, is considered.
Dimensions of the panel are 597 x 204 x 29 mm. The material of the panel is a 10-layer laminate
– woven carbon fiber / epoxy composite. Mechanical properties of a single layer, of thickness
230 µm, are presented in Table 1.
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a) b)

Figure 1: Geometry of the hat-stiffened panel: a) front view, b) isometric view (597 x 204 x 29 mm).

Table 1: Mechanical properties of a single layer

Young Module [GPa] Shear Module [GPa] Poisson’s ratio []
E1 64.70 G12 4.00 ν12 0.04
E2 64.70 G23 2.66 ν23 0.34
E3 7.17 G13 2.66 ν13 0.34

The geometry of the panel can be divided into the main curved part and the two ribs (Fig. 2).
Each part contains 10 layers of carbon woven, therefore the panel is 2.3 mm thick (except the
common part that is 4.6 mm thick). In the main part, layers 1, 3, 5, 6, 8, 10 have the carbon
fibers of the woven parallel to the external edges of the panel, and layers 2, 4, 7, 9 rotated by
the angle of 45◦. In the ribs, all ten layers of the woven are of the same orientation – parallel
to the external edges of the panel.

a) b)

Figure 2: Geometric regions of layer groups: a) main curved part, b) ribs.

In Section 2, the finite element model of the panel is presented, as well as results of numeri-
cal simulations for example load cases. Section 3 describes the experimental results of loading
the panel and strain measurements. Strain distributions in numerical simulations and experi-
ments are compared. Conclusions and idea of cyber-physical system for real-time monitoring
of aerostructures using artificial intelligence techniques is presented in Section 4.

2 FINITE ELEMENT MODEL AND NUMERICAL RESULTS

The boundary conditions of the numerical model and characteristic points are presented in
Fig. 3. On edge A displacements along axes X and Y were fixed. On edge B displacements
along axis Y were fixed. Force is applied to two alternative points – F1 and F2. Displacements
along axis Z are fixed in the point where load is applied. Six sensors (strain gages) are mounted
at points S1-S6, to measure strains in longitudinal directions.
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a) b)

Figure 3: Boudary conditions, strain sensors positions and load points: a) view from top, b) view
from bottom.

Surface finite element model was created using ANSYS Workbench software, with ACP
module. The model has got 18757 finite elements (of quadratic order) and 56584 nodes. The
mesh is presented in Fig. 4. In points where loads are applied and strain sensors are mounted,
the mesh is refined.

Figure 4: Finite element model.

Force of value 20 N was applied to points F1 and F2, sequentially. Displacements and strains
distributions are presented in Fig. 5 and 6 for both load cases, respectively.
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c)

d)

e)

Figure 5: Results of finite element simulation, force applied at point F1 (central midpoint of the
curved panel): a) vertical deformation [mm], b) maximum principal strain (top view), c) maximum
principal strain (bottom view), d) von Mises equivalent strain (top view), e) von Mises equivalent
strain (bottom view)
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Figure 6: Results of finite element simulation, force applied at point F2 (near of the rib flap): a)
vertical deformation [mm], b) maximum principal strain (top view), c) maximum principal strain
(bottom view), d) von Mises equivalent strain (top view), e) von Mises equivalent strain (bottom
view).

3 EXPERIMENTAL RESULTS

Experimental measurements of strains distributions were performed using a universal testing
machine MTS Insight 10 with 500 N load cell and data acquisition system Hottinger Baldwin
Messtechnik (HBM) MGCplus. Six strain gages and analog output of the applied load from
the testing machine were connected to the acquisition system. Force was applied at points F1
and F2 in the range 0-20 N, with velocity of 0.5 mm/min. Photograph of the test stand during
experiment is presented in Fig. 7.
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Figure 7: Photograph of experimental testing.

Strain values obtained from sensors S1-S6 during the experiments (for both load cases) were
compared to numerical values. In the finite element model, the actives areas of the strain gages
were modelled as separated surfaces, where average strains in local coordinate systems were
computed. Comparison of the numerical and experimental data is visualized on force-strain
plots, in Fig. 8. Table 2 summarizes the mean-square-errors between numerically computed
and experimentally measured strains, for all strain sensors, for both load cases.

Table 2: Mean square error between numerical analysis and experimental data [µm2/m2].

S1 S2 S3 S4 S5 S6
F1 6.45 13.62 2.40 4.08 0.60 1.44
F2 12.18 48.30 5.95 1.56 1.99 12.60
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a) b)

c) d)

e) f)

Figure 8: Comparison of strains obtained from experiments and numerical simulations: a) S1, b) S2,
c) S3, d) S4, e) S5, f) S6

4 CONCLUSIONS

As one can see in Figures 8 and 9 and in Table 2, quite good agreements between numerical
and experimental results were obtained. The finite element model is of satisfying accuracy.
Minor differences between computed and measured strains can result from measurement accu-
racy of strain gages, material imperfections of the prototype panel (related to manufacturing
process), minor geometrical differences between model and prototype.
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The obtained results are for the authors a starting point for future research on real-time
monitoring system. The idea is a cyber-physical system (CPS, system where computing unit
controls physical components) [15], whose goal is real-time monitoring of aerostructures in order
to predict possible damage, current loading state, or life span of the structure, based on strain
measurements in selected areas. The number of critical points, where measurements should
be taken, may be sometimes very high. In order to decrease the number of sensors, artificial
intelligence techniques will be introduced. Artificial neural networks (ANNs) or deep learning
networks (DLNs) will be trained, based on FE model of the structure, to give information on
the whole structure, based on measurement data of only few points. The necessary condition
is a high fidelity numerical model, that provides very similar data as the real object, like the
model presented in the paper. Real-time computations using ANNs could be even performed
in the microcontroller [16] on which the CPS is built.
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