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1 Introduction

Abstract

In this study, a dynamic impact loading using Finite Element Analyses (FEA) was
applied to an Unmanned Aerial Vehicle (UAV) composite skin panel. Two types of
boundary condition panels were investigated (Fixed and Pinned). The composite UAV
skin panel consists of upper panel and stiffener which have a thickness of 3 mm and 2
mm, respectively. The material properties used in this study was referring to Hexcel
W3G282-F593 technical data sheet. A hemispherical steel indenter with 70 mm
diameter and 120 kg of mass was used to crush the panel with a velocity of 4.43 m/s.
The finite element analyses were performed using dynamic explicit solver in ABAQUS
6.23. At the beginning of study, the mesh convergence study was conducted to choose
the proper mesh for main analysis. The convergence study was simulated using 20 kg
mass to shorten computational time. The mesh size of 10 mm was chosen for the main
analysis due to convergent result and short computational time compared to others
mesh size. The impact deformation, contact force-displacement plot, and contact force-
time plot was used to show the differences of using those boundary condition. The
results show that fixed and pinned boundary condition reaches its contact force peak
with the value of 29.2 kN and 22.8 kN, respectively.

Composite material is a material that has remarkable specific strength, stiffness, and other physical
qualities, and is starting to be commonly used in the world of transportation. Especially in Eurofighter and
other advanced aircraft, the use of composites reaches almost 70% [1]. Composites are gaining popularity
in the aircraft industry due to their higher strength-to-weight ratios and greater production feasibility for
complicated components, distinctive shapes, and specific features [2-4]. To take advantage of the benefits
of composite materials, metal components were replaced with composite materials in elements of the in-
house project, specifically the Medium Altitude Long Endurance (MALE) project, particularly the wing
and fuselage structures. Primarily, the composite replacement is aimed at lightening the weight of the

MALE.
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Aribowo et al. conducted optimization research on the male fuselage structure using the finite
element method, as a result, a lighter fuselage structure was obtained by reducing the shape of the structural
frame in the form of holes but still considering the required structural strength [5]. Composite structures
are frequently formed of laminates with variable fiber orientation angles, generating unique results and
ideal composite structural designs [6], and by integrating other materials. Adding various materials also
contributes to boosting structural strength and stiffness [7-10]. Foam, honeycomb, and wood are common
forms of cores utilized in aircraft applications. As a result, the mix of reinforcement, matrix (resins), and
core systems results in laminate that can either enhance or deteriorate the constituent material qualities [11].
As a consequence of these combinations, it was necessary to create a laminate of stacking plies of multiple
layer composites to understand structural behaviour with distinct orientations, as shown in Figure 1.

Quasi isotropic laminate with 45 deg
Sandwich Laminate

Honeycomb 0 deg

Carbon fiber 90 deg
Carbon fiber 45 deg
Carbon fiber 0 deg
Carbon fiber -45 deg

Figure 1. Composite laminate structure [8]

The arrangement of the components in the MALE fuselage is closely linked by connections. Many
diverse types of connections are necessary, such as one between the skin and the bulkhead, the bulkhead
and the deck, and the bulkhead and the stringer [5]. The work by Bautista et al. [12] sought to characterize
these adhesive junctions when they were subjected to typical loads. To that end, an evaluation of the effects
of adhesive thickness on the mechanical performances of such joints was carried out utilizing quasi-static
loading conditions and impact fatigue, with Single Lap-Joint (SLJ) specimens. The dynamic analysis of
composite structures is currently gaining greater focus, and many excellent theories on the finite element
method for composite structural analysis have become provided [13].

The development of predictive computational models for the analysis and design of many complex
engineering systems necessitates not only an accurate representation of relevant physics and their
interactions, but also a quantitative assessment of underlying variability and its impact on design
performance objectives [14]. Because experimental testing may reliably determine the properties of
composites [15] the mixed numerical experimental technique is used to extract the physical information of
composites. Typically, this entails minimizing an error function between experimental and numerical
outputs [14]. As a result, extensive characterization of the mechanical properties of these structures is
required in order to develop dependable designs.

In the discipline of aerospace engineering, structural analysis using the finite element method is
known to be a particularly successful numerical simulation and optimization tool. Previous studies on finite
element analysis have been provided in terms of software utilized and the results of the analyses undertaken,
which span the scope of UAV wing [6]. Specifically, the finite element approach of numerical solutions
applied to abstract calculus equations can be used to forecast the behaviour of physical systems under
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external effects of any product design's structure [16]. Crashworthiness investigation of carbon fiber
reinforced polymer composite structures filled with PU foam was conducted by Sabaey et al. as shown in
Figure 2 [17]. The IM10 drop-weight impact machine was utilized. The striker mass and the total impactor
mass (m) including the striker were 4 kg and 11.58 kg, respectively. Furthermore, the initial impact height
(h) was 660 mm.

Data Acquisition System

Load cell 30kN
Total striker mass 1158 Kg

| — High-Speed camera
Photron SA4
Sample

Machine base fixed

—

Figure 2. Drop weight impact test equipment and specimen [17]

There are several similar studies that have been carried out regarding drop tests. The impact test was
carried out using a drop-hammer testing machine with a hammer weight of 77.89 kg. Desired results to get
behaviour below quasi-static loading [18]. Impact characteristics of a thin flat plate to achieve the results
seen in viscoelastically prestressed polymer matrix composite using projectile, a 532.9 g stainless steel ball
with a diameter of 50.8 mm was used. The impact process, impact, and rebound kinetic energy are affected
by projectile velocity and voltage [19]. The tests are carried out in an Instron 9450 drop tower testing
equipment, which allows for the use of various impact masses, velocities, and energy up to 1800 J showing
the effect of two parameters on the energy absorption of composite materials: specimen-to-anti-buckling
fixture friction and crash velocity [20].

In this paper, two types of boundary condition during dynamic impact loading of UAV composite
skin panel were investigated. The effect from using those boundary condition will be compared by force vs
displacement diagram. Moreover, the damage visualization caused by those type of boundary condition is
also presented. The composite panel was modelled using ABAQUS 6.23. methodological approaches
utilized in this study to simulate dynamic impact loading are discussed.

2 Numerical Methods

Figure 3 shows the flow chart of numerical study of UAV composite skin panel under dynamic
loading. The process starts with literature review to benchmark with previous study and define material
properties for this study. Finite Element Method (FEM) model was constructed within ABAQUS. Mesh
convergence study was conducted to choose the proper mesh size for main analysis where five different
mesh sizes were investigated. If the model does not converge, then the mesh size is modified. The effect of
two different boundary condition during axial impact loading of UAV composite panel were investigated
for main analysis. Finally, the process ends with the data collection which shows the comparison between
two different boundary condition.
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2.1 Materials

The performance of composites is determined by the mechanical characteristics of each component.
The interfacial connection between the matrix and fiber also affects the mechanical properties of composite
materials. The composite skin panel are made of carbon fiber reinforced polymer consist of upper skin and
stringer with the thickness of 3 mm and 2 mm, respectively. The mechanical properties of carbon fiber are
shown in Table 1.

Table 1. Composite material properties for upper skin and stringer

Material Density Eu Ex Vi G Gis Gz

(ton/mm?®) (MPa) (MPa) ) (MPa) (MPa) (MPa)
Hexcel W3G282-F593 1.6 x 10° 55,840 55,840 0.06 3,650 3,650 3,650
[21]

Note: Thickness per ply 0.237 mm

The material modelling is done using ABAQUS. Firstly, the material properties for one layer of
woven carbon fiber are input into a composite layup section and stacked until meeting the desired thickness.
After that, ABAQUS will automatically generate a homogenous material for the analysis. Consequently,
all layers have been formed as isotropic materials which makes this analysis more robust. A hemispherical
indenter made of mild steel was used as an indenter in the experimental study. When modelling in
ABAQUS, the indenter was assumed as a discrete rigid body which was used in contact analyses to model
bodies that cannot deform. Furthermore, the mass should be defined within the simulation and set to have
a weight of 120 kg.

Start

¥

| Literature Review /

v

Construct FEM Model
(Material Properties,
Boundary Condition, and
Geometry)

Y
Mesh Convergence
Study -
(V =4.43 m/s; m = 20kg)

 /

Run Dy'nzfmic Modify Mesh
Explicit

[

W |

< Convergence? No.

Yes
v

Main Analysis

(V=443 mis;m=
120kg)

I

Pinned Boundary Fixed Boundary
Condition Condition

‘ . - ]
) ¥

Output Data Collection

End

Figure 3. Research workflow
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2.2 Numerical setup

The finite element analysis was performed using dynamic explicit in ABAQUS 6.23 [22]. Firstly, the model
was created using ABAQUS, the upper skin, and stringer were modelled as one part and defined as
deformable shell elements. As for the indenter, it was modelled as a discrete rigid body which means the
bodies cannot deform during impact. Before performing the analysis, the mesh convergence study was
conducted. The mesh convergence analysis was performed by changing the mesh size. The optimum mesh
size was chosen based on result convergencies and total running time. Furthermore, In the simulation
environment, the indenter, specimen, and rigid support facility (boundary condition) were taken into
account. To ensure simulation accuracy and calculation efficiency, a simplified model was created. In this
analysis, the boundary conditions are varied using fixed and pinned conditions. Figure 4 shows the
geometry and boundary condition within the simulation.
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Figure 4. Geometry and boundary condition of composite panel and indenter

In the simulation, the indenter was assumed to drop from 1m of height with 120 kg of mass. The
indenter was set to hit the center of the panel. Furthermore, to simplify the simulation, the boundary
condition was applied to the indenter which makes the indenter only have a displacement in Z-axis. The
indenter needs an initial velocity as input to move along the axis, consequently, 4.43 m/s was set to the
simulation which represents the speed drop from 1 m of height to generate total impact energy of 1 kJ.
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3 Results and Discussion

The outcomes of the numerical simulations described in the previous section are examined and
compared in this section. Firstly, this study begins with mesh convergence analysis to verify the proper
mesh size for the model. The mesh was assigned as a uniform mesh with a size of 5, 10, 15, 20, 25, and 30
which has a total element of 8000, 2000, 952, 520, 320, and 120, respectively. In order to shorten the
computing time, the mass used in convergence studies was 20 kg. The convergence test results are shown
in Figure 5.
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Figure 5. Mesh convergence analysis result

The displacement value starts to converge when the mesh size of 10 and 5 were utilized. However,
the computing time increased drastically to almost 3000 s when running the smallest mesh size. Based on
this investigation, the selected mesh size for the main analysis was 10 x10 mm with total elements of 2000
as shown in Figure 6.

Figure 6. Detail of mesh size 10 x 10 mm with 2000 elements
27



Volume 23 (1) 2024

Wiranto et al.

The dynamic explicit simulation has been done in ABAQUS with the variation of boundary condition.
The deformation results between fixed and pinned condition are depicted in Figure 7 and Figure 8. The
maximum values of deformation between fixed and pinned condition are 56.794 mm and 58.7175 mm,
respectively. The displacement of fixed boundary condition is relatively smaller than pinned condition,
since a fixed boundary condition restricts all six Degree of Freedoms (DOFs-three translations and three
rotations) of a node. Moreover, it can be seen in pinned boundary condition the upper skin and the stringer
experienced a larger deflection area, this can happen because in pinned boundary condition only restricts
the translational DOFs (three translations) of a node while allowing rotations.

U, Magnitude
56.7940
52,0611
47,3283

- 42,5955

- 37.8626

- 33,1298

- 28.3970

- 23,6642

- 18.9313

14,1985

9.4657

4,7328

0.0000

Max Displacement
™ 56.7940

Figure 7. Deformation at maximum displacement of fixed condition: (a) Isometric-view and (b) Side-view

U, Magnitude
58.7175
53.8244
48.9312
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19.5725
14,6794
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48931
0.0000

\
I S87175

(a) (b)
Figure 8. Deformation at maximum displacement of pinned condition: (a) Isometric-view and (b) Side-view

The simulation of drop test impact results in the form of contact force-displacement and contact force-
time are plotted in Figures 9 and 10. In Figure 9, when the force value returns to zero, the corresponding
displacement of the impactor remains finitely positive, indicating that the impactor and the specimens lost
contact before the impactor returned to its original position at the start of impact. There are two reasons
regarding this phenomenon. First, when a matrix crack opens, the fibers contained within the matrix may
stick into the crack and prevent the crack from fully closing up, which is one of the factors that may be
causing this residual displacement. Second, residual strain is thus produced because the matrix itself during
the impact may experience plastic deformation.
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—— CF-U Fixed Boundary Condition
CF-U Pinned Boundary Condition

S50 5 10 15 20 25 30 3 40 45 50 55 60
Displacement (mm)

Figure 9. Contact Force — Displacements response of fixed and pinned boundary condition

In Figure 10, a total time recorded for this simulation is limited to 0.1 s. It can be seen at the beginning
of simulation there is no contact force, indicating the impactor has not touched the specimen since the
impactor is located 10 mm above the specimen. Furthermore, at 0.02 s the impactor for fixed and pinned
boundary condition reaches its contact force peak with the value of 29.2 kN and 22.8 kN, respectively. This
indicates that there is an initial failure in the specimen shortly after the impactor strikes the specimen [23].
Finally, there is no contact anymore between impactor and specimen after 0.055 s for fixed condition and
0.6 s for pinned condition.
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Figure 10. Contact force — time response
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Figure 11 shows the damage dissipation energy diagram as a function of time for pinned and fixed
boundary conditions, when the impactor positioned 10 mm above the specimen. Damage dissipation energy
Is used in the context of materials or structures, it typically refers to the amount of energy that is absorbed
and dissipated by a material during the process of damage or deformation. Higher damage dissipation
energy implies that the material has a greater capacity to absorb and dissipate energy when subjected to
external forces, impacts, or other forms of stress. In this scenario, the increased freedom can sometimes
result in higher dissipation of energy during dynamic events, for example choosing pinned boundary
condition.

0.50
0.45

0.40
ED - Pinned Boundary Condition
—— ED - Fixed Boundary Condition

gO.SS

o
$0.30
383

0.04 0.06 0.08 0.1
Time (s)

Figure 11. Damage dissipation energy — time response

The graph represents a gradual increase in energy dissipation as time goes by and tends to stabilize
after 0.04 seconds for pinned and fixed boundary conditions. The trend line of the energy dissipation has a
similar with previous study [24]. Especially, the energy dissipation begins to undergo a change after 0.015
seconds for both the pinned and fixed boundary conditions. This indicates the beginning of the occurrence
of failure. Specifically, under pinned boundary conditions, the total energy dissipation present values
approximately 10.064% higher than those observed under fixed boundary conditions. When the impactor
strikes the specimen, there is a possibility that the specimen may shift, leading to suboptimal contact
between the impactor and the specimen's surface. As a result of the pinned boundary condition, which allow
for more freedom of movement compared to the fixed boundary conditions.

4 Conclusions

A numerical study on axial impact loading of UAV composite skin panel using FEM has been
developed. The simulation was investigated the effect of boundary condition used during axial impact
loading simulation. The mesh convergence study is conducted to choose the proper mesh before running
the main analysis. Six different mesh size was investigated and it was found that a mesh size of 10 was
considered the best for this model. The UAV skin panel structure’s material properties are assumed made
from composite laminate material from HexPly W3G282-F593 carbon fiber prepreg. The load used in this
study is a combination of impactor mass and velocity during impact loading. Impactor mass during mesh
convergence study and main analysis are 20 kg and 120 kg, respectively. The velocity for both analyses
was assign to 4.43 m/s. For the main analysis, it was found that fixed and pinned boundary condition reaches
its contact force peak with the value of 29.2 kN and 22.8 kN, respectively. The pinned boundary condition
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resulted around 10% higher than fixed boundary condition in terms of damage dissipation energy.
Appropriate boundary condition representation is essential to obtaining results from finite element
simulations that are comprehensible and trustworthy. The unique behaviour and constraints of the actual
structure being modelled should be taken into consideration while choosing the boundary conditions. It is
crucial to take into account the structure's real support characteristics and applied loads. In some
circumstances, it may be necessary to combine fixed and pinned boundary condition in order to correctly
simulate the actual constraints and produce useful simulation results.
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