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It is expected that the use of small drones will increase in urban areas in the future for
different purposes such as package delivery, industrial inspection, aerial photography, and
security surveillance. However, the increase in SUAV traffic may increase the chance of SUAV
failure, and debris from air collisions may fall and endanger the safety of vehicles and
pedestrians on the ground. The Finite Element Method (FEM) was employed to simulate and
evaluate the severity of damage caused by a collision of sSUAV (DJI Phantom I11 and generic
multi-rotor UAV weight) to the windshield and roof cover of the car and covered walkway.
Moreover, a series of collision simulations were carried out with different parameters such as
crash speeds of the SUAV and driving speeds of the car to study the effect of speeds on the
severity of damage to the ground vehicles. It was found the damage severity level of car
windshield due to drone crash at higher car forward speed cause more severe damage for
same weight category. Further analysis of car roof and covered walkway failure due to SUAV
operation also be studied, and the simulation shows no damage to the structures was noticed.
However, further study with heavier UAVs is recommended to be performed in the future to
have a better understanding of this risk. Insights from this study will guide aviation
airworthiness authorities to better understand the damage severity level to land vehicles due
to SUAV collisions. At the same time, this will facilitate aviation authorities to formulate
regulations for safer SUAV operations.

l. Introduction

The use of SUAV has attracted a lot of attention due to its potential for different applications, such as parcel
delivery, industrial inspection, and urban air mobility. However, the risk associated with the drone operation in such
environment still has not been fully understood, especially for operations within an urban environment and near
aerodrome airspace. Currently, regulatory bodies such as FAA [1] have restricted a small UAV weight of less than 25
kg should be operated 5 km from aerodrome airspace, under Visual Line-of-Sight (VLOS) and not above the crowd.
There are many studies on the safety threats of drones to manned aircraft and pedestrians; however, there is also a
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certain threat for ground vehicles. The traffic accident caused by UAV collision has been increasing sharply in recent
year, which pose a certain threat to the safe driving of ground vehicles [2]. Current research on the assessment of
damage to the automobile due to collisions with a SUAV is extremely limited, which has great exploration space and
exploration value.

However, there are few research reports on collisions between UAVs and cars. When small UAVs operating in
urban areas fail, one of the most serious hazards can be collisions with vehicles and pedestrians on the ground.
Polyvinyl butyral (PVB) laminated glass is the main material of choice for windshields in the automotive industry
today, and it is more vulnerable to the impact of crashing UAVs than other automotive components while it is also
more fragile.

PVB laminated glass is usually composed of two or more layers of glass plates sandwiched on one or more layers
of PVB. When UAVs penetrate windshields, it will pose a serious threat to the people in the vehicle; even penetration
does not occur. The damage to visibility will also make cars lose control and bring serious life and safety threats to
people driving cars. Although this fatal risk has been recognized, there are few studies on the risk assessment of the
impact of drones on glass [3]. The laminated glass window used in an automobile is nominally 4.76 mm thick, with
two 2.0 mm thick glass plates interlayered with 0.76 mm thick PVB gluing [4, 5]. In this study, damage severity from
a collision of SUAV with the windshield of cars at different relative speeds was evaluated using FEM analysis.

To simulate the real car windshield and the real small UAV, collision simulation was performed and validated
with experiments carried out by different researchers. In the finite element simulation, under various impact conditions
and impact speed of the UAV, it was possible to observe the glass breakage or non-breakage. From the results of these
tests, a damage evaluation matrix for UAVs impacting manned aircraft windshields was proposed. This validated
numerical model will help estimate the risk of death or damage to many different types of UAVs and car windshields
due to structural impacts.

The summary of this article is as follows: in the introduction, the impact of SUAV and car windshields impact is
studied. Next, the second section discusses in detail the methods used in this paper, including geometry, material
properties and validation of the car windshield model explained in detail. Followed by several numerical simulations
will be performed to determine the severity of damage to the windshield and roof of the ground vehicles and the
covered walkway being impacted at different relative speeds. Finally, several conclusions and future works are
presented in the final section.

Il. Literature Review

Although few studies focused on the impact of the drone with ground vehicles and covered walkways, there have
been some other studies about the UAVs impacts on other models like glass windows, airplane engines, wings, and
vertical stabilizers in recent years. In 2020, European Union Aviation Safety Agency (EASA) [6] produced a report
which included a review of worldwide literature relating to the assessment of drone strikes by analysis or test. The
report showed that with an appropriate level of support testing, the dynamic FEM analysis method provides a credible
method for modelling UAV collisions. The range of drone masses considered in all reviewed literatures show that the
lowest is DJI Spark (0.3 kg) to DJI Inspire (3.4 kg). Most research groups applied a classification system to describe
the levels of damage recorded/predicted because of drone collisions, and then EASA proposed Impact Effect
Assessment (IEA), which was a series of damage levels related to the impact of different component zones as shown
in Table 1.

Table 1 Damage levels of drone collisions to aircraft windshield [6]

Low risk Medium risk High risk
The windshield is Extensive damage to one or | Penetration of UAS into the
The effect at the I I Koi | £
Components level undamaged. Sma more transparent plies. cockpit. Failure o
scratches. Visibility compromised. Windshield structure.

No or limited damage.
Non-significant loss of
external visibility.

Effect on
Operations

No Penetration, partial Penetration or total loss of
loss of visibility. visibility.

In 2020, a study by Liu et al. [7] reported the impact of a DJI UAV and the airplane’s engine. The dynamic
response of the UAV collision with the manned aircraft engine was simulated based on the Finite Element Method.
Both damage of fan blades and the thrust loss of the engine core caused by the damage in the compressor core was
considered.



In 2017, Sang et al. [3] used small commercial UAVs impacted into a series of glass plates at different speeds
and different angles, and a simulation model of the UAV was then developed to simulate the impacts using FEM and
verified by comparison with experimental results. The simulation results were in good agreement with the impact
force and predicted damage of the physical test. However, these were all low-speed collision tests in which the drones
were impacted onto the test glass plate at a velocity of 12.7 m/s. The results were not applicable to the crash damage
assessment of the crashed drone on ground vehicles, but it seems that FEM can be a useful and affordable tool to
estimate the impact results of the drone and the ground vehicles.

In recent years, many studies have conducted impact tests based on the automobile windshield glass. Holmquist
et al. [7] proposed a constitutive model for glass calculation under large strain, high strain rate and high pressure,
which gave the initial strength and damage based on factors such as pressure, strain rate, and softening. Herndon et
al. [8] used a featureless head model to perform impact tests on two types of automobile side windshields (ordinary
glass and PVB laminated glass) and obtained their load-displacement curves. The study preliminarily showed that
PVB laminated glass had a great difference in performance from ordinary glass.

Wingren et al. [9] studied the mechanical properties of windshield glass under the impact of an adult head
module. Under the condition of an impact velocity of 11.2 m/s (EuroNCAP standard), The influence of relative impact
angle (70°~90°) and windshield shape on the mechanical properties of the windshield were studied. They concluded
that the impact angle and curvature had a greater influence on the characteristics of the windshield, and the damage to
the glass caused by the vertical impact was worst. Zhao [10] also conducted a simulation study on the impact of the
human head model on windshield glass and constructed a finite element model based on the continuous damage model.
This study used anisotropic elastic damage tensor and linear damage evolution law to simulate the expend process of
the cracks of laminated glass.

Chen et al. [11] studied the drop hammer impact test of PVB laminated glass with the help of a high-speed
photography system, and theoretically analyzed the different crack initiation and propagation mechanisms of the front
and back cracks of the laminated glass, concluded that the cracking of the back glass was earlier than that of the front
glass when the cracks of the front and back glass overlap.

I11. Methodology of FEM Collision Simulation for Car Impact Damage Assessment

In a situation of a drone crashing into the car from the air, the primary protection from the impact for the driver
and passengers are the windshield, the door, and the roof cover, as shown in Fig. 1. Since the structures surrounding
the glass panel are stronger, the front and rear windshields of the car and the glass windows around the car are the
regions to be considered in our study. In our research, we mainly consider the following two conditions where the
sUAYV impact at the front windshields, causing penetration and direct casualties, or the situation that make the driver’s
vision be blocked and then cause a serious ground traffic accident while the SUAV impact at the roof plate of the car,
causing penetration and direct casualties. The FEM collision simulation methodology is as follows.

1. Firstly, simulation of SUAV on car windshield and car roof using FEM impact analysis to validate the material
model of the windshield is capable of mimicking actual damage and failure of the windshield.

2. Secondly is to simulate drone collision on a car windscreen, car roof and covered walkway (different impact
angle and relative impact speed) using the data from the simulation in step 1.

3. Lastly, conclusions will be drawn from the results in this step by comparing different drone speeds and crash
angles. Three car speeds are considered (30, 50 and 90 km/h) to simulate impact at three driving car speeds
(i.e., 30 km/h on the slow road, 50 km/h on the road, and 90 km/h on the highway).

A. Validation of Car Windshield and Car Roof Material Model

FEM simulation of adult head impact on the car windshield was performed to validate the material and simulation
setup of the PVB laminated glass for further simulation. The impact simulation of the car windshield is validated by
comparing the experiment done by Liu et al. [5] with the model used in the present simulation.

PVB Laminated glass is an integral laminated material that is permanently bonded with a transparent organic
polymer intermediate film between glass layers after a certain special process. For windshield materials on
automobiles, PVB (Polyvinyl Butyral or polyvinyl butyral) is the first choice for bonding organic polymers in the
middle of laminated glass. The material parameter of the car roof is set to a homogeneous steel plate.

To simplify the simulation of car impact with SUAV in this study, a glass plane was cut from the front windshield
of the car as the domain of interest, as shown in Fig. 1(b). The car windshield used in the study has dimensions of
1260 mm in length, 790 mm in height and 4.76 mm in thickness, as shown in Error! Reference source not found.(b).
Similarly, the thickness of the PVB layer is 0.76 mm, and on both sides of the interlayer, the glass has an even thickness



distribution modeled using C3DR element with a total number of 298,812 elements. The details on the FEM model of
car windshield as presented below in Fig. 2(a) and 2(c).

A similar condition is followed in the present FEM simulation, where a dummy head impacts the car windshield
model directly. The dummy head model was built by an aluminum ball with a radius of 82 mm and a polyvinyl chloride
hemispherical shell with a thickness of 13.9 mm as shown in and a total weight of 4.49 kg as shown in Fig. 2(b).
Impactor was modeled using C3DR element with a total number of 8,346 elements. The contact between the impactor
and glass layer is specified as 0.3 [12, 13]. The simulation with impact velocities of 8.0 m/s, 11.2 m/s and the impact
angle of 90° were conducted and compared with experimental results by Liu et al. [5, 14].

(a) Car Door (Aluminum Plate with the
Steel Reinforcement)

Car Body Combination

Roof cover
(Homogeneous steel plate)

Body frame
(Hot formed steel)

\N
%
Z0>

(b) Windshield (PVB laminated glass) (c) Roof cover structure of a car

Fig. 1 Vehicle model used in the study (modified from [15]).
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(a) Car windshield in present simulation in the experiment model

Fig. 2 The windshield and head model in the experiment [5] and present simulation.
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Due to the existence of the frame support frame in the car roof structure, as shown by the yellow box in Fig. 1(c),
this study assumed that small UAVs are unable to cause damage to the car roof structure at low speeds. A
homogeneous steel plate plane with a size of 1360 mm x 1260 mm x 0.8 mm (thickness) near the driver's seat on the
support frame is selected as the domain of interest as depicted in Fig. 4(a) and Fig. 4(b). The finite element meshing
sizes were set as 0.01-0.05 mm, as shown in Fig. 4(c). The roof fabric under the roof cover was not taken into
consideration. GG (glass) shown in Fig. 1(b) represents the cross-sectional view dividing line of the glass window,
and SS (steel) in Fig. 1(c) represents the cross-sectional view dividing line of the roof steel plate. Table 3 shows
material properties defined in the collision simulation for the car roof.

Table 2 Material properties for car windshield [5]

: . Young’s . , . . . Failure
Material | Density, p Modulus, E Poisson’s ratio, v | Direct stress after cracking strain, &
Glass 2600 kg/m?3 70 GPa 0.24 80.0 MPa 0.001 (0.1%)
. . Young’s . y . Yield Tangential Failure
Material | Density, p Modulus, E Poisson’s ratio, v stress, 6y Modulus, Ea strain, &
PVB 1100 kg/m? 150 MPa 0.485 15.0 MPa 16.7 MPa 1.5 (150%)
Table 3 Material parameters for car roof [16].
. Young’s Poisson’s . Ultimate Failure Failure
Density, p Modulus, E ratio, v Yield stress, oy stress, of strain, &
7800 kg/m?® 210.0 GPa 0.3 460 MPa 560 MPa 0.215 (21.5%)

The glass crack growth process of the windshield at different moments of the impact simulated by the present
simulation and by the experimental analysis are compared in Table 4. From Table 4, it was found that the glass crack
growth process predicted by the FEM simulation consists well with the experiment results, proving that the FEM
model used in our study can accurately simulate the glass crack growth of windshield subjected to the impact loading.

Table 4 Comparison of the cracks process predicted by present simulation and experimental [5, 14]
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The time history of reaction force in 60 milliseconds obtained by experiment and present simulation are
compared for speeds 8.0 and 11.2 m/s as shown in Fig. 3(a) and 3(b), respectively. The overall trend of the acceleration
time change is relatively consistent. The simulation error mainly occurs in the process of glass rupture at the beginning
of the collision. The acceleration curve does not reach the peak value consistent with the test, and there is a certain
fluctuation. This is because the failure criterion is defined in FEA simulation, and when the element exceeds the
maximum strength specified the element is deleted subsequently. The failure of the mesh affects the propagation of

stress, which proves that the FEM model in our study can be well used to simulate and analyze the actual car
windshield collision.
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Fig. 4 Schematic diagram of PVB laminated glass: (a) 3D CAD car roof model in simulation, (b) 3D CAD bottom
view car roof cover model in simulation, and (c) Finite element mesh model of car roof model.

B. Covered Walkway Material Model

A covered walkway is a sheltered pedestrian structure that constructed in Singapore to connect different buildings
and major transport nodes, for example, to connect residential buildings to bus or Mass Rapid Transit (MRT) stations.
Such structures covered quite a large ground area which could provide shelter to the pedestrians on the ground in case
of SUAV faulty and crash. Therefore, assessing damage to covered walkways could provide insight into mitigation
for SUAV operation in an urban environment.

To estimate the damage severity caused by the impact of SUAV, a typically covered walkway with a dimension
of 2400 x 160 x 18.7 mm, as shown in Fig. 5, was considered in this study. The covered walkway dimensions are
taken from Singapore Government Agency, Land Transport Authority (LTA) [17], where only the aluminum
honeycomb panel, as depicted in Fig. 5(b), is to be considered in the present FEA simulation. The panel boundary
condition is defined as pinned (i.e., fixed displacement fixed and free rotation) along all the edges.

Table 5 Material parameters for covered walkway [18]

Par!el Densit Young’s Poisson’s Yield stress, | Ultimate Failure Failure
Section y:P Modulus, E ratio, v oy stress, of strain, &
Aluminum
face 2700 kg/m?® 70.0 GPa 0.33 117 MPa 124 MPa 0.45 (45%)
Aluminum
core 2700 kg/m?® 70.0 GPa 0.33 220 MPa 250 MPa 0.45 (45%)
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Fig. 5 Schematic diagram of the covered walkway [17] and aluminum honeycomb panel considered in the FEA
simulation.

C. Material Parameters of SUAV

To estimate the damage severity caused by the impact of SUAV, a typical micro-sized drone DJI PHANTOM 3
(dimension: 289.5 x 289.5 x 196 mm, weight:1.28 kg) was considered in this study. The UAV model is taken from
previous studies [17], where the main components are to be considered, such as motors, battery, camera, main body,
landing gear, electronic board, and propellers.

The materials used for SUAV are shown in Fig. 6, and the detailed material parameters are shown in

Table 6. To consider the thermal deformation and thermal damage of polycarbonate, steel and aluminum in high-
speed impact, the Johnson-Cook failure model was added to material model in the simulation. The parameters of the
Johnson-cook failure model are taken from the parameters used in study by Liu et al. [17].

Most parts of the UAV are meshed by hexahedron (C3D8 element type) with element size in range of
1.0~5.0mm, and the main body which has the thin-walled structures is meshed by shell element type S4, and the
minimum element size is 1.0 mm, while the maximum element size is 2.0 mm.

No. Parts Material
1 Body (Outer Shell) pC
2 Motor Al'Steel
3 Propeller Nylon
4 Landing gear PC
5 Camera with gimbal Al
6 Battery Li-Po
7 Electronic Board FR-4
8 Internal housing PC

Fig. 6 Schematic diagram of DJI PHANTOM 3 UAV model including components and material type.



Table 6 Material parameters in UAV model [17]

Material Young’s Poisson’ Yield stress | Ultimate tensile Failure Density
modulus (GPa) | s ratio (MPa) stress (MPa) | Strain (%) | (kg/m?)
Steel 210 0.3 460 560 0.215 7800
Aluminum 66 0.33 170 330 0.14 2600
PC 2.59 0.37 50 50 0.5 1197.8
PC (body) 2.59 0.37 105 130 0.5 2197.8
Nylon 2.2 0.42 105 130 0.215 1340
Fiberglass 22 0.21 105 282 0.0195 1900
Li-Po 50 0.001 30 50 0.375 2600

D. Scenarios of Simulation SUAV crash on ground vehicles and covered walkway

Using ABAQUS software to carry out the FEM impact simulation of the SUAV and automobile, which was
solved with Dynamic/Explicit formulation [19]. The overall simulation uses FEM (ABAQUS) to simulate the damage
caused by the collision of the UAV to the vehicle. As shown in Fig. 7(a) and 7(b), the UAV and car assembly system
for simulation is presented, in which the UAV will impact the moving car with an initial velocity (the relative velocity
between UAV and car). Relative material properties, load conditions, and boundary conditions will also be provided
for the UAV and car system. The damage results to the front and rear windshields of the car and the glass windows
around can be estimated from the simulation results.

To simplify the calculation, the car roof and windshield (windows) are extracted separately, and the collision
analysis is carried out in the form of parts of the same size extracted from the car from the impact of the UAV. At
present, the speed limit of private cars in the urban area of Singapore is 50 km/h (13.9 m/s), and the speed has increased
to 90 km/h (25 m/s) when it comes to the highway in Singapore. In the study, both two speeds will be considered to
estimate the possible damage that crash UAVs will cause in different conditions on the road [20].

Considering the slope of the windshield when performing collision analysis on the laminated glass, we added the
case of collision at an angle of 53°, as shown in Fig. 8(a). In several research studies on UAV crash trajectory [21-
23], it was found that the angle at which the UAV impacted the ground is not fixed, but a considerable part of them is
approximately at 90°. Therefore, in the collision analysis, the collision angle is selected as 90°, as shown in Fig. 8(b).
The specific design of the simulation test is shown in Table 7.

As for the crash speed of the UAV, considering that the limit height of the UAV in Singapore is 60 m, according
to Newton’s law and considering the influence of initial level flight speed, in our research, we set the crash speeds of
UAVs to be 15 m/s, 25 m/s, and 40 m/s based on findings reported by Che Man et al. [24].

¢4 4

1 impact on windshields

2 impact on car roof

Fig. 7 Schematic diagram of SUAV impact on ground vehicles (modified from [15]).
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Fig. 8 FEA model assembly: (a) UAV and windshield assembly; (b) UAV and car roof cover assembly; and (c)
UAV covered walkway assembly model.

Table 7 Collision simulation parameters (speed and angles)

Impact Location The crash speed of SUAV | The forward speed of car Angle between
(m/s) (km/h) plane and sSUAV
Car Windshield 15 25 40 30 50 90 53°
Car Roof 40 50 30 50 90 90°
Covered Walkway 40 50 - - - 90°

1. Results and Discussions

In this section, the influence of the UAV impact positions, as well as the impact velocity on the damage results
of the car model, will be studied. As discussed in this section, we will analyze the influence of two collision
configurations (i.e., impact on windshield glass and impact on a steel plate), three UAV crashing speeds (i.e., 10 m/s,
25 m/s, 40 m/s), and three driving car speeds (i.e., 30 km/h on the slow road, 50 km/h on the road, 90 km/h on the
highway).

A. Impact on car windshield

In this subsection, the collision simulation of the laminated glass used in the simulation was carried out with
different collision speeds and collision angles. The simulation results are as follows.

In this section, the influence of SUAV crash speed, car forward speed, impact position and angle on the dynamic
response and damage severity level of the car windshield will be studied. As presented in Fig. 9, Fig. 10, and Fig. 11,
the damage to car windshield and contact forces for SUAV crash speeds of 15 m/s, 25 m/s and 40 m/s, respectively,
for car forward speeds of 50 km/h and 90 km/h were considered.

The result shows a clear relation between car forward speed (kinetic energy) with car windshield damage, it is
clear that for car forward speed of 50 km/h, the SUAV crash inflicts limited damage to car windshield, while some
cracks on car windshield damage can found for SUAV crash at car forward speed of 90 km/h. The influence of SUAV
crash speed is more dominant at higher speed where the crack pattern growth at crash speed of 25 m/s is extensive
compared to crash speed of 15 m/s.
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Fig. 9 Damage to car Windshield for car forward speed: 50 km/h and 90 km/h (SUAV crash speed of 15 m/s at 90°).

When the crash speed of the UAV was 40m/s, on low-speed roads, the UAV can only cause limited damage and
cracks to the windshield, as shown in Fig. 11, but on the normal road (vehicle speed is 50 km/h) and highways (vehicle
speed is 90 km/h) had caused serious damage to the windshield, and the visibility of the windshield was almost
completely lost, as shown in Fig. 12. The front view of the crack propagation process of the UAV hitting the
windshield within 0-15 ms is shown in Fig. 12. The crack had almost spread to the entire department, while the camera

had achieved penetration into the windshield, and the overall windshield was deformed more seriously.

Select the low-speed, medium-speed, and high-speed impacts. The time point for the peak of contact force is
similar to the head impact experiment mentioned above. The experimental result by Sang et al. [25] showed that the
peak contact force appeared later, as shown in Fig. 13. This may be caused by the difference between vertical impact

and horizontal impact, and the overall wave shapes of our study and its study are relatively similar.

Outside
Vehicle

Inside
Vehicle

Car forward

speed () 30 km/h

(@) 50 km/h

(@) 90 km/h

Fig. 10 Damage to car Windshield for car forward speed: 30 km/h, 50 km/h and 90 km/h (SUAV crash speed of 25
m/s at 90°).
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Fig. 11 Damage to car Windshield for car forward speed: 30 km/h, 50 km/h and 90 km/h
(SUAV crash speed of 40 m/s at 90°).

t=1.25ms t=2.50 ms t=3.75ms

t=5ms t=10ms t=15ms

Fig. 12 Damage to car Windshield for car forward speed: 90 km/h (SUAV crash speed of 40 m/s).

B. Impact on steel plate (car roof)
In this subsection, the collision simulation of the steel plate used in the simulation was carried out with different

collision speeds. The simulation results include the SUAV crash process, stress contour and force history are presented
as follows.

When the SUAV crash velocity is 40m/s, and the relative velocity of the car is 90 km/h (25 m/s), the SUAV
cannot realize the penetration of the steel plate; even at a higher sSUAV crash speed of 50 m/s, there was no significant
difference as shown in Fig. 14. The max stress occurs at 2.5ms when the UAV crash velocity is 40 m/s and the relative
velocity of the car is 25 m/s as shown in Fig. 15, the deformation of the top steel plate of the car is mainly concentrated
near the impact point.

11
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Fig. 13 Impact force-time history data in the experiment [25] and present simulation.

In these cases, the deformation of the SUAV body and landing gear is more serious. Although the steel plate has
large-area stress changes at the impact speed of 50m/s, there is no damage under the impact at various speeds. The
contact force for the cases when the sSUAV crash velocity is 40 m/s in two different car speed conditions are compared
and shown in Fig. 15(b). In addition, Fig. 15 also compares the contact force of the roof steel plate under different
road conditions. Numerical results show that in the case of the same crash, the speed of the car has a significant effect
on the contact force, the peak value is larger in the highway and ordinary road segments. In addition, the peak contact
force in different flight phases occurs at different times, mainly due to the difference between the initial speed of the
3 different phases. The initial speed of the highway road segment is the largest, which will result in the earliest peak,
followed by the ordinary road segment and the low-speed section. In addition, we can observe that there are multiple
peaks in three cases. This multi peak phenomenon is because the drone is a typical non-uniformity composed of
different stiffness, and the top steel plate throughout the car may be affected by different components during the impact
process.

t=0ms t=10ms t=15ms

Vuav=40 m/s

Vuav=50 m/s

el o

Fig. 14 Simulation results of drone impact on a steel plate for car forward speed at highway: 90 km/h (SUAV crash
speed of 40 m/s and 50 m/s).
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Fig. 15 Simulation results of SUAV impact on steel plate (a): Stress distribution for collision speed of Va,=50m/s,
Vvehicle= 25m/s at time = 2.5 ms, (b) force-time data for collision speeds of high, middle, and low.

C. Impact on covered walkway

In this subsection, the simulation of SUAV crash on aluminum honeycomb panel (covered walkway) was carried
out at two different crash speeds, 40 m/s and 50 m/s. When the SUAV crash on covered walkway at velocity of 40m/s,
a large deformation can be observed without penetration on the aluminum honeycomb panel, even at higher SUAV
crash speed of 50 m/s shows no significant difference as depicted in Fig. 16. It was noted covered walkway is under
larger deformation compared to car roof because of aluminum lower stiffness in nature, which indicate the covered
walkway require thickness more than 10 mm to provide better protection against crash with heavier and faster UAV.

The highest reaction force occurs at t = 10 ms for SUAV crash velocity of 50 m/s as shown in Fig. 17(a), because
at t = 10 ms, the sUAV front arm, motor and main body have reached the panel to exert full load from the crash.
Followed by reduction in reaction force after the crash, where the crash energy is absorbed by panel large deformation.
Closer look at stress the deformation of the aluminum honeycomb panel of the covered walkway is mainly
concentrated near the impact point as shown in Fig. 17(b). The deformation process shows no penetration from sUAV
collision with steel plate (car roof) and crash on aluminum panel (covered walkway) compared to collision on the car
windshield. Higher energy absorption in metal material through large deformation indicate car roof and covered
walkway provide better crash protection against small UAV less than 2 kg.

t=0ms t=10ms t=15ms

Vonvsiom S e

VUAV:50 m/s

Fig. 16 Simulation results of drone impact on aluminum honeycomb panel for sUAV crash speed of 40 m/s and 50
m/s.

13




50

< 40
3
5 30
[N
5
=
(S}
® 10
o<

0

0 5 10 15 20
Time (ms)

Fig. 17 Simulation results of SUAV impact on aluminum honeycomb panel: (a) reaction force history for sUAV
crash speed of Va,=50m/s, (b) Stress distribution for crash speed of Vu=50m/s, at time = 10 ms.

V. Concluding Remarks and Future Works

Based on the finite element simulation, this paper investigate the influence collision of small UAV to the ground
vehicles and covered walkway, as well as estimate the impact of the SUAV collision on the damage of the ground
vehicles on different road conditions.

Itis found the damage severity level of car windshield due to drone crash at higher car forward speed cause more
severe damage for the same weight category. Although no penetration found from the SUAV crash on car windshield
up to speed 40 m/s. However, the crack that cover car windshield reduce driver visibility and potentially led to traffic
accident. Similarly, no penetration can be observed for SUAV collision on car roof and crash on covered walkway for
SUAV crash speed up to 50 m/s due to crash energy absorption by the metal structure through large deformation which
indicate car roof and covered walkway provide better crash protection against small UAV less than 2 kg.

From the simulation results, we can roughly conclude that within the crash speed range of the SUAV, the speed
between 25 m/s - 40 m/s can be used as the critical speed for crossing the front windshield, side windows and other
parts of the vehicle. Below this speed, the UAV cannot effectively pass through the car windshield, car roof and
covered walkway and pose very minimal threat to driver and pedestrian safety.

This paper is a primary attempt to estimate damage to the ground vehicles due to collision with the SUAV, by
using the simulation results collision severity of ground vehicles caused by UAV collision, only one type of UAV and
simplified components of the vehicles are considered in the study. In addition, the present simulation works limited
to sSUAV with weight less than 2 kg, which are not sufficient to draw conclusive conclusions. Therefore, further
analysis with various crash parameters (e.g., impact location, different UAV crash speed, crash angle, and weight
categories) will be further explored in the future works.

More studies on the different type of vehicles (family cars, subway, urban light rail, bus and so on) subjected to
the strike of UAV with different categories can be further performed to build the risk matrix of UAV ground collision
to vehicles in future work. Insights from this study will guide aviation airworthiness authorities to better understand
the damage severity level to ground vehicles and pedestrian due to SUAV collision. At the same time, this will facilitate
aviation authorities to formulate regulations for safer SUAV operations.
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