CEAS Aeronautical Journal
https://doi.org/10.1007/5s13272-021-00552-4

ORIGINAL PAPER q

Check for
updates

An analytical model to determine the impact force of drone strikes
Florian Franke2® . Michael Schwab? - Uli Burger?® - Christian Hiihne'3

Received: 4 May 2020/ Revised: 15 September 2021 / Accepted: 23 September 2021
© The Author(s) 2021

Abstract

In addition to the well-known threats of bird and hail strikes, small unmanned aerial vehicles (SUAV) pose a new threat
to manned aviation. Determining the severity of collisions between sUAVs and aircraft structures is essential for the safe
use and integration of drones in airspace. A generic analytical calculation model needs to be developed to supplement the
existing test and simulation data. This paper presents an analytic model for drone collisions with perpendicular and inclined
targets. The targets have a rigid or elastic material behavior. The aircraft impact model, which is used for the design of
nuclear reactor structures, is transferred and adjusted for SUAV impacts to calculate the impact force. A mass- and a burst
load distribution are needed as input parameters. Both distributions are determined for an sUAV design depending on the
flight direction. Compared to previous calculations, the new approach is to consider a moving target structure, which produces
more realistic results. We compare the calculation results with simulation data from sUAV collisions with a commercial
airliner windshield from the literature. The calculations show plausible results and a good agreement with literature data.
Subsequently, the influence of the input parameters on the impact force is investigated. We see that spring stiffness, target
mass, burst load distribution and damping have minor influence on the overall impact force. The impact velocity, mass
distribution and flight orientation on the other hand have a major influence on the impact force. Further tests are needed to
validate the impact model.

Keywords Drone collision - Unmanned aerial vehicle - Analytic approach - Impact force - Drone strike - Numerical
calculation

List of symbols [ Length of one UAV arm

a Flight orientation L Length of single components
y Inclination around y-axis m Mass

¢ Inclination around z-axis m, Crushed mass

u Mass per unit length m; Mass of single components

v Poisson’s ratio my; Mass along one UAV arm

P Density n Number of drone components
o, Yield strength t Time

F Impact force v; Initial velocity

L Projectile length v, Target velocity

M Target mass x Position along the projectile
P Burst load Xy Position along one UAV arm
c Target damping y Target displacement

k Target spring stiffness Z Projectile displacement

X33V 0324 Target coordinate system
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DJI Da-Jiang Innovations Science and Technology
Co., Ltd

EASA European Union Aviation Safety Agency

FEA Finite element analysis

LiPo Lithium-polymer

MTOW Maximum take-off weight

NRC National Research Center of Canada

PC Polycarbonate

PU Polyurethane

Pvb Polyvinyl butyral

RPAS Remotely piloted aerial system

sUAV Small unmanned aerial vehicle

UAS Unmanned aerial system

UAV Unmanned aerial vehicle

1 Introduction

The use of small unmanned aerial vehicles (sUAV)
increases. An unmanned aerial vehicle (UAV) with a maxi-
mum take-off weight (MTOW) of less than 25 kg is a small
UAYV (sUAV) [1]. SUAVs are also known under the terms
drones, UAS (unmanned aerial system) or RPAS (remotely
piloted aerial system). There will be more than 67 Million
deliveries of non-military drones worldwide in 2021 [2].
Drones operate in the most diverse areas. We use them for
photos, videos, traffic monitoring, farming and further lei-
sure activities. Future applications like parcel delivery ser-
vices are under investigation. This growth also increases
the risk of a collision between manned aircraft and sUAV.
This development can be seen in Germany, for example. The
number of near encounters between manned and unmanned
aircraft in the airspace of Germany grew from 14 in 2015
to 158 in 2018 according to the German Air Traffic Control
[3]. Similar developments can be observed in countries all
over the world, e.g. in Great Britain [4]. The unknown threat
of sSUAVs to manned aviation also leads to severe economic
damage. Drone sightings forced different airports to close.
For example, London Gatwick was shut down for 2 days in
December 2018.

We use the definition of a drone strike from [5]. A “drone
strike” describes a collision of an UAV with a manned air-
craft. Collisions between drones and aircraft have not yet
been fully investigated. There are only a few studies on this
topic so far. The Civil Aviation Safety Authority (CASA)
analyzed the damage potential of drone strikes [6]. They
calculated the penetration speed of different materials sub-
jected to drone strikes. The airframe of a commercial airliner
will penetrate if the impact speed is higher than 103 m/s,
independent of the drone size [6]. The Bard Institute pub-
lished a drone impact and ingestion study in 2015 [7] based
on the work conducted by CRASH Lab. One conclusion
from their finite element analysis (FEA) is that drones with
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a MTOW between 1.0 and 3.0 kg can cause critical dam-
age to aircraft structures. The “Alliance for System Safety
of UAS through Research Excellence” (ASSURE) pub-
lished an “UAS Airborne Collision Severity Evaluation”
[8] with corresponding technical volumes [1, 9, 10]. They
performed numerical simulations of drone strikes on dif-
ferent aircraft types (business jet, commercial airliner) and
aircraft components (windshield, horizontal stabilizer). They
validated their simulations with impact tests of drone com-
ponents against different targets. Their conclusion is that
a drone impact will cause more damage than bird strikes
for the same amount of kinetic energy. The Civil Avia-
tion Authority (CAA) determined that helicopters have a
higher risk of mid-air collisions with sUAVs and structural
damage than fixed wing aircraft [11]. The European Union
Aviation Safety Agency (EASA) categorized drones with a
MTOW beneath 25.0 kg. They are categorized into the four
categories “Harmless”, “Small”, “Medium”, and “Large”
[12]. Song and Schroeder investigated the ingestion of an
sUAV into high-bypass engines [13—15]. They concluded
that drones pose a greater level of threat than current certifi-
cation specifications allow [14]. Meng et al. [16] conducted
impact tests and simulations with a DJI (Da-Jiang Innova-
tions Science and Technology Co., Ltd) Inspire 1 drone on
a horizontal stabilizer of a commercial airliner. According
to their research, a commercial plane cannot safely continue
its flight after a drone strike. Lu et al. [17] investigated the
collision safety between an aircraft windshield and five dif-
ferent drones. They performed simulations and compared
the results with full scale collision tests. They conclude that
a DJI Phantom 4 with a mass of 1.4 kg may initiate severe
damage at an impact velocity of 154.8 m/s.

All previous mentioned studies have in common that none
of them deal with the analytic modeling of the force during
the collision. An analytical model can be used for the pre-
liminary design of structures and thus save costs for simu-
lations and experiments. This paper presents an analytical
model to determine the impact force during a drone strike.
The basic calculation model is described within chapter 2.
Chapter 3 presents the calculation results on different targets
and compares the results with data from the literature. The
influence of various parameters on the impact force is inves-
tigated within this chapter. We discuss the findings and the
model within chapter 4.

2 Models for calculation of impact forces
due to drone strikes

None of the current models for calculation of impact load
cases for the design of aeronautical structures is valid for
drone strikes. The bird strike model from Wilbeck assumes
that the missile behaves like a fluid [18]. The hail strike
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impact model is strain rate dependent and assumes a fluid
behavior after the internal stresses of the projectile reach the
strength of ice [19]. Both models assume that the projectile
behaves like a fluid. Since a drone consists of several solid
bodies, however, these models cannot be transferred to a
drone strike. Instead, the following approach is based on
the aircraft impact model (AIM) by Riera [20]. This model
was originally developed to design nuclear reactors against
aircraft crashes.

2.1 Basic aircraft impact model for rigid targets

The basic idea of the aircraft impact model is that the
impacting mass of the projectile (drone) m reduces during
the impact duration by its crushed mass m, (Fig. 1). The
whole drone decelerates during the impact process.

Fig. 1 Principal drone strike on a rigid target according to the aircraft
impact model [5]
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The basic aircraft impact model is a one-dimensional
impact calculation model. It considers the aircraft as a
line with a defined mass and burst load distribution [21].
These two distributions will be described in chapter 2.3
and 2.4. The advantage of this approach over previous
impact models is, that the impact of several bodies can
be represented. This model divides the projectile into two
areas, a crushed and a rigid uncrushed zone. The whole
projectile structure has a perfectly plastic behavior. Fig-
ure 2a shows the basic aircraft impact model on a rigid
target. The part of the drone mass that impacts the target
(crushed zone) is dm. The crushed mass does not sum up
at the target. The force F(¢) during impact time can be
calculated by Eq. 1 [20]:

F(t) = P(x(t)) + pu(x(0))(dx/dt)* (1

The burst load distribution isP(x), u(x) is the mass
distribution, while x(¢) is the position along the pro-
jectile. The burst load P and the mass per unit length
u have to be determined. Both depend on the position
x along the structure and the current flight orientation
of the sUAV. The derivative dx/dt is the velocity dif-
ference between the target velocity v, and the projectile
velocity v [22].

F(tLVRigid target

b) v(t) v(t) V(D) Kk
Mass m(t) P(t) F(tL Target mass M
x(t) M :
dx
. - _
N

Elastic target

Fig.2 a Aircraft impact model for rigid targets; b aircraft impact model for elastic targets; adapted from [22]
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2.2 Impact model for elastic targets

Other authors (Wolf et al. [23], Laczak et al. [22])
extended the model to calculate more realistic, elastic tar-
gets. They model the target as a spring damper system
(Fig. 2b). The following differential equations Eq. 2 and
Eq. 3 are obtained. They can be used together with Eq. 1
to determine the impact force [22]:

d’x _ Pa)  d%

2 mo T @
d*y _Px(®) | ux(@®) (dx\* ¢ dy k
P G a0 o

The mass of the target is M, c is the target damping
constant and k is the target spring constant. The current
mass of the projectile is m(#). The mass- and burst load
distributions of the drone u and P are also used here. They
will be described in the following chapters. If the target is
rigid, Eq. 3 equals 0. The initial conditions are [22]:

(a) Aircraft Impact Model

%;

m; Py

~

d
x(0) = L;;f(m = —v, )

y(0) = 0;dy/dt(0) = 0 ®)

with L as the length of the projectile. v; is the initial veloc-
ity of the projectile.

2.3 Mass distribution

The “Phantom 4” by DJI (DJI P4) is the most sold UAV
within the open category [24]. It is a quadcopter with four
motors. It has a MTOW of 1380 g according to [25]. Its max-
imum velocity is 20 m/s [25]. The method to get the mass
distribution is to simplify the whole drone model to a 1-D
line model in flight direction. Figure 3a shows this simplifi-
cation process for the aircraft impact model, Figs. 3b and ¢
shows it for a drone strike. To get the mass distribution, we
use the reverse engineering method. That means, we disas-
semble the drone, weigh every component and divide this
by the length of the specific component. The overall mass
distribution p(x) is the sum of all component mass distribu-
tions at their positions along the projectile length L (Eq. 6):

(b) Drone strike

(c) Simplification to a 1-D line model
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Fig. 3 Simplification of the sUAV to a 1-D line model and method for determining the mass per unit length y
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Table 1 Measured masses and lengths of DJI P4 components used to
calculate the basic mass distribution y independent of flight orienta-
tion «

UAV Shell Battery Motor
Mass [g] 1387 713 454 55
Length [mm] 393 393 128 28
u [g/mm] 353 1.81 3.54 1.96
o m
m i
uoy ==y — 6
() 2:, ) ©

With n as the number of drone components, /; as the com-
ponent length, and m; as the mass of the component. This
value is applied at the position of the components. We may
plot the results over the whole projectile length and see the
mass distribution u(x). Figure 3c visualizes this method.
Heavy individual components of the drone lead to deflec-
tions in the mass distribution. Deflections in the mass dis-
tribution due to the motors and the battery are marked as
examples in the figure. The landing gear, payload as well
as the electrical systems are disregarded. Rather, the mass
of these components is evenly applied to the shell mass.
We assume that none of the parts break away before they
impact the target.

Table 1 summarizes the masses and lengths of a reverse
engineered DJI P4 and its components. This table presents
the mass and length of one motor. Using these input param-
eters, the mass distributions are calculated as a function of
the flight orientation.

2.4 Burstload distribution

The other term of the aircraft impact approach is the burst
load P. It is also referred to as crushing force. The burst
load describes the load bearing capacity of the projectile
structure. This function depends on the load and its direc-
tion, material, component design and its mode of failure.
Every component of the sSUAV has a specific burst load.
Only shell, battery and motors are investigated. We sim-
plify these components for determining their crushing loads.
The motor is simplified to a cylinder out of cast aluminum
(AIMg3). The battery is a rectangular solid, which consists
of lithium-polymer (LiPo). The drone shell is simplified to a
hollow truncated cone out of polycarbonate (PC). This sim-
plification leads to a function of x for the area and the crush-
ing force. Table 2 presents the values for the burst load. The
payload, electrical systems, sensors and rotors are neglected.
The components fail when their crushing force is reached.
The values for polycarbonate and cast aluminum AA 5754-
H111 (AIMg3) are based on the material (yield) strength

Table 2 Material values for determination of basic burst load distri-
bution

Component Material Crushing force [N]
Shell Polycarbonate 0.6346 - (x-10° mm)2
Battery Lithium-polymer 5000

Motor AA 5754-H111 12,546

(opc = 50 MPa—rounded off—[26]; o3 = 170 MPa
[27]), because the failure during the real load case cannot be
predicted without full scale impact tests. The material yield
strengths are multiplied with the component areas to deter-
mine the crushing force. Preliminary pressure tests show
that the battery system of the sSUAV has a crushing force of
5000N. The advantage of the model is that the only mate-
rial parameter required is the yield stress. If the burst load
distribution is determined, for example, via buckling loads,
further material parameters are required. However, since the
burst load at high impact velocities only has a small share
in the total force, as it will be shown later, other forms of
failure are not considered in this study.

2.5 Variation of the mass- and burst load
distribution with the flight orientation

Quadcopter drones are able hover and to rotate 360 degrees
around their vertical axis in flight. Mass and burst load dis-
tribution depend on the flight orientation.

We define the flight orientation as the angle a between
the velocity vector v and one arm of the drone (Fig. 4). It
varies between 0° and 45°. To determine the distributions as
a function of angle a, the drone may be simplified to a line
model with two perpendicular lines. The lines are symmetri-
cal. We calculate the results exemplarily for 0°, 15°, 30° and
45° flight orientation of the SUAV. The length of one quad-
copter arm is /. Mass and burst load distribution are deter-
mined along this length. Both distributions are symmetrical
to the intersection of the perpendicular lines. The basis for
angle dependency is the mass and burst load distribution of
one arm along its entire length. Trigonometric relationships
convert both distributions to a line in flight direction. That is
the calculated part of the line model (Fig. 4b). The algorithm
mirrors the calculation used to determine the distribution
over the entire projectile length.

The sum of the mass distributions of the sUAV arms
in relation to the flight direction is the total mass distri-
bution. Since the mass is a scalar, only the length being
considered changes. Thus, the total mass is constant. The
mass of the motor is considered along its diameter. The
two-dimensional diagonal of the rectangular battery case
defines the mass per unit length of the battery. Figure 5
shows the determination of the total mass distribution. In
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Fig.4 Simplified sUAV quad- (a)
copter model; a top view of the
sUAV with the corresponding
flight direction; b simplified line
model with angle
Flight
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Fig.5 Determination of mass distribution in dependency of the flight
orientation
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Fig.6 Determination of burst load distribution in dependency of the
flight orientation

contrast, the burst load is a vector. The burst load func-
tion only includes the proportion of the burst load vec-
tor in flight direction within the following calculations
(Fig. 6). Equations 7 and 8 show the extensions for the
angle dependency for both distributions. This line model
works with angles greater than 0° up to 45° and can thus,
due to the symmetry of the geometry, depict all flight ori-
entations of the drone.
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Figure 7 shows mass- and burst load distributions for dif-
ferent flight orientations. Figure 7a shows the mass- and
burst load distribution for a 45° flight angle. The mass dis-
tribution (see Eq. 6) along the length being considered has
three peaks of approximately the same height. The burst load
shows three load peaks as well. The battery in the middle
of the sUAV defines the greatest load peak. This peak load
is two times higher than the other two. These are in turn
determined by the motor. With a 45° orientation, two motors
are at the same position along the length being considered
(e.g., Figure 3c). With decreasing angles, the positions of
the motors change. This leads to further peaks in the mass-
and burst load distributions (Fig. 7b and c for 30° and 15°).
At a flight orientation of 15° the masses of two motors and
the battery overlap. This leads to high peaks in the mass
distribution, (Fig. 7c). In the burst load function, this super-
position is not as pronounced. The usage of trigonometric
relationships leads to a singularity for the 0° flight orienta-
tion. To avoid this singularity at 0°, the detailed mass- and
burst load distributions are used. If we integrate the mass
distributions over the relevant length, the results equal the
total mass of the sUAV. The integral of the burst load is
inconstant due to the directional dependency.

3 Calculation results

We use the 4th order Runge—Kutta method to solve the dif-
ferential equations by numerical integration, as it is done by
Laczak [22]. The calculation stops when either v(f) = 0 m/s
or x(#) = 0 m. The impact force drops to zero at this point.
We use a Python script for all calculations. We investigate
impacts on perpendicular and inclined as well as rigid and
elastic targets.

The target structure is inclined around the y,-axis by
45° (y) and around the z,-axis by 25° ({), (Fig. 8). The
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Fig. 7 Mass- and burst load distribution for different flight orientations a; a 45°, b 30°, ¢ 15°, d 0° [5]

geometry configuration of a commercial airliner wind-
shield is the basis for these inclinations. We compare our
calculation results with FE impact simulation on aircraft
windshield from Lu et al. [17]. Their windshield model has
a thickness of & = 22.5 mm. It consists out of five layers
and three materials (Inorganic glass, polyurethane (PU) and

polyvinyl butyral (Pvb)). The material data used by Lu et al.
are shown in Table 3. We model the windshield in a simpli-
fied way using mass, spring stiffness and damping as shown
in Fig. 2b. The used parameters are explained in chapter 3.2.
The influence of the individual parameters on the impact
force is investigated in chapter 3.4.
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(b)

Fig. 8 Definition of inclination angles a ¢ (z,-axis); b y (y,-axis) [5]

Table 3 Material properties of the windshield used by Lu et al. [17]

Inorganic glass PU Pvb
Density p [kg/mm’] 2.45e-6 1.0e-6  1.0e-6
Young’s modulus E [GPa] 71.48 0.499 1.293
Poisson’s ratio v [—] 0.22 0.3 0.38
Yield stress o, [MPa] 370 150 150

To calculate the impact force on an inclined target, we use
the following equation (Eq. 9):

2
F() = <P(X(t))+M(X(t))<%> > sin(r)-cos©)  (9)

The angles act only on the impact force F(¢). The inclina-
tion also has an influence on the burst and mass distribution,
which is neglected for initial calculations. We calculate the
impact force—time results for all flight and target orientations
with Eqgs. 1-3, and Eq.9. The initial impact velocity of the
sUAV is v; = 154.8 m/s, according to [17]. The timestep
size for numerical integration is set to At = 107s.

3.1 Impact on a stationary rigid target with varying
flight orientations

We expect that the course of the impact force over time has
several load peaks. These load peaks represent the impact
of individual components on the target. The components
collide with the target one after the other. Figure 9 shows an
exemplary, reasonable force—time curve with assignment of
the load peaks to the impacts of the components. We see that
the impact of the several components is represented. The
order and height of the load peaks correspond to the design
and the flight orientation of the drone. First the motors,
which are in front in the direction of flight (M1 and M2), hit
the target. Then the battery B hits the target. Afterwards the
rear motors (M3 and M4) collide with the target. The impact
of the battery produces the greatest peak as the battery is

@ Springer
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Fig. 9 Exemplary impact force—time course with assignment of the
load peaks to the impacts of the components [5]

the heaviest component of the sUAV. The uncrushed part
of the projectile becomes smaller and decelerates during
the impact process. This leads to a flattening of the curve
with increasing time. This shows that this model allows an
investigation of the influence of individual components on
the overall impact force.

It depends on the flight direction when and whether the
individual components hit the target structure. This is more
evident in Figs. 10, 11. They present the impact force of a
drone strike on perpendicular (Fig. 10) and inclined rigid
targets (Fig. 11) for different flight orientations. Figure 10
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Fig. 10 Calculation results for sUAV impacts with a perpendicular
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Fig. 11 Calculation results for sUAV impacts with an inclined rigid
target for varying flight orientations (0°, 15°, 30°, 45°)

shows the impact force—time curves for flight orientations of
0°, 15°,30° and 45°. All graphs show that the motors hit the
structure 0.1 ms after the start of the impact. With the 45°
orientation two motors hit the target simultaneously. For 0°,
15° and 30° the motors hit the target one after the other. After
about 1 ms, the battery reaches the target. The battery has the
largest mass of all components, which is why this impact pro-
duces a great peak load in the overall course. It depends on
the effective deceleration whether the rear engines also hit the
target. If the termination condition v(f) = 0 m/s is reached,
there is an uncrushed part of the projectile left which does
not hit the target. If the other termination condition (x(¢) = 0)
is reached, the whole projectile hits the target. The duration
of the impact also depends on the deceleration. The impact
duration varies between 2.5 ms for the 15° orientation and
3.8 ms for the 30° orientation. A similar course can be seen
in Fig. 11 for the inclined impact, only the amplitude is lower
due to the inclination angles of the target. Instead of a per-
pendicular impact, the drone is deflected along the angle of
inclination. Decreasing angles of flight orientation lead to
higher force peaks due to the simplification of the SUAV as

a line model and the use of trigonometric relationships. The
0° orientation is an exception, as here detailed mass and burst
load distributions are used to avoid singularities due to the
trigonometric relationships.

We compare these results with drone strike FEA data on a
commercial airliner windshield from Lu et al. [17] (Fig. 12).
We assume a flight orientation of @ = 0° and an initial veloc-
ity of v; = 154.8 m/s similar to the literature FE data for
comparison. The calculations are compared with simula-
tion data of two impact velocities (152.7 m/s, 154.8 m/s).
Lu et al. simulated and tested a full drone including rotors
impacting a windshield. As we neglect the rotors in our
model, the impact starts therefore with 0.6 ms offset. The
calculated impact force shows two load peaks, which can also
be seen in the comparative data. The times at which the load
peaks of the individual components occur show a slight off-
set. The first load peak appears at 0.65 ms in the calculation
due to the impact of the motor. The first load peak in the FEA
result for the windshield appears at 0.7 ms. The maximum
load for the analytical determined force appears at 1.9 ms. For
the FEA data, the peak load is reached at 1.5 ms. The peak
load of the calculation deviates from the maximum load on
the windshield by 19.7 % (154.8 m/s) resp. 11.8 % for the
impact velocity 152.7 m/s. The impact force of the calcula-
tion drops to 0 at 2.7 ms. The impact force of the windshield
simulation shows another peak, which starts at 4.0 ms. This
deflection is caused by the impact of the rear motor.

We see that the analytical calculation agrees with the
simulation data up to 1.5 ms. After this point, the courses
diverge. The deviations result from the fact that the com-
parative results are determined for deformable aircraft
structures like the windshield. The analytic model used so
far assumes a rigid target structure and a rigid projectile
behavior. The FEA also enables more precise, full scale
modelling. In contrast, the SUAV is viewed in a highly
simplified way as a 1-D line. For example, friction losses
and the exact material behavior can be considered within
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— v;=154.8 m/s; a =0° analysis
2504 v;=154.8 m/s; a =0° literature FE
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o 1507
2
hd
100
FEA data from
504 Lu et al. [17]
0 b L ‘
0.000 0.006 0.008 0.010

Time t [s]

Fig. 12 Comparison of calculation results with FEA simulation data
of drone strikes from the literature [17]
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Table 4 Input values for impact on elastic targets

Target mass M Target stiffness
k[N/m]

Target damping Drone flight
¢ [kg/s] orientation « [°]

10-m 1e7 0 0;45

Table 5 Initial conditions for elastic, stationary targets
dy/dn(0) [m/s] ¥(0) [m]
—154.7 0 L 0

dx/dt(0) [m/s] x(0) [m]

the FEA, whose influence is unrepresented in the analyti-
cal model. Furthermore, the analytical model lacks strain
rate hardening effects. The AIM assumes that all compo-
nents are destroyed during impact, which is correct for a
full scale aircraft impact due to the large kinetic energy. The
impact energies of a drone strike are significantly lower due
to the low mass of a drone. Therefore, not all components
are completely destroyed. Heavy and dense components
(e.g., motors) tend to show plastic deformations rather than
fragmentation. Together with the other simplifications such
as the neglection of individual components (rotors, camera,
circuit board), this leads to further deviations.

The target structure in a mid-air drone strike is not rigid.
It is deformable. Therefore, the results in Fig. 12 only serve
as a first estimation of the potential of the model. To obtain
results that are more in line with reality, the following cal-
culations are performed with the model for elastic target
structures (Fig. 2b).

3.2 Drone strike on resting elastic targets

The input values for the impact load cases can be found in
Table 4. Due to the short impact duration, the target damping
constant c is set to 0 for first investigations. For first calcu-
lations, the target mass M is assumed to be ten times the
initial projectile mass m = 1387 g. The target spring constant
k is assumed to be 1¢7 N /m for first calculations. The flight
orientation a equals 0° resp 45°. Table 5 presents the initial
conditions. What stands out in the table is that the target
velocity v, = dy/dt is assumed to be 0. This in turn means
that the complete velocity as well as the kinetic energy are
in the sUAV projectile. The initial velocity of the projectile
v; = dx/dt = 154.8 m/s is the same as for impacts on rigid
targets.

Figure 13 shows the results for an impact on a perpen-
dicular, elastic, stationary target. The calculation results
for drone strikes with inclined, elastic, stationary targets
are shown in Fig. 14. When comparing the values with the
results from chapter 3.1, hardly any differences can be found
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Fig. 13 Calculation results for sUAV impacts with perpendicular,
elastic, stationary targets for varying flight orientations
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Fig. 14 Calculation results for sUAV impacts with inclined, elastic,
stationary targets for varying flight orientations

(Figs. 10, 11), due to the initial conditions and used param-
eter values.

3.3 Drone strike on moving elastic targets

Previous calculations assume that the SUAV will collide with
a resting target. The speed of the overall system only affects
the projectile under this assumption. This is incorrect, since
a drone has a maximum speed of solely 20 m/s. In addition,
the kinetic energy of this assumption deviates from real-
ity. If only the SUAV moves, the influence of the mass and
velocity of the target structure is neglected. Therefore, for
the following calculations, the speed is distributed accord-
ing to reality. This means that the drone has a maximum
speed of v; = dx/dt = 20 m/s, and the target structure flies
atv, = dy/dt = 134.8 m/s towards the projectile. Figure 15
shows the principle velocity distribution during a drone
strike. Table 6 lists the input parameters for the following
calculations. Table 7 shows the initial conditions.

Figure 16 presents the calculation results for drone strikes
with flight orientations of 0° and 45° on perpendicular,
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%) =

Fig. 15 Principle velocity distribution during a drone strike [5]

Table 6 Input values for impact on elastic targets

Target mass M Target stiffness
k [N/m]

Target damping Drone flight
¢ [kg/s] orientation a [°]

10 - m le7 0 0;45

Table 7 Initial conditions for elastic, moving targets
dy/d(0) [m/s] ¥(0) [m]

=20 134.7 L 0

dx/dt(0) [m/s] x(0) [m]
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Fig. 16 Calculation results for sUAV impacts with perpendicular,
elastic, moving targets for varying flight orientations
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Fig. 17 Calculation results for sUAV impacts with inclined, elastic,
moving targets for varying flight orientations
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Fig. 18 Comparison of calculation results from different models with
FEA data from Lu et al.

elastic, moving targets. Figure 17 shows the force—time
curves for impacts on inclined, elastic, moving targets. We
see an increase of the magnitude of the peak load compared
to the previous calculations by 15.4 %. In contrast to the
previous calculations, the rear engines also hit the target for
a = 0°. This results in a further peak load at the end of the
impact. The duration of the load peaks decreases.

Since the considered load case of the moving, elastic
target represents reality more closely than a stationary,
rigid target, the results are compared here with the FE data
(Fig. 18). The force curve changes significantly for the elas-
tic, moving target compared to the stationary, rigid target.
The load peak now occurs atf = 1.2 ms and is 13.9 % below
the FEA data. Figure 18 shows that the total impact duration
decreases. This can be explained by the fact that the drone
cannot significantly slow down the large target mass dur-
ing impact. However, in contrast to the impact with a rigid
target, there is an impact of the rear motor. In this case, the
model for elastic, moving targets can be used to determine
the maximum load better than the model for rigid, station-
ary targets. However, the impact duration decreases, which
causes the force curve to deviate strongly from the FE com-
parison data from 1.5 ms onwards. The following chapter
therefore examines how the various parameters influence
the force curve.

3.4 Influence of various parameters on the impact
force

Within this chapter we investigate the influence of different
parameters on the impact force. Only one parameter is varied
within the parameter studies. All others are kept constant at
the values of Tables 6 and 7.

Figure 19 shows the share of the burst load and mass
distribution on the overall impact force for an inclined
impact with a 0° flight orientation. The mass distribu-
tion has a distinct influence on the overall behavior. This
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Fig. 19 Share of impact force, v, = 134.8 m/s
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Fig. 20 Share of impact force, v, = 67.4 m/s

distribution is multiplied by the square of the velocity,
which leads to this influence. At the time of the highest
total force (166.8 kN), the burst load has a share of 41.4 kN
(24.8 %). From this, it can be deduced that the impact
force can be changed by adjusting the sUAV component
masses and their distribution within the structure. With
a lower initial velocity, the share of the burst load in the
impact force increases (Fig. 20, v, reduced by 50 %).

A variation of the target mass is shown in Fig. 21. It
can be seen that the force maximum hardly changes. The
difference between the maximum load for M = 1 - m and
M = 1000 - m is 8.1 %. The impact duration increases with
decreasing target mass. A change in the target mass, i.e.,
the mass of the aircraft, is an unreasonable method of
influencing the effects of a drone strike.

A variation of the target spring constant k shows an
opposite behavior (Fig. 22). If the constant k increases,
the impact duration increases, too. The duration increases
by 47.5 %. The peak load decreases by 14.9 %. k repre-
sents the stiffness of the target structure. As the duration
increases, the force decreases due to the reduction of the
projectile deceleration.
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Fig. 23 Variation of target damping constant ¢

An increase of the target damping constant ¢ has a similar
effect as the increase of k (Fig. 23). The impact duration
increases by 9.4 % and the peak force decreases by 7.3 %.

We investigate the influence of the projectile veloc-
ity. (Fig. 24). We vary v, between 0 and 30 m/s. The first
velocity represents a drone in hover flight. The highest
speed (30 m/s) is not reached by DJI Phantom 4 drones
so far but the technical development shows an increase in
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Fig. 25 Variation of target velocity v,

top speed. This means that this speed may be reached in
future UAV designs. A change in projectile velocity from
0 to 30 m/s increases the peak load from 133.8 to 185.1 kN.
We see a decrease of the impact duration.

A similar behavior can be observed for the variation
of the target velocity (Fig. 25). The largest target velocity
shows the highest force peak and the shortest impact dura-
tion. A change in the target velocity from 100 to 150 m/s
leads to a doubling of the force peak.

We investigate the influence of the burst load. For this,
we use the detailed course as well as a linear, 50 % linear
and a two times linear distribution (Fig. 26). The linear
distribution increases until it reaches the middle of the
length being considered. After this point, P decreases. Fig-
ure 27 shows the calculations results for the different burst
load distributions. We expect that a greater burst load leads
to a higher force peak. The results show a lower force peak
compared to the detailed distribution (8.9 %) although
the burst load is higher. An increase in deceleration can
explain this phenomenon. We see a higher force between
the end of the impact of the motor (r = 0.12 ms) and the
beginning of the impact of the battery (¢ = 0.41 ms), which
leads to a larger deceleration. The drop of the force to 0 kN
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Fig.26 Variation of burst load distribution P(x)
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Fig. 27 Calculation results for different burst load distributions P(x)

at 1 ms for the linear and two times linear distributions
confirms this.

4 Discussion

We see that the presented model is able to calculate impact
force—time curves for drone strikes. The original models
are developed for rigid and elastic, stationary targets. Dur-
ing impact on elastic targets, we see that the share of the
movement of the initial resting target structure in the overall
course is negligibly small, due to the mass and spring stiff-
ness. For impact calculations on elastic, resting targets with
a mass difference of at least ten times the projectile mass it
is therefore advisable to work with the equations for rigid
structures.

The comparison with literature FEA data (Fig. 12)
shows, that the numerical analysis cannot simulate the force
after 3 ms. This is due on the one hand to the termination
conditions and on the other hand to the parameter values
used. We use the termination conditions according to the
literature (Laczédk et al. [22]). Their model is originally
developed for aircraft impacts. Their assumption, that the
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crushing stops either v(f) = 0 m/s or x(r) = O m is valid, as
their target structure does not move. For a drone strike, the
termination conditions are also valid for stationary targets,
e.g., helicopters in hover flight. Current research on drone
strikes uses the relative velocity between aircraft and drone
for their investigations. While ASSURE [1] and the National
Research Center of Canada (NRC) [28] assume that only
the drone moves, Lu and Meng [16, 17] assume that the
target is moving and the drone is stationary. We follow the
first case for the present calculations, whereby the condition
v(¢t) = 0 m/s can be fulfilled. It is important to bear in mind
that these assumptions are not realistic. In a real drone strike
with an aircraft, the speed of the aircraft will be significantly
higher than that of the drone. This means that the sUAV will
be completely destroyed as the relative velocity cannot drop
to 0 m/s in this case. This makes the termination condition
v(t) = 0 m/s invalid for a real drone strike with an aircraft.
This is an important issue for future research.

A reduction of the burst load distribution leads to an
increase of the impact duration (Fig. 27). The burst load
has a share of about 25 % in the overall impact force for an
impact velocity of v = 154.8 m/s. A simplified doubling of
the burst load distribution leads to a decrease of the force
peak by 8.9 %. This results in the possibility to calculate
with a simplified distribution in case of unknown burst load
distribution without generating a large error. As it can be
seen in Figs. 19 and 20 the share of the burst load on the
overall force increases with decreasing impact velocity. The
determined burst load distributions are based on the material
yield strength. The real distribution can deviate from the
determined distribution, for example due to strain rate hard-
ening effects or other forms of failure (e.g., buckling). Fur-
ther forms of failure, like buckling, may be incorporated in
the model via the burst load distribution. Since the burst load
has only a minor influence on the contact force in the speed
range investigated, other forms of failure are not investigated
further. Based on these observations, we propose to use a
simplified burst load distribution only for impact velocities
greater than or equal to 100 m/s.

The parameters M, k and c all have only a minor influ-
ence on the maximum force. The principle force—time
curves show minor changes. The peak force values decrease
by 7.3-14.9 % in the investigated ranges. Only the time at
which the maximum force occurs can be changed with these
parameters.

A significant change in the impact force is caused by
flight orientation, speed and mass distribution. A change in
the flight orientation from 45° to 15° may lead to an increase
of the peak force by 80 kN. We see, that if an impact is
unavoidable, a change in the flight orientation lead to lower
impact forces. This opens the opportunity for an optimiza-
tion of the flight orientation of the sUAV if the impact is
unavoidable. 75 % of the overall impact force is determined
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by the mass distribution multiplied with the squared velocity
(Fig. 19). A change in the drone design and the arrange-
ments of the components may lead to a lower impact force.
The impact speed has the greatest influence on the force.
A change of the target speed from 0 to 150 m/s produces a
force ten times greater (Fig. 24).

The presented model is only able to calculate elastic tar-
get behavior. It is valid for strong structures that show only
minor damage. We are unable to model plastic deformation
but it can be expected that hard objects like motors may
produce severe local damage and deformations. The plastic-
ity and damage of the target structure will limit the force.
This effect is not covered with this calculation model. Fur-
thermore, this model is unable to describe the deformation
of the projectile during impact. The model needs detailed
mass and burst load distributions to produce good results.
In the current form, we assume a rigid projectile, but the
sUAV deforms during the impact. We neglect components
of the sUAV (e.g., camera, electrical system and landing
gear). Instead, we apply their masses evenly along the struc-
ture length. The impact model contains no angular momen-
tum. For a full validation, we need impact tests with defined
mass- and burst load distributions. This could be the basis
for a drone strike substitute structure for further investiga-
tions and certification tests.

5 Conclusion

This paper presents a generic analytic approach for deter-
mining the impact force of an sUAV collision with an air-
craft. This analytic model is developed for varying flight
orientations of an sUAV. We present varying mass- and burst
load distributions for a DJI Phantom 4, depending on the
flight orientation. We show plausible impact force results for
perpendicular and inclined targets. Existing analytic mod-
els for aircraft crashes lead to reasonable results for drone
strikes, compared with drone strike simulation data from
the literature. In addition to previous studies, we assume
a moving target. This study has found that the calculation
model for an elastic, moving target leads to realistic results.
The presented model is able to calculate the impact force of
a drone strike, if mass- and burst load distribution for the
drone projectile are known. The advantage of the model is
that the influence of individual components can be investi-
gated via the mass- and burst load distribution. Finally, we
discuss the influence of various parameters on the impact
force. We found that the mass distribution, flight orienta-
tion and velocities have a significant influence on the impact
force. The model cannot describe the influence of damage
to the target structure on the impact force. A change of the
drone design and component arrangement may lead to lower
forces. To the best of our knowledge, this study has been
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one of the first attempt to develop an analytic approach for
impact loads due to drone strikes. Further studies need to
be carried out to validate the results by impact tests and to
investigate termination conditions for real drone strike sce-
narios. This model is a pragmatic approach for estimating
the loads to be expected in the event of a drone impacting
an aeronautical structure as part of a preliminary design.
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