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Abstract  

 
Unmanned aerial vehicles are an increasing threat to manned aviation. Current aircraft structures are 
not designed to withstand mid-air collisions with drones. Since the loads in a drone strike can only be 
roughly estimated so far, time-consuming and cost-intensive test campaigns for a damage-resistant 
design must be carried out. This paper provides a new analytic model to determine the impact force 
during a drone strike. We superimpose the existing aircraft impact model with a spring-mass model 
for impacts of non-fragmenting projectile components. This leads to the new drone strike model. This 
model is validated with high speed impact test data and finite element simulations. A substitute 
structure of the drone is used to validate the model. Calculations and FEA data are in good agreement. 
The model is applied to a full-scale drone strike from the literature. Deviations are observed for the 
impact times of the individual components, due to the simplification of the drone to a 1D line model. 
This new analytic model can be used to determine the loads in the context of a preliminary design. 
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1. Introduction 
 
Drones are a new and increasing threat to manned aviation. In addition to bird and hail strikes, drones 
represent a further impact load case for aircraft. There are different types of drones, from the toy drone 
with a few grams of maximum take-off weight (e.g. Parrot Mambo, MTOW = 73 g) to the military drone 
with several tons take-off weight (e.g. Global Hawk RQ-4A MTOW = 12.1 t). Due to the increase of 
drones within the airspace, the risk of a mid-air collision between manned aircraft and a drone 
increase. Statistics from different countries all over the world show, that the incidents with drones 
within the airspace increase. The number of incidents in Great Britain grew from 6 in 2014 to 125 in 
2018 according to the UK airprox board [1].  
 
We use the definition of a drone strike from [2]. A mid-air collision of an unmanned aerial vehicle (UAV) 
and a manned aircraft is a “drone strike”. A few studies about drone strikes have been published so 
far. Song and Schroeder [3–5] performed impact simulations of drone strikes. They compare the 
damage size of drone strikes on aircraft structures with damage sizes of certified bird strike tests. They 
conclude that drone strikes produce higher loads and larger damage. Furthermore, the flight 
orientation of the drone has an influence on the damage. The research group ASSURE [6–9] published 
four technical reports about different drone strike scenarios. They performed simulations of quadcopter 
and fixed wing drones colliding with different aircraft parts. Their conclusion is that drone strikes are 
more dangerous than bird strikes. Meng [10] et al performed impact tests on a horizontal stabilizer of 
a commercial airliner with a DJI (Da-Jiang Innovations Science and Technology Co., Ltd) Inspire 1 
drone. The horizontal stabilizer was accelerated via a rocket sled. He concluded that a drone strike 
leads to a larger damage than comparable bird strikes. Lu et al [11] performed impact tests and 
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simulations on a commercial airliner windshield with five different drone sizes. They conclude that the 
windshield is penetrated if the impact velocity is larger than 154.6 m/s. A distinct influence on the 
damage are the velocity, mass, material and configuration of the drone. Franke et al [2] present a first 
analytic approach to calculate the impact force of drone strikes. They compare their results with 
simulation data from Lu et al [11] and gain good results.  
 
Within this paper, we verify the existing analytic model with test and simulation data from high velocity 
impact tests of drone components against rigid targets. We consider only drones with a MTOW below 
1.5 kg, so called “small unmanned aerial vehicles” or “sUAV”. First, we describe the calculation model, 
the test method and a finite element model (FEM) whereas chapter 3 shows and discusses the results.  

2. Models and Methods 
 

2.1 Calculation model 
 
The aircraft impact model (AIM) from Riera [12] is the basis of the drone strike model. Figure 1 shows 
this model. It was developed for the safe design of nuclear power plants against aircraft collisions and 
is transferred to a drone strike in [2].  

 
Figure 1 - Basic aircraft impact model from Riera [12] 

This model divides the projectile within a control volume in two zones. The undamaged part of the 
projectile is perfectly rigid, whereas the crashed mass lies within the deformation zone next to the rigid 
target. The AIM is extended so that impact force F on inclined target structures can be calculated: 

The parameter 𝑃௖ is the so-called burst load, 𝜇 is the mass per unit length, 𝛾 is the inclination of the 
target around the y – axis and 𝜁 is the inclination around the z – axis. This model assumes, that the 
crashed mass does not sum up at the interface between projectile and target.  
The projectile, which consists of multiple components, is simplified to a one-dimensional line model 
with burst load- and mass distributions 𝑃௖ሺ𝑥ሻ and 𝜇ሺ𝑥ሻ. The physical effect of the multi-body impact in 
this model is described via these distributions. We determine these distributions via reverse 
engineering. As quadcopter drones are able to rotate 360 degrees around their vertical axis, both 
distributions depend on the flight orientation 𝛼. This is the angle between one arm of the drone and 
the current flight direction. For simplicity, we assume for the calculations in this paper that the angle is 
𝛼 ൌ 0°. Flight orientation, mass distribution and burst load distribution for the drone model are shown 
in Figure 2. These distributions are used within equation (1). 
The drawback of this model is that it assumes that the projectile is completely fragmented during the 
impact. However, tests and simulations (e. g. [7, 10, 11, 13]) show that this behavior only applies to 
the shell and battery. Heavy and dense components like motors mainly show plastic deformation. In 
order to fully describe the behavior, a new model is used at this point. We divide the drone projectile 

 𝐹ሺ𝑥ሺ𝑡ሻሻ ൌ ቆ𝑃௖൫𝑥ሺ𝑡ሻ൯ ൅ 𝜇൫𝑥ሺ𝑡ሻ൯ ൬
𝑑𝑥
𝑑𝑡
൰
ଶ

ቇ ∙ sinሺ𝛾ሻ ∙ cos ሺ𝜁ሻ  (1) 



MODELS AND METHODS FOR DRONE STRIKE LOAD PREDICTIONS 

3 

 

 

in two areas along the length being considered. Areas with components that fragment are described 
with the AIM. If there is a non-fragmenting component in the considered area, we superpose the AIM 
with a spring – mass – model for impacts. As an example, the drone in Figure 3 is divided into two 
areas. 

 
Figure 2 - a) Flight orientation, b) Mass distribution and c) Burst load distribution of drone model for 

the AIM 

 
Figure 3 - Exemplary division of a drone in different areas depending on the component impact 

behavior 

Abstracted, this results in the mechanical model shown in Figure 4. Equation (2) is the mathematical 
expression for this drone strike model. The areas are divided by the positions of the non-fragmenting 
components xmai and xmei. 
 

Here PM represents the impact force from the spring – mass model. There are many different spring – 
mass models in the literature for the description of impacts (e. g. [14, 15]). We use a one – degree of 
freedom spring – mass model to determine the impact force 𝑃ெ, shown in equation (3): 

 𝐹൫𝑥ሺ𝑡ሻ൯ ൌ ൝
𝑃௖ሺ𝑥ሺ𝑡ሻሻ ൅ 𝜇ሺ𝑥ሺ𝑡ሻሻ𝑣൫𝑥ሺ𝑡ሻ൯

ଶ

𝑃௖ሺ𝑥ሺ𝑡ሻሻ ൅ 𝜇ሺ𝑥ሺ𝑡ሻሻ𝑣൫𝑥ሺ𝑡ሻ൯
ଶ
൅ 𝑃ெሺ𝑣ሺ𝑡ሻ, 𝑥ሺ𝑡ሻሻ

 𝑥 ൏ 𝑥௠௔௜; 𝑥௠௘௜ ൏ 𝑥 ൏ 𝑥௠௔௜ାଵ; 𝑥௠௘௜ା௡ ൏ 𝑥
 𝑥௠௔௜ ൏ 𝑥 ൏ 𝑥௠௘௜

 (2) 
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Thereby vi represents the current velocity of the projectile, mp is the mass of the non-fragmenting 
component, Tc is the contact duration and ke is a substitute spring stiffness. Contact duration and 
substitute spring stiffness must be determined empirically. This formula represents a simplification of 
the impact of the motor. The damage and plastic deformations of the motor are modelled indirectly via 
the equivalent spring stiffness. The use of more sophisticated models is possible, but not part of this 
paper.  

 
Figure 4 - Abstracted mechanical model of a drone strike 

Non-fragmenting components are neglected in the mass- and burst load distribution. This leads to new 
curves, shown in Figure 5. We implement this model in a Python script and use the 4th order Runge – 
Kutta method to solve the differential equations by numerical integration. The calculation stops if 
𝑣ሺ𝑡ሻ ൌ 0 𝑚/𝑠 or 𝑥ሺ𝑡ሻ ൌ 0 𝑚 [2]. 

 
Figure 5 - a) Flight orientation, b) Mass distribution and c) Burst load distribution for the new drone 

strike model 

 

 𝑃ெ ൌ 𝑣௜ට𝑘௘ ∙ 𝑚௣ ∙ sin ൬
𝜋
𝑇௖
∙ 𝑡൰  (3) 
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2.2 Test setup 
 
A gas gun is used for high-speed impact tests. Air is used as the gas. A pressure tank with a volume 
of 90 l is filled with up to 10 bar of air. The impact speed can be varied by adjusting the pressure in 
the tank. Via a quick-opening valve, the air escapes into an acceleration tube in which the projectile 
lies within a sabot. The sabot is accelerated over a distance of 5.0 m in the tube. The tube has a 
diameter of 50 mm. At the end of the tube, the sabot and the projectile are separated by an interceptor. 
The speed of the projectile is determined by light barriers. If there is sufficient energy, the target 
structure is penetrated, otherwise the projectile rebounds. Four piezo electronic CFW 100 kN force 
sensors from HBM are installed on the target structure. Each sensor is designed for a maximum load 
of 100 kN. The target structure is connected to the force sensors and the rigid target block via preload 
sets. The preload sets are tightened to 10 kN. The force sensors are connected to a charge amplifier 
(CMD2000). This in turn converts the charge from the force sensors into a voltage and is connected 
to a QuantumX MX410B measuring amplifier. Two force sensors each are picked up via one 
measuring amplifier. The Catman V5.13 software is used for data recording, in which the force signals 
are recorded synchronously. The impact process is recorded by a Photron Nova S-12 high-speed 
camera with 30 000 frames per second (fps). Figure 6 shows the basic structure of a corresponding 
test stand. We investigate impacts on a rigid wall. The target is assumed to be rigid if the deflection is 
less than 1% of the plate thickness at a load of 100 kN.  
 

 
Figure 6 - Gas cannon test setup 

 

2.3 Test specimen 
 
The diameter of the acceleration pipe prevents the impact test of a full scale sUAV. Due to the small 
diameter, we use a substitute drone model to investigate the basic physical effect of a drone strike. A 
drone strike is a multi – body impact problem. The new drone strike model should be able to reproduce 
the effect of the multi-body impact. Therefore, we simplify the drone shell to a substitute structure. Non 
– fragmenting components can be inserted into this substitute structure. The substitute material is 
polylactic acid (PLA). The substitute structures are printed with a 3D printer. Figure 7 illustrates this 
idea of the substitute structure.  
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Figure 7 - Substitute structures for impact tests 

Figure 8 shows the motors and the full substitute projectile. The motors of the UAV have an average 
diameter of 28.2 mm, a height of 36.0 mm and a weight of 53.0 g. They consist of various individual 
parts: Top and bottom of the housing, shaft (including ball bearing), shutter, magnets, magnetic core 
and the copper coil. The shutter for attaching the rotor blades is fastened with three screws. The 
housing of the motor is a cast aluminum (AlMg3), the iron core is modelled as steel according to AISI 
4130. The coil is made of copper wire and the shaft is also made of steel. The rotors and their 
mountings are not considered further. The substitute structure has a length of 100 mm, a width of 40 
mm and a thickness of 1.0 mm. The new drone strike model from equation (2) is validated via impact 
tests of this substitute structure. To apply this equation on the substitute structure, mass- and burst 
load distribution are needed. Both are presented in Figure 9. 
 

 
Figure 8 - Quadcopter motors with 3D printed substitute structure 

 
Figure 9 - Mass- and burst load distribution for the substitute structure 
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2.4 FE model 
 
Finite element (FE) models allow a more differentiated analysis of the force – time curve. Therefore, 
we validate the simulations using the impact tests and compare the simulation data with the analytic 
model. The complete model (Figure 10 c) consists of two motor models (Figure 10 a) and the substitute 
shell model (Figure 10 b).  

 
Figure 10 - FE models of test specimen: a) Motor; b) Substitute shell; c) Complete substitute structure 

The motor consists of five subcomponents. Each of these subcomponents is meshed with fully 
integrated H8C solid elements to avoid hourglassing. The whole motor has 25056 elements. The 
casing is made of cast aluminum AlMg3. Stator and magnet are modeled with M530-50A steel. The 
shaft is an AISI 1006 steel. The copper coil is neglected, which reduces the weight of the model from 
53 g to 43 g in contrast to the real motor. The substitute shell is modeled with PLA and is meshed with 
16825 full integrated shell elements. The thickness of these shell elements is 1.5 mm. We use a global 
INTER/TYPE7 contact in Radioss. The Johnson – Cook material and damage model is used for AISI 
1006 and AlMg3, as shown in Table 1.  
Radioss offers the possibility that Johnson - Cook parameters are determined from yield strength, 
tensile strength and elongation at break internally via the program. This option is used for M530-50A 
with the following input parameters (Table 2). PLA has an elasto-plastic material behavior. Its material 
parameters were determined by quasi-static tests. 
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Table 1 - Johnson - Cook material and damage model parameters 

 𝜌 ൤
𝑘𝑔
𝑚ଷ൨ 𝐸 ሾ𝑀𝑃𝑎ሿ 𝜈 𝑎 ሾ𝑀𝑃𝑎ሿ 𝑏 ሾ𝑀𝑃𝑎ሿ 𝑛 𝑐 𝑚 𝜀ሶ଴ Source 

AlMg3 2700 68000 0.3 28.13 278.67 0.183 0.00439 2.527 0.1 [16] 

AISI 1006 7872 190000 0.3 350 275 0.36 0.022 1.0 1 [17] 

 
 𝐷1 𝐷2 𝐷3 𝐷4 𝐷5 Source 

AlMg3 -0.2 1.133 -0.229 0.0897 7.978 [16] 

AISI 1006 -0.8 2.1 -0.5 0.002 0.61 [17] 

 
Table 2 - Material parameters for M530-50A and PLA 

 𝜌 ൤
𝑘𝑔
𝑚ଷ൨ 𝐸 ሾ𝑀𝑃𝑎ሿ 𝜈 𝑅௣଴ଶ ሾ𝑀𝑃𝑎ሿ 𝑅௠ ሾ𝑀𝑃𝑎ሿ 𝜀௠௔௫ሾെሿ Source 

M530-50A 7700 210000 0.3 295 430 0.89 [18] 

PLA 1200 1605 0.3 15.8 31.8 0.03 - 

 

3. Results 
 
Impact tests are performed with the individual components motor and substitute shell. We compare 
the test data with analytical calculations and FEA data as shown in Figure 11. The contact force of the 
motor impact is determined using the spring – mass – model according to equation (3). The force of 
the substitute shell is determined with equation (1). We see in both diagrams, that the test data 
deviates from the FEA and analytic calculations. These deviations result from the measurement 
method. We do not measure the forces at the interface directly. The attached piezo sensors measure 
the complete behavior, including the structural response of the target. To determine the impact force, 
the decelerations of the projectile from the high-speed videos are measured. The differences between 
test data, FE and analytics for the motor can be explained by the fact that the impact time cannot be 
determined exactly from the videos. Furthermore, the damage behavior of the substitute shell prevents 
a determination of the deceleration and thus the impact force. The curve of the test data for the 
substitute shell shows significant fluctuations and is not plausible. Therefore, only FE and analytical 
data will be discussed in the following. 

 
Figure 11 - Validation of single component models 
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As it can be seen in Figure 11 a, FEA and spring – mass model agrees well. The spring stiffness ke is 
determined empirically. Its value for the calculations is ke = 12701.2 kN/m. Qualitatively, the analytics 
reproduce the FEA process well. However, the FEA provides more accurate results and thus a more 
differentiated analysis. In contrast to the analytics, the FEA shows several load peaks. These load 
peaks are due to the fact the motor consists of several subcomponents. In our case, the outer shell 
hits the target first, but the maximum force does not occur until the steel stator impacts. Furthermore, 
the used spring-mass model is not able to reproduce damage, which can be seen in the FEA 
simulations. 
The FE data and calculations of the substitute shell also show good agreement when the burst load 
distribution is reduced (Figure 11 b). If we use the burst load based on the yield stress of the material 
(Figure 9 b) we get the solid contactforce – time curve. As it can be seen, the calculation stops at  
t = 0.61 ms, whereas the FE simulation ends at t = 1.5 ms. If we reduce the burst load, e.g. to ¼ of its 
original value, the impact duration increases to t = 1.37 ms (dash dotted line). This reduces the initial 
load peak of 9.47 kN to 4.78 kN. In the further course of the contactforce, the difference between the 
two curves is at most 940 N. In relation to the course with unreduced bursting load distribution, the 
deviation is 39%. However, if one considers the entire system, i.e. motors and shell substitute, the 
influence of the burst load distribution changes accordingly. The maximum contactforce is determined 
by the impact of the motors. In this case it is Fmax = 71.5 kN. The 940 N then corresponds to a difference 
of 1.3% and are therefore negligible. The burst load has a strong influence on the impact duration and 
timing, but in terms of the effect on the contactforce it is only minor.  
Both components combined result in the substitute structure. A comparison of the visual deformations 
and damage is shown in Figure 12. The projectile has a velocity of vi = 107.4 m/s. We compare the 
tests with two simulations: A perfectly vertical impact and an inclined impact according to the real test. 
Figure 12 shows the impact process up to 1.4 ms with images every 0.2 ms. We see that the substitute 
shell is very brittle and cracks are already present at t = 0.2 ms. In the simulations, the elements are 
deleted respectively. Due to the brittleness of the substitute shell, it is completely destroyed during the 
impact process. Both motors, on the other hand, are complete and show only plastic deformation. The 
first motor hits the target between 0 and 0.2 ms. After that, this motor bounces back. The second motor 
hits the first one at t = 0.4 ms. Both collide together with the rigid wall. After 0.5 ms, both motors bounce 
back and the rest of the replacement structure is destroyed. The difference between vertical and tilted 
projectile shows in the rebound. The second motor is deflected with an inclined projectile. 
The analytic calculation model (equation (2)) is validated with the force – time curve at the interface 
between target and projectile of the FEA vertical impact. Figure 13 shows the results. An initial peak 
of 32.2 kN occurs within the FE results. This is not represented by the calculation model. Similar Figure 
11 b, the force quickly decreases after this first peak. At time t =0.1 ms there is the impact from the 
first motor. FEA and calculation agree exactly at this time. Similar to Figure 11 a, deviations occur in 
the area of the load peak. These arise due to the damage to the projectile, which the calculation 
method does not model. For the impact of the second motor, an offset between FEA and calculations 
of ∆t = 0.28 ms can be observed. This results from the fact that the second motor impacts the first 
motor. In the calculation model, however, it is assumed that the impact occurs at the interface between 
the target and the projectile and does not shift. It assumes, that components that have impacted 
disappear. This means that the plastic deformation of the first motor must be included in the calculation 
of the real impact. For the second motor, the interface is shifted by the proportion xplas which 
corresponds to the plastic deformation of the first motor. If this proportion is added to the x-coordinate 
after the first impact, the curve in Figure 13 b results. FEA and calculation show the same impact point 
in time. Similar to the first peak, deviations occur around the peak load due to damage of the projectile. 
With these results, the model can be considered validated. 
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Figure 12 - Impact of the complete substitute structure in comparison to two FE simulations 

 
Figure 13 - Validation of calculation model with FEA data 

Finally, the model is applied to a full drone strike. Reference is made to data from Lu et al [11]. They 
investigated a drone collision of a DJI Phantom 4 with a commercial airliner windshield. Lu et al 
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validated their simulations with impact tests. The reference data was recorded for an impact velocity 
of vi=154.8 m/s. Figure 14 shows a comparison between the new drone strike calculation model, the 
aircraft impact model and the FE data from Lu et al. We use the mass- and burst load distributions 
from Figure 5. The drone strike and aircraft impact model have an offset ∆t = 0.6 ms because we 
neglect the rotors, which are modelled by Lu et al. It can be seen that the drone strike model and the 
FE data agree well. The load peak of the drone strike model is 2.5% below that of the FEA. There is 
an offset of 0.48 ms between the load peaks. This can be explained by simplifying the drone within 
the calculation method as a line model, whereas Lu et al use a full – scale drone model. The original 
AIM, used with input data from Figure 2, mainly shows deviations around the impacts of the motors 
and has a shorter impact time than the drone strike model. The model allows a first estimation of the 
acting contactforce during a drone strike. 

 
Figure 14 - Comparison of drone strike calculation model and aircraft impact model with FE data from 

Lu et al 

4. Conclusion 
 
This paper presents a new analytic method to determine the impact force of an sUAV collision with an 
aircraft. This method is validated with finite element simulations and experimental impact data. The 
existing aircraft impact model is superimposed with a spring-mass model for impacts of non-
fragmenting drone components like motors. A substitute structure of the sUAV is being developed for 
validation of the analytic method. We perform impact tests with sUAV motors, the substitute shell and 
the combination of both. The test data, FE data and calculation results are compared with each other. 
We found that the new drone strike model can be applied to the impact the substitute structure. The 
model can also be applied to full drone strikes, as a comparison with literature data shows.  
With the use of this model, it is possible to estimate the loads in the event of a drone strike in the 
context of preliminary design. However, the model does not allow any predictions to be made about 
the damage that will occur. It offers the possibility to estimate loads without complex FE simulations. 
Further studies need to be carried out in order to validate the calculation model for other drone models. 
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