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Abstract
Since the Wright brothers demonstrated the first powered, sustained, and controlled flight in 1903, the airspace has been 
shared between birds and humans. Novel aircraft and advanced mobility concepts such as urban air mobility (UAM) are 
emerging in full swing. In that concept, a safe and efficient aviation transportation system will use highly automated air-
craft that will transport passengers or cargo at low altitudes within and between metropolitan regions. To accomplish these 
missions, new types of aircraft which are sometimes known as air taxis are being developed. A successful integration of 
these aircraft into existing airspace is complicated and needs to take into account various aspects. One of these is the risk 
of wildlife strikes in general and bird strikes in particular. While bird strike constitutes a risk to any type of aircraft, the 
risk is predicted to be higher in case of air taxis. The proposed operational cruising altitude of air taxis is lower resulting in 
higher probability of collision as these are the altitudes where birds typically fly. In addition, air taxis are smaller in size and 
have lower certification requirements compared to conventional aircraft. As a result, the severity of damaging bird strikes 
is higher. To assess the risk and formulate suitable regulations, an extensive analysis is required providing more quantita-
tive insight into the bird strike challenge. Therefore, a theoretical model of bird strike to quantify the impact force exerted 
due to a strike by considering different bird and aircraft-related parameters was developed previously. This paper aims to 
validate this theoretical model experimentally. While impact forces have been extensively studied for bird strikes in case of 
conventional aircraft, this work seeks to apply these principles in a novel context, where traditional aircraft standards may 
not fully address the unique challenges posed by air taxis. The paper presents a methodology for implementing an experi-
mental setup, allowing for the theoretical impact force model to be fully validated and providing insights into the bird strike 
influencing parameters. A test matrix containing 7 test cases, 9 test scenarios, and 135 iterations is formulated to conduct 
the bird strike experiment, and the influencing parameters are considered for theoretical model verification. The paper closes 
with the presentation of the experimental results for validating the theoretical model which indicate 92.89 % conformance 
of experimental results with the theoretical model.    

Keywords  Air taxi · Risk · Bird strike · Experimental model · Test matrix · Theoretical impact force model · Validation · 
Urban air mobility

List of symbols
ΔEkinetic	� Kinetic energy transfer
m	� Mass of the bird
vbird	� Speed of the bird
vaircraft	� Speed of the aircraft
�aircraft	� Density of the aircraft
d	� Depth of penetration

r	� Radius of the bird
�bird	� Density of the bird
l	� Length of the bird
v	� Volume of the bird
�	� Angle of impact
�projectile	� Density of the projectile
�material	� Density of the impacted material
Vprojectile	� Volume of the projectile
Vmaterial	� Volume of impacted material
A	� Surface area
dcylinder	� Depth of penetration of cylindrical bird
dellipsoid	� Depth of penetration of ellipsoidal bird
v	� Impact velocity
a	� Acceleration of the projectile
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C
d
	� Drag co-efficient

k	� Constant
t	� Time
h	� Drop height

1  Introduction

To alleviate the increase in traffic in the metropolitan envi-
ronment, advanced transportation concepts are being pro-
posed and urban air mobility (UAM) is one of them [1]. 
UAM is a futuristic mobility concept which involves devel-
opment of eVTOL (electric vertical take off and landing) 
aircraft for transporting commuters or freight within and 
around the urban environment with operational altitudes 
below 1219 m (4000 ft) [2]. With the introduction of these 
eVTOL aircraft, which will be referred to as air taxi in the 
rest of this paper, the low-altitude airspace is going to wit-
ness an increase in air traffic [3]. At the same time, long-
term statistics suggest that 88% of the reported collisions 
between birds and conventional air traffic have occurred 
below this altitude (92% up to 3500 ft, 94% up to 4500 ft) 
[4]. This indicates a high probability of bird strikes for these 
newly developed air taxis. Moreover, air taxis are expected 
to be smaller and fly at a lower cruising speed in the range 
of 77.16–102.88 m/s [5]. As a result, bird speeds considered 
to be insignificant in the case of conventional aircraft can 
substantially impart higher kinetic energy, and thus higher 
impact force to air taxis. Since air taxis are subjected to less 
stringent certification requirements as compared to commer-
cial airliners [6], a high likelihood of damaging strikes is to 
be expected. This suggests a considerably increased overall 
risk of bird strike representing a safety hazard to both aircraft 
and birds. Hence, it is vital to quantify the consequences of 
potential bird strikes to analyze the impact on the safe inte-
gration of UAM traffic in the existing urban airspace. This 
problem was partly addressed in Ref. [7], which proposed a 
theoretical impact force model that evaluates the effects of 
collision in terms of kinetic energy and impact force. Fur-
thermore, the influence of various bird- and aircraft-related 
parameters on bird strike severity was determined. Based on 
the obtained results, current certification requirements [8] 
were considered and suggestions were made for potential 
adjustments to these requirements for the UAM case. With 
the results forming the foundation for the presented study, 
their major outcomes are described in the next section.  

1.1 � Current certification requirements 
and recommendations

The ”Proposed Means of Compliance with the Special Con-
dition VTOL” [8] by the EASA (European Union Aviation 
Safety Agency) outlines the certification requirement for 

single bird strikes, which entails withstanding a collision 
with a 1 kg bird at critical cruise speed. In the case of bird 
flocks, the requirement is to endure a 0.45 kg bird strike at 
critical cruise speed. n addition, the windshield positioned in 
front of occupants and the corresponding supporting struc-
tures must be able to withstand bird impacts without any 
penetration when the aircraft reaches maximum speeds of 
25 m/s [8]. This aligns with the standards set by the FAA 
(Federal Aviation Administration), which similarly requires 
that windshields in commercial aircraft withstand bird 
strikes at specified speeds, as outlined in the 14 CFR Part 
23.775 (Bird Strike Damage) [2] for normal category aircraft 
as well as in EASA CS 23 for normal, utility, aerobatic and 
commuter category aircraft [9].

The study [7] considered different influencing parameters, 
namely bird mass, aircraft speed, bird length, bird speed, 
angle of impact, aircraft material density, and penetration 
depth. The major effect on the impact force was observed 
from aircraft speed, bird speed, and bird mass, in the given 
order. Therefore, a more precise estimation of impact force 
could be achieved by incorporating factors such as bird 
velocity and aircraft skin density. This, in turn, could facili-
tate the establishment of more precise certification require-
ments for air taxis. In addition, the results indicated that 
reducing the impact angle can significantly reduce the force 
of impact. Thus, it might be advantageous to design the 
aircraft’s fuselage with more curved surfaces, and imple-
ment systems such as adjustable nose or wing angles that 
can quickly change the aircraft’s trajectory or attitude in 
the event of a bird strike. This would allow the aircraft to 
reduce the impact angle upon collision, minimizing the force 
exerted.

After presenting the recommendations to the certification 
specifications based on the analytical impact force model, 
certain constraints and shortcomings of the model along 
with the necessity of experimental validation are illustrated 
below. 

1.	 Ensuring accuracy: The theoretical impact force model 
is based on assumptions and simplifications that may not 
hold true in real-world scenarios. Validating the model 
through practical experiments helps to verify its accu-
racy and improve its predictive capability.

2.	 Identifying limitations: Practical experiments can reveal 
limitations or weaknesses in the theoretical model that 
may have been overlooked or not considered. These 
limitations can then be addressed and improved upon, 
leading to a more robust and accurate model.

3.	 Enhancing understanding: Validating theoretical models 
with practical experiments can help gain a deeper under-
standing of the bird strike scenario. The experiments 
can provide insights that may not have been anticipated 
or predicted by the model, leading to new discoveries 



887Experimental evaluation of bird strikes in urban air mobility﻿	

and ideas. While impact forces due to a bird strike is a 
well-established field, application of these established 
theories to UAM is not thoroughly explored.

4.	 Enhancing credibility: Validating a theoretical model 
with practical experiments will enhance its credibility 
and acceptance.

For these reasons, the goal of this paper is to validate the 
theoretical impact force model experimentally by develop-
ing an experimental setup representing collisions between 
air taxis and birds. Taking the underlying factors influenc-
ing the collision between air taxis and birds into account, 
four aspects of the experimental setup which will represent 
the influencing parameters have been identified: launching 
mechanism, bird projectile, test specimen, and sensors.

The structure of this paper is as follows: Sect. 2 describes 
the modeling of the theoretical impact force and the step by 
step approach for developing the experimental setup of bird 
strikes before presenting the various aspects of the valida-
tion setup. Eventually, the different test cases and the test 
matrix for performing experimental tests are defined. Sec-
tion 3 explains the key results obtained by executing the 
experimental tests and presents a comparison of these results 
with reference values obtained from the theoretical model. 
A critical discussion of the results and their implications 
is provided in Sect. 4. In Sect. 5, the primary findings are 
outlined and key conclusions are summarized, along with 
suggestions for future research.

2 � Methodology

The goal of this research was to validate the theoretical 
impact force model presented in Ref. [7] of bird strikes 
through experimental tests. The model quantifies the impact 
force and kinetic energy exerted due to a strike by consider-
ing different bird and aircraft-related parameters. The mod-
eling is presented in the next section.  

2.1 � Modeling of the theoretical impact force

This section provides the key equation of the theoretical 
impact force model as introduced in Ref. [7]. It was assumed 
that the bird is approaching the air taxi at an impact angle 
� . If the collision is head-on, then � is equal to 90◦ . Impact 
force F is generally defined as [10]

Here, d represents the depth of penetration. The basic kinetic 
energy equation for a projectile according to the laws of 
motion is as follows:

(1)F =
ΔEkinetic

d
⋅ sin�

For the impact scenario, total speed can be expressed as

Hence, substituting Eq. 3 in Eq. 2,

To reduce complexity, the bird was modeled as a right cir-
cular cylinder. The height of the cylinder was assumed to be 
equal to the length of each bird, while the radius was calcu-
lated for each bird based on its volume, which in turn was 
obtained from its known density and mass. Penetration depth 
was modeled as a function of bird length l, bird density �bird , 
material density �aircraft , bird speed vbird , and aircraft speed 
vaircraft . Based on conservation of linear momentum, penetra-
tion depth for impacting birds is represented in Eq. 5. Please 
refer to Ref. [7] for detailed modeling.

Substituting values of Eq. 5 and Eq. 4 in Eq. 1, the impact 
force F can be modeled as follows.

After modeling the impact force presented in Eq. 6, the next 
section outlines a methodology for developing an experi-
mental setup to validate the theoretical impact force model

2.2 � Experimental setup

To accomplish the mentioned goal of this research, an exper-
imental setup representing a collision between air taxis and 
birds was developed to validate the theoretical model with 
experimental results. However, experimental validation 
poses its own challenge in terms of physical representation 
of the system and level of measurement error, this section 
provides a step-by-step approach for building the experimen-
tal setup representing a bird strike. The proposed experimen-
tal model quantifies the impact force exerted due to a bird 
strike and compares the achieved results with the theoretical 
baseline which was obtained from Eq. 6. The bird species 
and their key characteristics relevant for this experimental 
study were obtained from Refs. [11] and [12]. Their sum-
mary is found in Ref. [7]. This bird data served as a basis for 
developing the experimental model of a bird strike. Sample 
birds were chosen to cover a wide range of sizes and masses, 

(2)ΔEkinetic =
1

2
⋅ m ⋅ v2

(3)v = vbird ⋅ sin� + vaircraft

(4)ΔEkinetic =
1

2
⋅ m ⋅ (vbird ⋅ sin� + vaircraft)

2

(5)dcylinder = l ⋅
�bird

�aircraft
⋅

vbird ⋅ sin� + vaircraft

vaircraft

(6)

F =

1

2
⋅ m ⋅ �aircraft ⋅ vaircraft ⋅ (vbird ⋅ sin� + vaircraft)

l ⋅ �bird
⋅ sin�
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allowing for general conclusions to be drawn. Subsequently, 
it was crucial to identify the underlying variables influencing 
the bird strike to quantify their influence on the resulting 
impact force. The theoretical model defined in Eq. 6 repre-
sents the underlying factors of a bird strike. The experimen-
tal model had to represent these factors while simulating a 
bird strike. Hence, based on these factors, four aspects of 
the experimental model were identified representing these 
factors. The summary is provided in Table 1.

After identifying the four aspects of the model presented 
in Table 1, the different alternatives of the launching mecha-
nism, the bird projectile, the test specimen, and the sensors 
were considered in this research. They were judged against 
technical and operational requirements. In the following 
sections, the details regarding selected alternative and its 
function in the experimental model are presented for the 
four aspects.

2.2.1 � Launching mechanism

The function of the launching mechanism is to bring the bird 
projectile into motion and launch it against the test speci-
men. For the launching mechanism, different alternatives 
were considered in this research and were judged against 
the technical requirements such as ability of launching birds 
with varying masses and velocities, handling bird projectiles 
with different densities and operational requirements such as 
having low complexity and cost. The evaluation suggested 
that a drop-weight method was the most suitable solution as 
it was the only mechanism to satisfy all the requirements. 
A drop-weight method is a technique in which a projectile 
of known mechanical properties falls onto a test specimen 
from a specified drop height under the influence of grav-
ity. In this experiment, the bird projectile is hoisted to a 
specified height, where it is held in place by a platform or 
a holder until the mechanism is triggered. The projectile 
falls and strikes the test specimen, with the impact velocity 

determined by the height from which it was dropped. The 
impact velocity of the projectile is varied by setting the 
appropriate drop height. A simple schematic of the test setup 
showing the drop height, bird element, and aircraft element 
is shown in Fig. 1. Neglecting the air resistance, the impact 
velocity for a freely falling projectile is expressed in Eq. 7 
[13].

If air resistance is not neglected, then the motion of the 
projectile will be influenced by acceleration due to gravity 
and the aerodynamic drag. The governing equation for the 
impact velocity as a function of time is presented in Eq. 8 
[14], assuming that there were no external forces acting on 
the projectile apart from air resistance and gravity and there 
is only vertical component of velocity present in the free 
fall motion.

In addition to this, the impact velocity in the experimen-
tal model was a combination of two underlying variables, 
namely the aircraft speed and the bird speed. Hence, the 
impact velocity can also be expressed as presented in Eq. 9.

Moreover, the expected cruising speed of air taxis is between 
77.16 m/s (150 knots) and 102.88 m/s (200 knots) [5]. There-
fore, the mid value of the cruise speed was selected for cal-
culations in this paper which results in 90 m/s (175 knots). 
The values of bird speeds can be found from the bird data 

(7)v =
√

2 ⋅ g ⋅ h

(8)v =

√

2 ⋅ m ⋅ g

� ⋅ Cd ⋅ A
⋅ tanh

(

√

g ⋅ � ⋅ Cd ⋅ A

2m
⋅ t

)

(9)v = vbird + vaircraft

Table 1   Underlying factors influencing the bird strike (based on [7])

Variable Symbol Representative aspect in the model

Speed of the bird v
bird

Launching mechanism
Speed of the aircraft v

aircraft

Mass of the bird m Bird projectile
Density of the bird �

bird

Length of the bird l
Radius of the bird r
Shape of the bird –
Density of the aircraft �

aircraft
Test specimen

Angle of impact �

Kinetic energy E
kinetic

Sensors
Impact force F

Fig. 1   Schematic diagram of the test setup showing the drop height
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available in the literature [11, 12] (see Ref. [7] for sum-
mary). The next section addresses the calculations of the 
required drop height for performing the experimental tests.

2.2.2 � Calculation of the required drop height

Drop height for this experiment was the height from which 
the projectile bird was released to impact against the test 
specimen. After analyzing Eqs. 7 and 9, it was inferred that 
the required drop height depends on the magnitude of air-
craft speed and bird speed. For simplicity, the aerodynamic 
drag was neglected, as in Eq. 7. Combining Eqs. 7 and 9, the 
expression for drop height was obtained as follows.

Using Eq. 11, the drop height was calculated for all the bird 
species studied in Ref. [7] and it is presented in Table 2.

As observed in Table 2, drop heights ranging between 
467 m and 795 m would be required to achieve the actual 
bird and aircraft speeds. These values were not achievable 
in the available test facility infrastructure because of height 
constraints. To mitigate this problem, the impact velocity 
was scaled down by 1:15 to reduce the drop height into the 
feasible range of the current test facility. The scaled down 
impact velocity and the corresponding drop height are also 
presented in Table 2.

It is important to note that because of scaling down the 
impact velocity, the drop-weight method was not able to 
reproduce realistic bird and aircraft speeds. However, the 
requirement of this research was to have the ability to vary 
different underlying parameters and analyze the impact 

(10)h =
v2

2 ⋅ g

(11)h =
(vbird + vaircraft)

2

2 ⋅ g

force measurements. It was not necessary to recreate the 
actual aircraft and bird speeds as the goal of this study was 
to validate the theoretical impact force model. The conse-
quences of scaling down are further discussed in Sect. 5. 
The next section explains the details of the bird projectile.

2.2.3 � Bird projectile

The function of the bird projectile was to reproduce the 
motion and geometry of a real bird and impact the test 
specimen. To emulate the real bird, cylindrical projec-
tiles were developed. The selection of the bird projectile 
material was made on the basis of a study conducted by 
Wilbeck and Rand [15]. They concluded that avian crea-
tures can be accurately modeled using a material whose 
density is slightly greater than the density of water which 
is equal to 1000 kg∕m3 [15]. Consequently, different alter-
natives of materials satisfying the density criteria were 
investigated. These were gelatin, rubber, polymer clay, 
ABS (acrylonitrile butadiene styrene), and HIPS (high-
impact polystyrene sheet). These options were evaluated 
against requirements such as having material density simi-
lar to bird flesh and sustaining the impact by not break-
ing up. The evaluation indicated that both ABS and HIPS 
were able to comply with all the criteria. In addition, these 
materials were available as 3D printing filaments. The 
main advantage of the 3D printing filaments is that the 
projectile can be modeled in any CAD (computer-aided 
design) software in the required shape, size, mass, and 
density, enabling the tailoring according to the require-
ments of the experiment. ABS was selected to model the 
projectile bird because of its availability. The next section 
describes the manufacturing cycle of the projectile which 
are used in the experiment.

Table 2   Original and 
scaled impact velocity and 
corresponding drop height of 
the projectile bird

Species Original impact 
velocity (m/s)

Original drop height 
(meters)

Scaled impact 
velocity (m/s)

Scaled 
drop height 
(meters)

Common grackle 103.41 535 6.89 2.4
Starling 112.35 631 7.49 2.8
House sparrow 102.77 528 6.85 2.3
Mallard 119.06 709 7.94 3.1
Turkey vulture 116.82 708 7.79 3.0
Laughing gull 96.70 467 6.44 2.0
Bald eagle 110.12 606 7.34 2.7
Canada goose 107.88 582 7.19 2.6
Rock dove 126.11 795 8.40 3.5
Ring-billed gull 107.88 582 7.19 2.6
Herring gull 107.88 582 7.19 2.6



890	 A. Devta et al.

2.2.4 � Manufacturing of the bird projectile

The bird projectiles were manufactured using the 3D print-
ing process. FreeCAD [16] was chosen to design the CAD 
models of the projectiles. To be consistent with the theo-
retical model to be validated, the projectiles were mod-
eled as right circular cylinders and ellipsoid shapes. After 
defining the shape of the projectile, the next step was to 
specify its geometric dimensions. The dimensions were 
calculated as follows.

(12)V = �r2l =
m

�bird

(13)r =

√

m

�bird ⋅ � ⋅ l

Thereby, the length of the cylindrical projectile equals the 
bird length as obtained from Ref. [11, 12]. The resulting 
dimensions can be found in Table 3.

The experiment was performed exemplarily for the bird 
species of Starling. The projectile’s effect was dependent on 
the five parameters mass, density, length, radius and shape 
(cf. Table 1). Therefore, five projectiles were modeled and 
then manufactured by varying each of the underlying vari-
ables once. The geometric dimensions of the projectiles are 
shown in Table 4. The variation in density was achieved by 
different amounts of material infill. The values of 15% and 
40% were selected since they were the minimum and maxi-
mum available presets for material infill in the 3D printer.

Using these geometrical specifications, the 3D models 
and prints of the bird projectiles are shown in Fig. 2.

The next section presents the test specimen used in the 
bird strike experiment.

2.2.5 � Test specimen

In the bird strike experiments, the test specimen was a piece 
of material representing the aircraft skin or the aircraft struc-
ture. The test specimen will be subjected to the impact force 
generated due to the bird strike. The material of the test 
specimen should represent common aerospace structural 
materials of air taxis. According to eVTOL manufacturers, 
Aluminium-2024-T3 and CFRP (Carbon Fibers Reinforced 
Plastic) are widely used structural materials for air taxis 
[17]. Hence, Aluminium-2024-T3 and CFRP were judged 
against the defined requirements for the test specimen. Since 
both materials were suitable, they both were used for the 
test specimen. This had the added benefit of being able to 
vary the density of the aircraft by changing the material of 
the specimen. To represent average fuselage skin thickness 
of air taxis [18], the thickness of the specimen was equal to 
0.002 m. To fit into the experimental setup, the length of the 

Table 3   Resulting geometrical specifications of the projectile bird

Species Cylinder radius (meters) Cylinder 
height 
(meters)

Common grackle 0.01 0.31
Starling 0.01 0.22
House sparrow 0.007 0.16
Mallard 0.03 0.57
Turkey vulture 0.03 0.72
Laughing gull 0.02 0.43
Bald eagle 0.06 0.90
Canada goose 0.05 0.92
Rock dove 0.02 0.33
Ring-billed gull 0.02 0.48

Table 4   List of projectiles and their respective dimensions

Cylindrical projectiles

Projectile SN 
(serial number)

Cylinder radius (meters) Cylinder height 
(meters)

Material infill amount (%) Varying factor

1 0.01 0.22 15 Base model
2 0.01 0.22 40 Bird density and bird mass (infill)
3 0.005 0.22 15 Bird radius (and bird mass)
4 0.01 0.15 15 Bird length (and bird mass)
Ellipsoidal projectile
Projectile serial 

number (SN)
Principal length a (meters) Lateral dimensions 

b and c (meters)
Material infill amount (%) Varying factor

5 0.01 0.22 15 Bird shape (and bird mass)
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specimen was 0.2 m and the width was 0.15 m. The procured 
test specimens are depicted in Fig. 3.

The next section introduces the sensors used in the exper-
iment, their functions, and the data acquisition system.

2.2.6 � Sensors

In the context of this experiment, the function of the sen-
sor was to measure the impact force exerted by the bird 
projectile on the test specimen. Different force sensor 
alternatives of FSR (force sensing resistor), piezoelec-
tric force sensor, and load cell were evaluated. Since the 
load cell fulfilled the set requirements best, this option 
was selected. A load cell with full bridge sensor range of 
50 kg, comprehensive error of 0.01%, and output sensitiv-
ity of 1.0 mv/V ± 15% was selected [19] which is designed 
to measure forces such as tension, compression, pressure, 
or torque and convert them into voltage signals that can 
be measured and standardized. Before using the load cell 
in the experiment, it was calibrated to ensure accurate 
measurements. The calibration process involved applying 
known reference weights to the load cell and recording 
the corresponding output signals. These measurements 

were then compared to the known force values, and the 
calibration curve was generated to correlate the output sig-
nal with the applied force. The calibration was conducted 
using a standard procedure, ensuring that the load cell pro-
vided accurate and reliable readings for the impact force 

Fig. 2   CAD models and 3D prints of the bird projectiles

Fig. 3   Test specimen for the bird strike experiment. Left: Aluminium-2024-T3; right: CFRP

Fig. 4   Procured load cell force sensor
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measurements. The procured load cell for this experiment 
is illustrated in Fig. 4.

After selecting the appropriate sensor for measuring the 
impact force, the next step involved installing the sensor in 
the experimental model and developing a data acquisition 
system. These steps are presented in the next section.

2.2.7 � Data acquisition and data processing

Data acquisition was required to sample and digitize the raw 
electrical signals generated by the load cell force sensor. 
Data processing was required to process the digital signal, so 
that it can be deciphered by a computer and a human. Since 
the change was infinitesimal, an amplifier was required. 
The data acquisition and processing system used in the bird 
strike experiment consisted of a HX711 module, Arduino 
microcontroller board, and LCD (liquid crystal display). It 
is depicted in Fig. 5.

The HX711 module is a breakout board that works both 
as an amplifier as well as an ADC (analog to digital con-
verter) [20]. The main function of the HX711 module was 
to amplify the low-voltage sensor signals generated by the 
load cell and then convert the amplified signals into digital 
numeric values. In this research, a precision 24 bit HX711 
amplifier was used to accomplish the mentioned task. How-
ever, it is important to note that the HX711 has a maximum 
output rate of 80 Hz [20], which may be too low to capture 
the full dynamics of the high-speed impact events, particu-
larly the sharp peaks associated with bird strikes. Given the 
relatively low sampling rate, there is a potential risk that 
the system may miss some of the rapid changes in force 
during the peak impact. This limitation was considered dur-
ing the design phase of the experiment. The sampling rate 
was selected based on the expected magnitude and duration 
of the bird strike forces, and the 80 Hz rate was deemed 
adequate for capturing the overall trend of the impact forces. 
However, it is acknowledged that higher sampling rates 
would improve the resolution of dynamic events, particularly 

in capturing the peak forces more accurately. Future research 
may benefit from exploring data acquisition systems with 
higher sampling rates to better capture these fast transient 
events. The output of the HX711 was fed to an Arduino 
microcontroller board.

Arduino board1 is a microcontroller [21] for open source 
prototyping projects. In this research, the Arduino collects 
the sensor data sent by the HX711 module, and calibrates, 
processes, and forwards it to a LCD unit and a MATLAB-
based software for data acquisition and visualization. On 
the LCD, the impact force was displayed. The LCD unit is 
depicted in Fig. 6.

The several functions of the MATLAB interface devel-
oped for this research were to receive the serial data sent by 
the Arduino, process the data, generate live serial data plots 

Fig. 5   Data acquisition and 
processing system in the bird 
strike experiment

Fig. 6   16x2 liquid crystal display unit

1  Following common practice, the Arduino microcontroller board 
will be referred as just Arduino.
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of the impact force values, log the impact force values, and 
visualize them using a GUI (Graphical User Interface). The 
snapshot of the MATLAB GUI is shown in Fig. 7.

At this point, the specific details of all four aspects of 
the bird strike experimental model, namely the launching 
mechanism, the bird projectile, the test specimen, and the 
sensors were summarized. Using this information, the bird 
strike experimental model was assembled. The final assem-
bly is illustrated in Fig. 8. The main data flow between the 
elements is shown in Fig. 5.

After assembling the bird strike model, it was essential to 
quantify the actual impact velocity obtained in the particu-
lar test iteration, as it may differ from the theoretical value 
obtained from bird data because of factors such as aerody-
namic drag and wind resistance. Moreover, according to the 
impact force model presented in Eq. 6, the impact velocity 
was required as an input parameter for the theoretical esti-
mation of impact force. The methodology employed in this 
research for impact velocity measurement was as follows. 
A high-speed tracking camera was used to record the video 
of the bird projectile impacting the test specimen from the 
specified drop height. Subsequently, the recorded video was 
reconstructed using a video analysis and motion tracking 
tool called Tracker. Tracker is an open source software for 

performing manual and automated object tracking with posi-
tion, velocity, and acceleration overlays and data [22]. After 
providing the drop height and the characteristic properties of 
the projectile such as mass and density as input parameters, 
Tracker uses Eq. 8 and quantifies the impact velocity of the 
projectile for the particular test iteration using the recorded 
time difference between drop time and impact time. This 
time difference was calculated by mapping the time stamp of 
the video, frames per second and the provided drop height. 
The snapshot of the video analysis performed in Tracker 
for this experiment along with the Tracker user interface is 
depicted in Fig. 9. The left part of the image was the main 
video view of Tracker and the test setup is shown. The top 
right part shows the motion tracking plot of the projectile 
by displaying the drop height and time difference for each 
video frame. In the bottom right, the plot data is visualized 
in tabular format.

The resulting impact velocity was then used as an input 
parameter in Eq. 6 to estimate the theoretical impact force. 
Moving further, the next section formulates the different test 
cases of the experiment and finally presents a test matrix.

Fig. 7   MATLAB interface for data acquisition and visualization
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Fig. 8   Bird strike experimental test setup

Fig. 9   Video analysis performed in motion tracking tool Tracker for impact velocity measurement
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3 � Validation

To validate the model in different scenarios, seven test cases 
were formulated to test the effect of adjusting different 
impact parameters. In each of the test cases, the bird projec-
tile was dropped from a specified drop height and impacted 
against the test specimen. To gather enough data points, 15 
iterations were performed in each of the test cases. These 
seven test cases are explained in the next sections. If not 
specified otherwise, the drop height was 2.8 m, correspond-
ing to the scaled impact velocity of Starlings equal to 7.5 m/s 
and the angle of impact was perpendicular to the test speci-
men of aluminum, corresponding to 90%. These conditions 
were referred to as standard experimental conditions with 
the scenarios with projectile SN1 serving as baseline.

3.1 � Test case 1: validating the influence of bird mass

To analyze the influence of bird mass, the two bird projec-
tiles SN1 and SN3 (cf. Table 4) only differing in their mass 
were used.

3.2 � Test case 2: validating the influence of impact 
velocity

This test case was divided into two parts.

3.2.1 � Test case 2.1: validating the influence of bird 
and aircraft speed

In addition to the standard drop height of 2.8 m, the projec-
tile was also dropped from 2 m to vary the impact velocity, 
and the impact force was measured for each set of drops.

3.2.2 � Test case 2.2: validating the influence of bird speed 
for zero aircraft speed

The impact force model for stationary aircraft can be 
obtained by substituting the value of vaircraft equal to 0 in 
Eq. 8.

The projectile was dropped from 1.5 m which corresponds 
to the impact velocity at zero aircraft speed for Starlings.
(see Table 2).

(14)F =

1

2
⋅ m ⋅ v2

bird
⋅ �aircraft ⋅ sin

3�

l ⋅ �bird

3.3 � Test case 3: validating the influence of bird 
density

To validate the influence of bird density, two bird projectiles 
SN1 and SN2 (cf. Table 4) varying in material density were 
utilized.

3.4 � Test case 4: Validating the influence of bird 
length

To evaluate the influence of bird length, projectile SN4 hav-
ing distinct bird length was dropped additionally to projec-
tile SN1.

3.5 � Test case 5: validating the influence of angle 
of impact

To quantify the effect of the impact angle, the standard setup 
was varied by tilting the test specimen by 50◦ and compared 
to the baseline scenario with 90◦.

3.6 � Test case 6: validating the influence of material 
density

In this test case, the experiment was performed under stand-
ard conditions for both test specimens, aluminum and CFRP, 
to assess the impact of material density.

3.7 � Test case 7: validating the influence of bird 
shape

To validate the effect of bird shape, two projectiles SN1 and 
SN5 (cf. Table 4) having different shapes were used.

3.8 � Formulation of test matrix

After defining all the test scenarios, a test matrix was for-
mulated and it is presented in Table 5. For some of the test 
cases, multiple scenarios were performed to compare the 
test condition to the baseline scenario. Each scenario was 
repeated 15 times to ensure repeatability and a sufficient 
number of data points. In total, 135 iterations were per-
formed. The next section presents the key results obtained 
from the experiments according to the test cases and test 
matrix described in Sect. 3.

4 � Results

According to the test matrix illustrated in Table 5, results 
were obtained for seven test cases and nine test scenarios 
which covered variations in all the influencing parameters: 
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bird mass, bird velocity, aircraft velocity, bird density, bird 
length, angle of impact, material density, and bird shape. 
Figures 10–16 illustrate the results of the baseline scenario 
along with the results of the individual test scenarios and 
compare the resulting impact force obtained through theo-
retical estimation with experimental tests. This allowed for 
the validation of the theoretical model for variations in the 
parameters across the individual test cases and the evalua-
tion of the effect of the influencing variables.

Figure 10 shows the impact of bird mass. The lighter bird 
creates a lower impact as would be expected, reducing the 
impact force by 65 % in theory. The average reduction in the 
practical experiment amounted to 71 %.

Figure 11 displays the effect of impact velocity, which 
consists of the velocities of both the bird and the aircraft. 
The results depict that by increasing the impact velocity 
of the projectile by 17 %, the projectile exerts 50 % and 

Table 5   Test matrix of the bird strike experiment

Test case Description Influencing 
variable

Experimental specifications Constant 
variables

1 Validating the 
influence of 
bird mass

Bird mass Scenario Projectile SN Drop height 
(m)

Impact 
velocity 
(m/s)

Angle of 
impact ( ◦)

Test 
specimen

�
bird

 , v
bird

 , 
l, �

aircraft
 , 

v
aircraft

 , �
Baseline 1 2.8 7.49 90◦ Aluminum
1 3 2.8 7.49 90◦ Aluminum

2 Validating the 
influence 
of impact 
velocity

Bird speed 
and aircraft 
speed

Scenario Projectile SN Drop height 
(m)

Impact 
velocity 
(m/s)

Angle of 
impact ( ◦)

Test 
specimen

m, r, l, �
bird

 , 
�
aircraft

 , �

2.1 1 2.0 6.44 90◦ Aluminum
2.2 1 1.5 5.47 90◦ Aluminum

3 Validating the 
influence of 
bird density 
and bird 
mass

Bird density 
and bird 
mass

Scenario Projectile SN Drop height 
(m)

Impact 
velocity 
(m/s)

Angle of 
impact ( ◦)

Test 
specimen

r, l, v
bird

 , 
v
aircraft

 , 
�
aircraft

 , �

Baseline 1 2.8 7.49 90◦ Aluminum
3 2 2.8 7.49 90◦ Aluminum

4 Validating the 
influence of 
bird length 
and bird 
mass

Bird length 
and bird 
mass

Scenario Projectile SN Drop height 
(m)

Impact 
velocity 
(m/s)

Angle of 
impact ( ◦)

Test 
specimen

r, v
bird

 , �
bird

 , 
v
aircraft

 , 
�
aircraft

 , �

Baseline 1 2.8 7.49 90◦ Aluminum
4 4 2.8 7.49 90◦ Aluminum

5 Validating the 
influence 
of angle of 
impact

Angle of 
impact

Scenario Projectile SN Drop height 
(m)

Impact 
velocity 
(m/s)

Angle of 
impact ( ◦)

Test 
specimen

m, r, l, 
v
bird

 , �
bird

 , 
v
aircraft

 , 
�
aircraft

Baseline 1 2.8 7.49 90◦ Aluminum
5 1 2.8 7.49 50◦ Aluminum

6 Validating the 
influence 
of aircraft 
density

Aircraft 
density

Scenario Projectile SN Drop height 
(m)

Impact 
velocity 
(m/s)

Angle of 
impact ( ◦)

Test 
specimen

m, r, l, 
v
bird

 , �
bird

 , 
v
aircraft

 , �

Baseline 1 2.8 7.49 90◦ Aluminum
6 1 2.8 7.49 90◦ CFRP

7 Validating the 
influence of 
bird shape

Bird shape Scenario Projectile SN Drop height 
(m)

Impact 
velocity 
(m/s)

Angle of 
impact ( ◦)

Test 
specimen

m, r, l, 
v
bird

 , �
bird

 , 
v
aircraft

 , 
�
aircraft

 , �
Baseline 1 2.8 7.49 90◦ Aluminum
7 5 2.8 7.49 90◦ Aluminum
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55 % more impact force theoretically and experimentally, 
respectively.

Figure 12 illustrates the influence of bird density. The 
results demonstrate that the bird projectile, with a 34 % 
higher density, imparts a 40 % higher impact force in theory. 

Experimentally, the mean increase in impact force was 
measured to be 36 %.

The impact of bird length is shown in Fig.  13. 
The results depict that 31  % reduction in bird length 

Fig. 10   Influence of bird mass (test case 1)

Fig. 11   Influence of impact velocity (test case 2)
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contributed to 2 % reduction in impact force, both experi-
mentally and theoretically.

In Fig. 14, the effect of impact angle is depicted. By 
tilting the test specimen to 50◦ (as compared to 90◦ in the 
standard setup), both theoretical and experimental results 

show a reduction in impact force of 40  % and 42  %, 
respectively.

Figure 15 illustrates the influence of material density. 
Using CFRP as a test specimen, which has 58 % less den-
sity compared to aluminum, the impact force theoretically 

Fig. 12   Influence of bird density (test case 3)

Fig. 13   Influence of bird length (test case 4)
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decreases by 62 %. In the bird strike experiments, the aver-
age reduction in impact force was measured to be 65 %.

The effect of bird shape is shown in Fig. 16. The results 
demonstrate that the ellipsoidal projectile exerts 27 % less 
impact force than the cylindrical projectile in theory pri-
marily because of its lower mass and rounded shape. In 
the practical experiments, the mean reduction in impact 
force was 35 %.

Eventually, Fig. 17 illustrates mean percentage conform-
ance and standard deviation of the experimental results 
obtained in individual test scenarios with the theoretical 
impact force model expressed in Eq. 6. The mean percentage 
conformance is explained in Eq. 16.

It can be observed that the scenario 4 shows the maxi-
mum conformance of 96 %, while scenario 6 showed the 
minimum conformance of 85 %. The mean percentage con-
formance of all the test cases was 92 %. The next section 
discusses the interpretation, analysis, and explanation of the 
obtained experimental results.

(15)%Error =

[

(theoretical results - experimental results) ⋅ 100

theoretical results

]

(16)Mean%conformance = 100 −mean%error

5 � Discussion

To have an enhanced insight of the bird strike problem in 
the context of UAM, a theoretical impact force model con-
sidering the underlying factors of bird strike was developed 
[7] which quantified the exerted impact force and kinetic 
energy due to the collision. The goal of this research was to 
validate this theoretical impact force model by performing 
impact force experiments and to compare the results to the 
outcomes of the theoretical model. Identical to the theoreti-
cal impact force model, the experimental model developed 
in this research also quantifies the generated impact force 
due to the bird strike for different test cases. In this paper, 
seven test cases are formulated for conducting the bird strike 
experiment.

In all the test cases, the conformance exceeded 85 %. 
Notably, the lowest conformance equal to 86 % was observed 
in test case 6. Assessing this in terms of impact force meas-
urements, this attributed to an average difference of 0.7 N 
between the theoretical predictions and experimental meas-
urements. Similarly, corresponding to the highest conform-
ance of 96 % for test case 4, the average difference between 
theory and experiments amounted to 0.3 N. According to 
the certification requirements, an air taxi should withstand 
a maximum impact force of 2255 N for a single bird strike 
4819 N for flocks [7, 8]. Therefore, considering the substan-
tial magnitudes of impact force involved in bird strikes, the 
error in impact force measurements below 1 N demonstrates 

Fig. 14   Influence of impact angle (test case 5)



900	 A. Devta et al.

a high level of accuracy. Moreover, it was observed in all 
the test cases that magnitude of experimental impact force 
was on an average 7 % less than the theoretically predicted 
values. This difference can be attributed to inaccuracies 
in force sensor measurements, error in impact velocity 

measurements, and the angle of impact not being equal to 
90◦ for every iteration. From the impact force Eq. 6, it can be 
seen that if the collision was not head-on or � was not equal 
to 90◦ , the impact force reduces. As it was difficult to practi-
cally reproduce exact head-on collisions, the experimental 

Fig. 15   Influence of material density (test case 6)

Fig. 16   Influence of bird shape (test case 7)
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impact force values are always less than the theoretical base-
line. The fluctuations between the individual iterations per 
test case are due to precision of measuring instruments used 
in the experiment, inconsistencies, and lack of repeatabil-
ity due to human involvement as the bird projectiles were 
dropped manually by hand and challenges in achieving high 
surface quality and resolution in 3D printed projectiles lead-
ing to variation in characteristic properties such as mass and 
density. Moreover, load cells may exhibit non-linear behav-
ior, meaning that the relationship between the applied load 
and the electrical output signal may not be perfectly linear. 
Load cells are also sensitive to electrical noise, temperature, 
humidity, and mounting angle [20].

The experimental setup has the potential for improve-
ment by eliminating human involvement and implementing a 
mechanism for dropping the projectile to perform it consist-
ently for all experimental iterations. This modification would 
enhance the experiment’s repeatability as well as ensure an 
accurate impact angle. In addition, utilizing a guided launch-
ing system for the bird projectile can ensure consistent 
impact spots throughout all iterations. This approach would 
increase the accuracy of force measurements. Another alter-
native to achieve precise force measurement is the utilization 
of multiple strain gauges instead of relying on a single load 
cell. However, the current setup did not incorporate strain 
gauges due to their complexities in mounting and assembly.

In addition, it was found during the design of the experi-
ment that the drop-weight mechanism was not able to pro-
duce full-scale impact velocities due to the involved physics 
and spatial constraints of the test facility in achieving the 

required drop height. Therefore, the impact velocities were 
scaled down by the factor of 1:15 to attain a feasible range of 
drop height. The consequences of scaling down the impact 
velocity are discussed below.

The impact force in the current experimental analysis 
with scaled-down impact velocity was marked down to be 
0.4 % of the full scale impact force. Therefore, the range 
of scaled-down values affected the choice of impact force 
sensor and its required measurement range for the experi-
ment. In addition, by scaling down the impact velocity, the 
parasitic drag on the projectile decreased as it is directly 
proportional to the square of impact velocity and the skin 
friction drag also reduced because of decrease in Reynolds 
Number and geometric dimensions of the projectile [13]. 
Therefore, the difference between the actual impact velocity 
that was measured during the experiment and the approxi-
mated impact velocity v =

√

2 ⋅ g ⋅ h which was used for cal-
culating the drop heights was minimal. In addition to that, 
after scaling down the impact velocity, the influence of wind 
was also minimal as the experiment can be carried out in 
close quarters of the laboratory. Eventually, the choice of 
drop-weight mechanism and scaling down the impact veloc-
ity can be justified with the fact that it was not necessary to 
reproduce the actual aircraft speeds and bird speeds as the 
test specimen in this research was not subjected to certifi-
cation but the goal was to validate the impact force model 
which in turn can be used to propose recommendations on 
the current certification requirements. Overall, the theoreti-
cal impact force calculations for every test case are compli-
ant with the acquired experimental impact force data, and 

Fig. 17   Percentage conformance of the experimental results with the theoretical estimation
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the theoretical impact force model determined in the paper 
[7] is valid for quantification of impact force for bird strikes 
in the UAM architecture.

6 � Conclusion

In this paper, an experimental model representing a bird 
strike in the UAM architecture was developed to validate a 
theoretical impact force model. For the design and devel-
opment of the experimental model, it was divided into 
several aspects, namely the launching mechanism, the bird 
projectile, the test specimen, the sensors, and data acqui-
sition system. Different alternatives were investigated for 
each aspect and these alternatives were evaluated against 
the high level technical and operational requirements of 
the experiment. The best suitable alternatives satisfying 
all the requirements were selected for the final develop-
ment of the model. Subsequently, a test matrix containing 
7 test cases, 9 test scenarios, and 135 iterations was formu-
lated to conduct the bird strike experiment and to validate 
the theoretical framework for variation in the underly-
ing parameters of collision. The influencing parameters, 
namely bird mass, bird speed, aircraft speed, bird density, 
bird length, material density, angle of impact, and bird 
shape were considered for theoretical model verification. 
The experimental results showed an average conformance 
of 92 % and the average difference between theoretical pre-
dictions and experimental values was 0.5 N. Based on the 
obtained results for all the test cases, it can be concluded 
that the theoretical computations are valid for changes in 
the influencing parameters of a bird strike. Thus, the theo-
retical impact force model is validated for all the test cases 
and test scenarios. The validation of the model further 
implies that the theoretical framework emerges as the pos-
sible solution to evaluate and quantify the consequences of 
collision between air taxis and birds in terms of generated 
kinetic energy and impact force.

However, there are certain limitations of the experi-
mental setup such as human involvement for dropping the 
projectile, absence of guided impact, electrical and envi-
ronmental interference in load cells and low surface qual-
ity and resolution of 3D printed projectiles. In addition, 
three influencing parameters which are not considered in 
the experimental model are depth of penetration surface 
curvature and elasticity/rigidity. A less rigid projectile, 
for instance, would likely deform upon impact, potentially 
leading to a lower peak force. This behavior is similar 
to how crumple zones in vehicles absorb energy during 
a collision, spreading the impact over a longer time and 
reducing the force experienced at any given moment. Such 
deformation would likely reduce the immediate force 
measured by the test specimen, though this effect might 

be less significant at high speeds where the impact energy 
is so high that the material’s elasticity has less time to 
dissipate energy which will be validated by further experi-
ments. For future work, it is recommended to eliminate 
the human involvement as well as include a guided impact 
of the projectile to increase accuracy in force measure-
ments and repeatability. In addition to this, it is proposed 
to devise a method for quantifying depth of penetration 
in the bird strike experiment and accounting for surface 
curvature in the theoretical estimation of impact force. 
Thereafter, it is suggested to validate the effect of surface 
curvature experimentally. This may allow for a more accu-
rate estimation of impact force and potential enhancement 
of the theoretical framework.  
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