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ABSTRACT 

 Mid-air collisions of manned rotorcrafts with Unmanned Arial Systems (UASs) or drones, 

are a major risk to helicopters as they may result in significant loss of human life, injuries, and 

property damages. The current Federal Aviation Regulation (FAR) for rotorcrafts are based on the 

utilization of a 1.0 kg (2.2-lb) bird only. The aim of this research is to develop a methodology 

which can be utilized to certify a helicopter for small UAS collision using computer-based 

modelling and impact analysis of the most common drone, 1.2 kg (2.7-lb) quadcopter, on the 

windshield of a typical helicopter.  

 In this study, meshing of detailed CATIA geometry of a 1.2 kg DJI Phantom III UAS is 

done in the LS-PrePost, and then verified by simulating the free fall impact on a rigid plate and 

comparing the result to the vertical drop test experiment at the WSU-NIAR. The 1.0 kg (2.2-lb) 

and 1.8 kg (4.0-lb) drone models are also developed in the LS-PrePost using a mass scaling 

formulation. The Smooth Particle Hydrodynamics (SPH) technique is used to model the 1.8 kg 

bird and verified by simulating its impact on different aluminum plates and comparing the results 

with the experimental values. Similarly, the 1.0 kg and 1.2 kg bird models are created using the 

verified geometrical relationship. Lastly, a FE model of a single-layer acrylic windshield and 

helicopter is generated from the CAD geometry, on which the 1.0 kg SPH bird is numerically 

impacted to examine the windshield impact response. The three drone models are impacted 

separately on the windshield using LS-DYNA to obtain the safe thickness and the simulation 

results and failure damages are compared with the results from the equivalent bird strikes. The 

comparative study demonstrates that the damage caused by the drones are different and severer 

than that of the bird models. Therefore, this research proposes that hazard severity of UAS should 

be considered in the FAA regulations for rotorcraft components airworthiness certifications.  
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CHAPTER 1 

INTRODUCTION 

1.1  Background 

 Unmanned aircraft system (UAS), commonly known as drone, operations are rapidly 

increasing in National Aerospace System (NAS) which with its technical complexity, and 

sophistication has increased the risk of mid-air collision, not only with fix-winged aircrafts but 

also with rotorcrafts.  

 As the fastest growing sector of aviation, numerous civilian and commercial uses of drones 

are drastically shifting civil protection, asset delivery, commercial and entertaining activities. UAS 

is already transforming commercial industries, media, and entertainment. Drones are not restricted 

only to the military, and police operations anymore, but civilian use of drones are also expanding 

all over the world, as technology improves, and costs fall. 

 

Figure 1.1 A schematic of NAS classifications [1]  
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 According to FAA, the commercial drone fleet; the drones operated in connection with a 

business will reach 828,000, and that the recreational fleet will number around 1.48 million by 

2024 [35]. At the same time, with its game-changing technology, drones pose major challenges in 

terms of safety, security, and privacy within society. UAS has presented the U.S. Department of 

Transportation and the FAA many regulatory and technical challenges for safe and efficient 

integration of UAS into the NAS. 

 Figure 1.1 represents a schematic of the NAS classifications from the FAA [1], and Figure 

1.2 describes a proposed general airspace management (GAM) for the UASs [39]. 

 

Figure 1.2 A proposed general airspace management for UASs [39] 

 There is increase in reports of airborne collision with drones and drone-related incidents 

near busy airports and urban areas in the USA and around the world.  

 In February 2018, in South Carolina, a Robinson R22 helicopter crash was triggered by a 

civilian drone. That was the first drone-linked aircraft crash. According to a Charleston Police 

Department report, the helicopter’s tail struck a tree while trying to evade a small drone, triggering 

a crash landing but the student and instructor pilots were not injured [30]. 
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 In January 2019, in New Jersey, Newark Airport was closed due to a drone spotted in the 

vicinity for one and half an hour. The incident caused about 90M USD of economic loss for the 

airport closure because the airplanes had to be diverted to other airports using extra fuel 

consumption [29]. 

 In October 2017, in Canada, a Beech King Air A100 of Skyjet Aviation collided with a 

drone while approaching Jean Lesage Airport near Quebec City. The aircraft landed safely despite 

being hit on the wing. The drone was flying at 1500 ft, which is five times the maximum altitude 

than the permitted altitude (300 ft) in Canada [28]. 

 In December 2018, in London, UK, Gatwick Airport was forced to siege its operations for 

three days due to a drone attack, and a series of drone sighting nearby [30]. It affected more than 

140,000 passengers, with about 1000 flights disrupted during a peak travel period ahead of 

Christmas [17]. The incidents costed the airport approximately 1.9M USD, while airlines like 

EasyJet lost 20M USD [16]. 

 

Figure 1.3 US Army Black Hawk helicopter [30] 
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 In September 2017, in New York, a civilian drone collided above 500 ft with an Army 

Black Hawk helicopter (Figure 1.3) over the eastern shore of Staten Island [30]. The helicopter 

was able to continue flying and landed at Linden Airport. Nobody was hurt, but parts of the drone 

had hit the main rotor system (Figure 1.4) and became lodged in the helicopter (Figure 1.5) [30]. 

 

Figure 1.4 A main rotor blade of the helicopter damaged by the drone [30]  

 

Figure 1.5 The damaged drone parts that became lodged in the helicopter [30] 

 In September 2020, in California, a civilian DJI drone crashed to a LAPD helicopter which 

was responding to a burglary call in Hollywood, prompting an emergency landing, [35].   The 

police helicopter like the one shown in Figure 1.6 [51] with two officers had tried to avoid it, but 

it hit the bottom of the helicopter [41]. A Hollywood man was prosecuted who pleaded guilty 

flying that drone after midnight. 
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Figure 1.6 LAPD police helicopter [51] 

 In January 2021, in Chile, a navy helicopter collided in mid-flight with a DJI Mavic (0.57 

kg) drone (Figure 1.7) in Santo Domingo, Valparaíso region, causing an emergency landing [36]. 

It caused the acrylic plexiglass windshield of Bell UH-57B (Bell 206B) Jet Ranger III (Figure 1.8) 

to break and a passenger who was an aircraft mechanic was injured and hospitalized [37]. 

 

Figure 1.7 DJI Mavic (0.57 kg) drone that collided with Chilian Navy helicopter [36]  
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Figure 1.8 Damaged acrylic windshield of Bell UH-57B (Bell 206B) JetRanger III [36] 

 In addition to some major incidents mentioned above, the encounters and near misses 

between drones and rotorcrafts are becoming more common events, despite the existing 

restrictions and regulations. 

 

Figure 1.9 FAA’s UAS sighting report database [16] 

  From 2016 to 2019, the FAA has collected 8344 reports of UAS sightings of potentially 

unsafe use which are graphically analyzed and presented in Figure 1.9 [16]. 
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1.2  Definition 

 The term “drone” is commonly used for an Unmanned Aircraft System (UAS), Unmanned 

Aerial Vehicle (UAV), and Remotely Piloted Aircraft System (RPAS).  

 The military has used several different designations to describe powered vehicles capable 

of flight that do not carry a human operator, but the US Department of Defense (DoD) 

implemented the phrases Unmanned Aircraft Systems (UAS) in 2005 report.  

 UAS or drone refers to all the components involved not only the flying vehicle itself, 

payload, camera, & control systems on the vehicle, but also the system controlled by a remote pilot 

or autonomous piloting system.  

 Unmanned flight has become increasingly available in recent years, for non-military 

purposes beyond the hobbyist flying their remote-controlled model planes. For all purposes in this 

study, the main interests are the airborne collision response of the flying vehicle and subsequent 

damage kinematics. In this research, the terms “UAS”, or “drone” and “drone strike” or “UAS 

impact” will be used primarily while addressing its collision with a manned rotorcraft. 

 Hence, any of the above-mentioned terms could be applied in discussion throughout this 

report, because different reports and studies use different terminology to refer to drone or UAS. 

 UASs are multi-rotor or fixed-wing aircrafts, autonomously piloted or operated by a remote 

controller and an UAV is a component of an UAS. They come in many shapes and sizes, ranging 

from insect-like types to large ones that weigh several tons.  

 Based on weight, operating altitude or speed, different organizations (NATO, DoD, NASA 

and regulatory authorities) have defined main UAS categories. Although there is no consistent 

classification system, UAS classification based on weight, altitude, range, endurance, and payload 

capabilities, are shown in the Table 1.1 [16]. In this study, we are concentrating on small UAS - 
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Class I. DJI quadcopter Phantom III standard is an example of small Unmanned Aircraft Systems 

(sUAS) with a Maximum Gross Take-off Weight (MGTOW), less than 25 kg (55-lbs). 

Table 1.1 UAS classification based on weight, altitude, and payload capabilities [16] 

 

 As published in the GAO report, Figure 1.10 graphically represents potential civilian and 

commercial activities and interactions of UASs [32]. In the drawing, drones are performing 

package delivery, aerial videography, and other recreational activities in urban areas.  

 While flying in lower airspace up to 400 ft from ground level, drones are also used in 

agricultural applications and critical infrastructure inspection in rural areas and support search and 

rescue activities [32]. 

 

Figure 1.10 Graphic model of potential civilian/commercial activities and UAS interactions [32] 
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 The GAO report also announced that FAA is working with industry and public stakeholders 

to develop a UAS Traffic Management system (UTM) for drones.  

 As shown in Figure 1.11, UAS operators using UTM were alerted to a rescue helicopter, 

allowing the operators to avoid the area [33].  

 That example scenario was tested in Virginia by FAA through its UTM pilot program, in 

November 2020 [33]. 

 

Figure 1.11 An example of UAS operators using UAS Traffic Management (UTM) system and 

 incoming rescue helicopter [33] 

1.3  UAS Regulations 

 The availability and speed of the increase in usage of drones for military, civil & 

commercial purposes have led to a need for regulatory policy. While significant progress has been 

made by the FAA, TSA, and DOT in UAS integration there is still more work to do.  

 The FAA rules for small UAS or drone operations are outlined via 14 Code of Federal 

Regulation (CFR) Part 107. It covers a broad spectrum of commercial and government uses for 

drones weighing less than 55 pounds, which are highlighted next [38]: 
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o Always avoid manned aircraft. 

o Never operate in a careless or reckless manner. 

o Keep your drone within unaided, visual line of sight.  

o You cannot be a pilot or visual observer for more than one drone operation at a time. 

o Do not fly a drone over people unless they are directly participating in the operation. 

o Do not operate your drone from a moving vehicle or aircraft unless you are flying your 

drone over a sparsely populated area.  

o Do not fly near airports and other sensitive locations. 

 FAA issued a set of rules that aim to ensure all drones are flown safely. 

 Anyone flying under CFR Part 107 must register each drone they intend to operate at the 

FAA website [25]. Minimum weather visibility is three miles from the operator’s control station.  

 The maximum allowable altitude is 400 feet above the ground; Class G airspace of NAS, 

Figures 1.1 and 1.12, or higher if a drone remains within 400 feet of a structure [23, 53].  

 
Figure 1.12 FAA’s national airspace guidance for small UAS operators [53] 

 Small UAS cannot be flown faster than a ground speed of 87 knots (100 mph).  

A remote pilot certificate with a small UAS rating or direct supervision of a person who holds such 

a certificate is required to operate the controls of a drone under Part 107 [23]. 
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 A person needs to be at least 16 years old to qualify for a remote pilot certificate which can 

be obtained in one of two ways [38]: 

o By passing an initial aeronautical knowledge test at an FAA-approved testing center, 

o Or, by completing a flight review in the previous 24 months and taking a small UAS online 

training course provided by the FAA, if you already have a Part 61 pilot certificate. 

1.4  Helicopter Design Certification 

 Like every other part of fixed-winged manned aircrafts, rotorcrafts must meet the Federal 

Aviation Administration (FAA) certification. However, unlike for the bird strike, the DOT and the 

FAA have not issued any FAR regulations yet for rotorcrafts certifications regarding the airborne 

collision with UAS. For bird strike, FAR Sec. 29.631 states that [27]: 

 “The rotorcraft must be designed to ensure capability of continued safe flight and landing 

(for Category A) or safe landing (for Category B) after impact with a 2.2-lb (1.0 kg) bird when the 

velocity of the rotorcraft (relative to the bird along the flight path of the rotorcraft) is equal to VNE 

or VH (whichever is the lesser) at altitudes up to 8,000 feet. Compliance must be shown by tests or 

by analysis based on tests carried out on sufficiently representative structures of similar design.”  

 [Doc. No. 28008, 61 FR 21907, May 10, 1996; 61 FR 33963, July 1, 1996] 

 It only deals with certifications requiring each part of helicopter to withstand the 1.0 kg 

(2.2-lb) bird strike without suffering catastrophic damage, through valid computer simulations or 

some physical experiments. 

1.5  Motivation 

 The effect of an airborne collision between an UAS and a rotorcraft is a big concern due to 

its emerging threats. Drone incidents are expected to increase in frequency, complexity, and 

severity, as they become larger and more powerful if they are not safely regulated and integrated. 
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 Since there is not FAA regulations of rotorcraft certifications for drone strikes, UAS 

operations need to be regulated into the NAS to ensure an appropriate level of safety. There are 

challenges in integrating drones into the NAS while maintaining existing operational capacity and 

safety and without risking manned aircrafts, rotorcrafts, and the people and property on the ground. 

 Not only critical infrastructures like airports need to be protected from drone attacks, 

through effective counteracting technologies and risk management, but also, the hazard severity 

of the midair collision with manned rotorcraft need to be studied to design the safer and stronger 

rotorcrafts. As drones are mostly made up of metals, they might cause some severe damage to the 

windshield, main rotor blade, and other helicopter components on impact. Research and testing 

are needed to define airborne hazard severity level for collision between unmanned UAS and 

manned rotorcraft. 

 However, experimental testing of rotorcraft is associated with high costs and long 

development times. Finite Element Analysis is required to simulate the UAS airborne collision 

and to determine the airworthiness of the helicopter’s components because it is inefficient and 

expensive to physically impact a UAS on a helicopter.  

 In addition, the usage of new advanced metallic and composite structures in helicopter 

requires extensive testing and validation. Therefore, new computational approach for assessing the 

drone strike crashworthiness is preferred to reduce the reliance on physical testing. 

1.6  Literature Review 

 This literature review summarizes some of the computational and experimental research 

that has been done on small UAS impact analysis to the manned aircrafts, especially to the 

helicopter windshield with drones of different models, velocities, and sizes. Drone strike analysis 

has been conducted on various aircraft structures such as wing leading edges, empennages, jet 
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engines and fuselage, however, this section mainly focuses on methods developed specifically on 

modeling of small UAS midair collision to the windshield of a helicopter and some associated 

research works. 

 Two studies which were relevant to this research are a bird strike analysis to helicopter 

with different windshield layoffs done by Hedayati [2], and a research project done by Hadley [21] 

at Wichita State University using the FEM box model of quadcopter UAS to simulate the injury 

risks for drone impacts with humans. 

1.6.1  FAA-ASSURE-NIAR 

 The Alliance for System Safety of UAS through Research Excellence (ASSURE) is a 

collaboration comprising of multiple universities, industries and governments and is part of the 

FAA’s Center of Excellence (COE). It is a comprehensive program with a goal of providing the 

FAA with the research for safe, quick, and efficient integration of UAS into the current NAS with 

minimal changes. 

 Task A3 was to Evaluate UAS Airborne Collision Severity Evaluation and was worked on 

as a collaboration between the National Institute for Aviation Research (NIAR) at Wichita State 

University (WSU), Montana State University (MSU), Mississippi State University (MSU), and 

Ohio State University (OSU) [1].  

 

Figure 1.13 ASSURE’s UAS FE modeling process [1] 
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 The final report put out by the Task A3 team covered a wide variety of issues relating to 

UAS airborne collision whereas this review focuses a summary of information from the findings 

on the “Volume II: UAS Airborne Collision Severity Evaluation: Quadcopter’ conducted by WSU-

NIAR [1].  

 

Figure 1.14 NIAR’s Drop tower test FE model kinematics for comparison at t=15ms [1] 

 In Volume II, Olivares, et. al. [1] offer a detailed analysis of the quadcopter UAS and its 

unique characteristics when impacted with commercial transport and business jets. NIAR 

developed a FE model of 1.2 kg DJI Phantom drone in LS PrePost after 3D scanning, CAD 

modeling, and validated the final FE model with physical experiment, Figures 1.13 and 1.14 [1].  

 WSU-NIAR also modeled a 1.8 kg fixed-wing drone (Precision Hawk Lancaster Hawkeye 

III), and they already had the detailed airframe FE models of the two different aircrafts as impact 

targets [1]. They used the physics-based dynamic-explicit FE modelling techniques based on the 

Building Block Approach [1].  

 Using LS-DYNA, eight different targets on the horizontal stabilizer, the vertical stabilizer, 

the main wing Leading edge and Cockpit Windshield of two manned aircraft were selected for 

impact studies. The projectile of a 1.2 kg quadcopter or a 1.8 kg fixed-wing drone are impacted 

for each case with the velocity of 250 knots (128 m/s) in the baseline study.  

 To describe the hazard severity of impact, 'Damage level categories’, from 1 to 4, were 

assigned to each collision result.  
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 Their results showed that drone caused more severe structural damage than expected, 

particularly on the horizontal and vertical stabilizers (Figure 1.15), whereas its lithium battery 

posed less risk of a post-impact fire than expected. 

 

Figure 1.15 ASSURE’s summary of collision severity levels on commercial/business jet [1] 

 Furthermore, by scaling up the mass of the DJI drone to 1.8 kg and changing the impact 

velocities to 110 knots and 365 knots, they investigated the effect of mass and velocity in a kinetic 

energy study. The simulated drone strikes revealed that damage level categories increasing (or 

remaining the same) against the baseline for heavier and/or faster collisions, and vice versa [8]. 

 

Figure 1.16 Kinematics of impact between the commercial jet windshield and a 1.2 kg drone [1] 
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 Figure 1.16 shows the kinematics of the head on impact between the commercial transport 

jet windshield at the most critical damage site (center) and a 1.2 kg (2.7-lb) DJI drone at 128.6 m/s 

(250 knots) [1]. 

 

Figure 1.17 Internal and external damage sustained by the business jet windshield impacted with 

a 1.2 kg (2.7-lb) DJI drone impact at 128.6 m/s (250 knots) [1] 

 Figure 1.17 shows the internal and external damage sustained by the business jet 

windshield impacted at the most critical damage site (center) with a 1.2 kg (2.7-lb) DJI drone 

impact at 128.6 m/s (250 knots) [1]. 

 

Figure 1.18 Impact severity levels for the bird model to the respective baseline simulation [1] 
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 The ASSURE researchers at NIAR also conducted 1.2 kg (2.7-lb) SPH bird strikes for 

comparison, and they observed that 1.2 kg UAS caused more severe damage when impacting an 

aircraft than the bird of the same mass and velocity. It was because a drone is built with metal 

components, whereas a bird is mostly composed of flesh which behaves more like a fluid in a high-

velocity impact, dispersing the energy over a wider area with less likelihood of penetrating into 

the aircraft structure [8].  

 Figure 1.18 shows the impact severity levels for the scaled bird model to the respective 

baseline simulation [1], in which Level 1 represents undamaged or least deformation whereas 

Level 5 indicates the highest or maximum deformation caused. 

 Figure 1.19 describes the kinematics of the simulated midair collisions involving the 

horizontal stabilizer of a commercial transport jet, a 2.7-lb (1.2 kg) drone on top section and a 2.7-

lb (1.2 kg) bird on lower section. It represents a comparison of the Damage Level 4 (high 

deformation) from drone impact and Damage Level 2 (low deformation) from the bird strike [1]. 

 

Figure 1.19 Kinematics of the commercial transport jet horizontal stabilizer of impacted by a 2.7-

lb UAS (top) and a 2.7-lb bird (bottom) [1]  
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1.6.2  QinetiQ Studies (UK) 

 Sponsored by the UK Department for Transport, the Military Aviation Authority, and the 

British Airline Pilots’ Association (BALPA), Farnborough-based technology firm QinetiQ and 

collision specialist ‘Natural Impacts’ carried out the research to assess the potential damage a drone 

could inflict on aircraft [44].  

 The aircraft structures chosen were helicopter windshields and tail rotors, and large airliner 

windshields, whereas 0.4 kg, 1.2 kg, 4.0 kg DJI quadcopters, and 3.5 kg fixed-wing drone were 

projectiles for the research. Large airliner windscreens were constructed of three glass layers for 

live testing, and rotorcraft windshield were laminated transparencies of various materials and 

thicknesses. A series of live impact test was carried out and the results were filmed with high-

speed cameras, and they were compared with the FEM modelled results and the material properties 

were adjusted to better reflect the reality of the live tests [44]. 

 In ABAQUS FE code, hundreds of collision simulations were conducted, for various cases, 

simulating different drones and targets to understand damage levels that occur during collisions. 

The lowest speeds at which critical damage could occur was determined for different windshield 

and different size drones [15]. 

 

Figure 1.20 QinetiQ’s high-speed test of a 3.5 kg fixed-wing drone impact penetrating a simple 

 windshield with two glass layers [15] 
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 Their experiment and analysis showed that 1.2 kg drones did not cause severe windshield 

damage at higher altitudes (10,000 ft) and speeds, but cockpit was penetrated with a 4.0 kg 

Quadcopter, at high speeds (250 knots) [15]. 

 As shown in Figure 1.20, one live high-speed test demonstrated that a 3.5 kg fixed-wing 

drone penetrating a simpler windshield comprising only two glass layers because the drone 

assembly included the exposure of metal parts [15]. 

 

Figure 1.21 FEM model of 4.0 kg drone components model [15] 

 QinetiQ's analysis concluded that the probability of aircraft encountering a heavy drone at 

high speeds is less than the risk of a midair collision between helicopter and a hobbyist drone.  

 Figure 1.21 shows their FEM model of 4.0 kg drone components model [44]. 

1.6.3  Delft University of Technology (Netherlands) 

 Laurens Jonkheijm at the Delft University of Technology (TU Delft), Netherlands, 

conducted an FEA research to predict helicopter damage caused by a collision with a drone, for 

his MSc. Thesis in 2020. Jonkheijm modeled collisions between a 1.21 kg DJI Phantom III drone 

and the windshield of a bird-strike certified (CS-29) AW-109 helicopter [43]. 

 The CAD model of the DJI drone and helicopter were obtained from an online CAD library 

and the material models of the major component of drone were validated against the results of the 

ASSURE component physical tests.  
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 Only the windshield with acrylic material of the helicopter was modelled in FEM, with 

boundary conditions applied to the edges of the windshield. The minimum thickness at which the 

windshield would comply with the FAR Part 29 certification requirements for bird strike analysis 

was determined to be at least 9.3 mm, via a series of simulations in LS-DYNA, Figure 1.22 [43]. 

 

Figure 1.22 TU Delft: Damage propagation of a 9.3 mm thick windshield with clamped edges 

 impacted by the UAS (t = 0ms, 2.5ms, 5.0ms) [43] 

 Assuming fully clamped boundary conditions, thickness was increased until thickness of 

16 mm was found to be required to maintain structural integrity of the windshield. Further 

simulations with different type of UAS and impact locations were also conducted to determine the 

highest risk to the operator of the helicopter at a closing velocity of 155 knots.  

 To determine whether the existing certification requirements is sufficient to guarantee 

safety of the crew, an equivalent bird strike event was also simulated, and the results were 

compared with the damage of drone strike. This thesis demonstrated that an A-109 helicopter 

windshield compliant with the Part 29 bird strike certification requirement would sustain severe 

damage after a collision with the drone [43]. 
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 FEM simulation was done to investigate the effect of the boundary conditions of the 

windshield, and it was found that impact performance got improved when the boundary conditions 

were little flexible. The effect of various impact orientation and various mass on damage severity 

of collision were also investigated by downscaling the mass of the drone to a half and a quarter of 

its original size [43]. 

1.6.4  CAAC Collaboration (China) 

 A collaboration between China’s Northwestern Polytechnical University, Nanjing 

University of Aeronautics & Astronautics, Shanghai Aircraft Airworthiness Certification Center, 

and the Civil Aviation Administration of China (CAAC) investigated drone impact against aircraft 

windshield using physical testing and the FE modelling in PAM-CRASH software [40]. 

 In that study, airborne collision between the transport aircraft’s windshield with 22.5 mm 

thick 5-layers sandwich construction and the five DJI drones under various possible flight 

conditions was carried out. The drones were modeled as homogeneous entities and their camera 

and motors are simplified as single 6061-T6 aluminum alloy material (Johnson–Cook material 

model) while the lithium-polymer (Li-Po) batteries were modeled as crushable foams. 

 

Figure 1.23 CAAC’s Positions of different pieces of test equipment [40]  

 Those FEM collision test results between drones and a full-scale aircraft with windshield 

were compared against the physical tests carried out by accelerating the cockpit along a rocket-

sled test track and impacting the stationary drones with the windshield, Figures 1.23 and 1.24 [40]. 
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 Figure 1.24 CAAC’s Rockets led with aircraft nose [40] 

 Results of four physical tests and some FEM simulations were compared and validated as 

shown in Table 1.2 [40].  

Table 1.2 Comparisons of four physical tests and some FEM simulations for validation [40] 

 

 For each physical test condition, there was two impacts achieved with a drone against both 

the port and starboard windshields with strain gauge attached.  

 
Figure 1.25 CAAC’s Comparison of responses for a 1.8 kg bird and a 1.36 kg drone impact [40] 
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 In PAM-CRASH code, 1.8 kg (4.0-lb) SPH bird mass was also impacted at 154.2 m/s to 

the windshield to verify the appropriateness of the airworthiness rules against similar size drone. 

The two results were compared as in Figure 1.25, which showed that the windshield damage from 

1.81 kg drone at 153.4 m/s (298 knots) is much higher than that from the bird impact [40]. 

 

Figure 1.26 CAAC’s different pitch angles [40] 

 Furthermore, parametric study was conducted impacting the validated 1.36 kg DJI 

Phantom 4 Pro to the windshield at 154.8 m/s (300 knots) at various yaw/pitch angles, and at 9 

different impact positions on the windshield at 152.7 m/s (297 knots), Figure 1.26 [40]. 

 The research shows that the configuration, material, weight, speed, and attitude of drones 

all significantly affects the damage level to the aircraft windshield. It was also found that a 1.36 

kg drone impacted to the windshield at 154.8 m/s (300 knots) resulted such a severe damage to the 

windshield that it became an unairworthy.  

 The CAAC collaboration also concluded that FEM model can be used to simulate all kinds 

of airborne collision, in various working conditions, saving both time and money.  
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1.6.5  Other Relevant Works   

 Hedayati, et. al. [2]: 

 Qatar University and Iran’s Islamic Azad University and Isfahan University of Technology 

collaborated to investigate bird strike to a typical helicopter windshield with five different lay-ups 

using Finite Element Method [2]. 

 Single-layer stretch acrylic, single layer glass, two-wall cast acrylic, acrylic with Polyvinyl 

butyral (PVB) interlayer and glass with PVB interlayer windshields were considered, and the 

thickness that prevents the bird from penetrating the windshield were calculated for each type.  

 1.0 kg SPH bird with hemispherical-ended cylinder shaped model was created and 

validated with an experimental test and then impacted to each windshield at the velocity of 67 m/s 

in LS-DYNA. The safe thickness and mass for each case of windshield are obtained, as shown in 

Table 1.3 [2]. 

Table 1.3 Safe thickness and mass for each case of windshield [2] 

  

 In the report, Reza Hedayati and his associates concluded that PVB interlayer significantly 

increased the strength of the windshield since both acrylic and glass windshields with PVB 

interlayers didn’t fail for thickness of 1.5 mm, which also could comply with CS 29 requirements. 

 They found that a single layer windshield is better than the two-wall windshield for the 

same overall thickness, Figure 1.27 [2], and acrylic single layer windshield is safer than the glass 

one due to its anti-fragmenting property of acrylic. 
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Figure 1.27 Y-displacement of the uppermost part of Single layer acrylic and two-walled stretch 

 acrylic windshields for same thicknesses [2] 

 

Figure 1.28 Helicopter windshield from top view [2] 

 

Figure 1.29 Final shape of windshield after bird impact with angles of zero, -15 and +15 [2] 

 The effect of incident angle on the integrity of windshield was also investigated since 

helicopters have both lateral movement and longitudinal movement. The other conclusion was that 

the angled impact can cause more damage in the windshield than the direct impact for the same 

initial velocity, Figures 1.28 and 1.29 [2]. 
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 Hadley. J. [21]: 

 For graduate project, Jennifer Hadley at Wichita State University, Kansas, modeled a DJI 

drone to determine Unmanned Aerial Vehicle (UAV) impact with human being. LS-DYNA with 

the Mathematical Dynamic Models (MADYMO) program was used to create impact scenarios 

between a simple box drone model, and both a Hybrid III Multibody numerical model and a 

Human FE model [21].  

 To save computational time, a 1.2 kg box model of DJI Phantom III with various material 

properties was used instead of actual geometrical model of the drone, to create the dynamic 

response of crash simulations. The results of crash scenarios with varying impact velocities and 

impact orientation were compared with live crash tests and FEM simulations done by Mississippi 

State University (MSU) as a part of ASSURE collaboration, Figure 1.30 [21]. 

 

Figure 1.30 FEM simulations of foam UAS box- deflection of box [21] 

 The box UAS model of plastic material density and stiffness resembled to foam or rubber 

matched the results of complete DJI model from the MSU computer modeling, Figure 1.31 [21].  

 For that validation crash impact, the maximum resultant head accelerations reported by 

MADYMO was 283 G’s and a HIC15 value of 915 with time step of 1.0 milliseconds [21]. The 

report says Neck Injury Criteria (Nij) was 1.1, and the maximum Neck Compression was 6032 N, 

which were still too high in compared to the values obtained from the live drone drop tests done 

by ASSURE-WSU-NIAR. The project concluded that the dynamic responses of a UAS can be 

reproduced by applying material properties to a simple FE box, for further testing. 
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Figure 1.31 Comparison of resultant linear head accelerations for top impact at 16 m/s [21] 

  Hasrizam [42]: 

 Hasrizam and Low published a report at AIAA Aviation 2021 FORUM in August 2021, 

predicting damage severity of helicopter windshields caused by a collision with a small UAV but 

the full report was not available [42]. They also used FEM simulation to assess damage severity 

caused by the small UAV collision on helicopter windshield and compared the results to the 

equivalent bird strike. 

 A series of collision simulation was carried out to determine the influence of windshield 

thickness, windshield material type, and helicopter speed to the damage level of the helicopter 

windshield [42]. They found the damage level in UAS collision was heavier than bird strike for 

the same weight category, i.e., 1.8 kg and 3.0 kg. The research was intended to provide information 

for aviation authorities to formulate regulations for operations of small drones, helicopter, or an 

electric vertical take-off and landing (eVTOL) [42].  

 As observed from the literature review, there is a limitation of current airworthiness for 

helicopters, especially against the growing threats of airborne collision with UASs. Thus, more 

research and efficient methodology are required to assess the hazard severity of UASs to the 

manned rotorcrafts while integrating the drones into the National Airspace System.  
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CHAPTER 2 

OBJECTIVE AND METHODOLOGY 

2.1  Objectives 

 The objective of the research is to develop a methodology to certify a rotorcraft for Drone 

strike by analysis technique using LS-DYNA, a non-linear finite element code.  

 The work is focused on scenarios where a typical quadcopter drone directly impacts the 

single-layered windshield of a helicopter since this presents the most destructive impact scenario.  

 Another goal of this work is to develop a numerical methodology to investigate and 

compare the damage characteristics and safe thickness of the windshield subjected to drone strike 

against the equivalent bird strike.  

 To accomplish these goals, the following objectives are identified: 

o To model a most common quadcopter UAS in CATIA, to develop its FE model (1.2 kg, 

1.0 kg, and 1.8 kg) and to verify it for further analysis,  

o To develop a Smooth Particle Hydrodynamic (SPH) bird model (1.8 kg, 1.0 kg and 1.2 kg) 

and to verify it for further analysis, 

o To model the windshield of a typical helicopter in CATIA, to develop its FE model and to 

verify it and carry out the drone strike analysis on it using LS-DYNA, 

o To determine the safe thickness of the windshield for the drone strikes via simulations, 

o Compare the results of drone Strike with bird Strike, 

o To develop a methodology to certify a rotorcraft for drone strike on various structures by 

analysis technique. 
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2.2  Overall Methodology 

 A comprehensive methodology has been developed in this study using finite element 

modelling of drone, windshield, and bird to study the damage of midair collision.  

 1.2 kg (2.7-lb) quadcopter UAS was modeled in CATIA, and meshing was done using 

Lagrangian formulation in LS-PrePost which was later verified with NIAR vertical drop test 

results. Similarly, 1.0 kg (2.2-lb) and 1.8 kg (4.0-lb) drone models were developed using the mass 

scale formula for the further analysis.  

 A 1.8 kg bird was developed using SPH technique and it was verified with Cessna 

experimental test results. In addition, 1.0 kg and 1.2 kg bird models were developed in LS-PrePost 

for comparison study.  

 The single-layered windshield along with a helicopter full body airframe was developed in 

CATIA V5 and meshing was done in the LS-PrePost. To verify the FE windshield model, 1.0 kg 

(2.2-lb) SPH bird was impacted on it using the non-linear explicit code, LS-DYNA. The impact 

response of the windshield was investigated and the safe thickness that prevented the windshield from 

being damaged with the bird strike was also obtained. All that FEM simulation results were compared 

to the literature [2]. The overall methodology of this study is illustrated in Figure 2.1. 

 Both drone strike and bird strike evaluations were carried out on the windshield along with 

a helicopter using 1.0 kg (2.2-lb), 1.2 kg (2.7-lb) and 1.8 kg (4.0-lb) FE models, and all respective 

results were recorded, analyzed, and compared for each case.  

 The 1.0 kg (2.2-lb) projectile was selected for comparative study because the current FAR 

regulation for airworthiness of rotorcrafts is based on the 1.0 kg bird strike, while 1.2 kg (2.7-lb) 

is the actual mass of the DJI Phantom III drone used in this research. In addition, 1.8 kg (4.0-lb) 

projectile is developed and used for further study as the current FAR regulations for airworthiness 

of aircrafts are based on 4.0-lb bird strike.  
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Figure 2.1 Overall methodology of this study 
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2.3  Methods of Computation 

 The Finite Element Modelling (FEM) in LS Dyna can be done in four different types which 

are Lagrangian, Eulerian, Arbitrary Eulerian (ALE), and Smooth Particle Hydrodynamics (SPH). 

They are briefly explained in this Chapter.  

 In this research, the Lagrangian method is applied to model and simulate the drone impacts 

whereas SPH formulation has been utilized to model bird strikes. 

2.3.1  Lagrangian Formulation: 

 The mesh nodes are connected to the material by points known as integration points, in the 

Lagrangian formulation [14]. In this type of formulation, the body and mesh deform together, and 

the position of nodes and material points changes after the deformation, but the position of material 

points relative to nodes remains unchanged.  

 The position of boundary nodes remains fixed; therefore, boundary conditions can be easily 

applied.  The mesh deforms with the material that may cause severe mesh distortions and result in 

error termination of analysis. That’s the major disadvantage of this Lagrangian formulation which 

is shown in Figure 2.2 at different instants of time [14]. 

 

Figure 2.2 Lagrangian deformation for soft body impact simulation [14] 
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2.3.2  Eulerian Formulation: 

 In the Eulerian formulation, the reference mesh is in the background and the body flows 

through the mesh while deforming [14].  The material and the mesh are updated as in Lagrangian 

formulation, but the reference mesh is moved back to its original position as shown in Figure 2.3 

[14]. 

 

Figure 2.3 Simulation in Eulerian formulation [14] 

 The nodes are fixed as the material points move through the mesh, in Eulerian formulation.  

The position of material points relative to nodes changes with the deformation, and this is mostly 

useful for fluids.  

 The mesh deformation is not possible because the mesh ids are fixed in this formulation, 

however, computation time is high when compares to other formulation methods [14]. 

2.3.3  Arbitrary Lagrangian Eulerian (ALE) Formulation: 

 The ALE formulation consists of reference mesh and material mesh which overcomes most 

of the disadvantages of the Lagrangian and Eulerian formulations [14]. The purpose of ALE 

formulation is to make the most of the advantages of Lagrangian and Eulerian formulations while 

eliminating their disadvantages.   
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 In this technique, the computational mesh can move in order to change the shape of 

elements, while the mesh on the boundaries can move along the materials to track the boundaries. 

 

Figure 2.4 Soft body impact in ALE formulation [14] 

 The ALE deformation is shown at different instants of time in Figure 2.4 [14]. 

This formulation can reduce to either to Lagrangian formulation by equating motion of the mesh 

with the material motion, or to Eulerian formulation by fixing the mesh in one position [14].  

 In this fashion, depending on the application, the drawbacks of Lagrangian formulation or 

Eulerian formulations can be limited. 

2.3.4  Smooth Particle Hydrodynamics (SPH) Formulation: 

 SPH is a mesh free method and there is no physical contact between the particles [14].  

It is mostly applied to fluids because it can handle higher deformations compared to ALE 

formulation. 

 In SPH formulation the martial is divided into a set of discrete elements known as particles 

[46]. The distance between the particles is known as smoothing length which reduces during 

compression and increases during tension.  
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Figure 2.5 Soft body impact in SPH formulation [14] 

 In SPH technique, each particle is assigned with a mass and Figure 2.5 [14] shows the soft 

body deformation using the SPH. 

2.4  Computer Aided Engineering (CAE) Tools 

 There are several Computer Aided Engineering (CAE) tools that reduce the cost of 

conducting real-time tests, and the time taken in development of a product. Nowadays most of the 

design verifications are done using computer analysis rather than physical testing because they are 

efficient and reliable.  

 In this study, the following CAE tools are used. 

2.4.1  CATIA 

 The Computer Aided Three-Dimensional Interactive Application (CATIA) is a geometric 

modelling software suite developed by Dassault Systems.  

 It is the leading commercial computer program used in computer-aided design (CAD) for 

wide variety of industries, such as aerospace, automotive, electrical, electronic etc. [45].  

 CATIA also facilitates collaborative engineering through an integrated cloud service and 

have support to be used across the multi-disciplinary extended enterprise, including style from 

design, mechanical design and equipment and systems engineering, managing digital mock-up, 

machining, analysis, and simulation. 
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 It provides greater flexibility in modeling of the irregular contours; hence it is a solution 

capable addressing the complete product development process, from product concept 

specifications through product-in-service, in a fully integrated an associative manner [45]. 

2.4.2 LS-DYNA 

 LS-DYNA is an advanced general purpose transient dynamic finite element program 

capable of simulating complex real-world problems, developed by the former Livermore Software 

Technology Corporation (LSTC) and was acquired by Ansys in 2019. It is optimized for shared 

and distributed memory UNIX, Linux, and Windows based, platforms. 

 LS-DYNA is an explicit 3-D finite element analysis (FEA) program for analyzing the large 

deformation dynamic response of the elastic and inelastic solids and structures [45].  

 In LS-DYNA, a wide range of material types and interfaces enable the efficient 

mathematical modelling of many engineering problems, therefore, its software package is 

extensively used by many top automobile, aerospace, and research organizations.  

 It contains more than one hundred and fifty material models including metallic, non-

metallic, and composite models which enable to define any material in the real world.  

 LS-Dyna can solve any contact problems such as contact between deformable bodies, 

contact between deformable and rigid bodies and much more [45]. 

 LS-DYNA also computes on supercomputers, leading UNIX machines, and Massively 

Parallel Processing (MPP) machines whose configurations depend on processing time and problem 

size.  

 Some important functional areas of LS-DYNA are crashworthiness simulations, occupant 

safety analyses, analysis and optimization of metal forming process, biomedical applications and 

many more. 
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2.4.3  LS-PrePost 

 LS-PrePost is delivered with LS-DYNA, and it is an advanced pre-processor and post-

processor. Its user interface is designed to be both efficient and intuitive [45].  

 It runs on windows, Linux and Unix operating systems utilizing OpenGL graphics to 

achieve fast rendering and XY plotting.  

 The key Pre-Processing features of LS-PrePost include [45]: 

o Comprehensive LS-DYNA Keyword Support 

o Meshing tools for Surface Meshing, 2D Meshing, Block Meshing etc., 

o Special applications like Dummy positioning, Seat belt fitting, Penetration check etc., 

 The key post-Processing features of LS-PrePost are as follows [45]: 

o D3PLOT 

o Time history Plotting 

o ASCII Plotting 

o BINOUT Processing 

o Fringe Plotting 

o Particle and Fluid Visualization 
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CHAPTER 3 

DEVELOPMENT AND VERIFICATION OF DRONE MODEL 

3.1  Types of Drone Models 

 An Unmanned Arial System (UAS) which is commonly called a drone, is an Unmanned 

Aerial Vehicle (UAV) and all the equipment necessary for the safe and efficient flight of that 

aircraft.  

 There is no standard classification of UASs, however, based on their uses, or sizes, they 

can be categorized as Military (Defense) UASs, Commercial UASs, and Civilian (Hobbyist) 

UASs, Figure 3.1 [47].  

 

Figure 3.1 Different types of drones [47] 

 The Federal Aviation Administration (FAA) currently classifies UASs into Small 

Unmanned Aircraft Rule (Part 107) category, but it does not cover the full range of UAS types or 

weights flying in the National Airspace System (NAS) [25]. 

 An UAS can fly autonomously or be piloted remotely. 
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3.2  DJI Phantom III Standard 

 The Phantom 3 Standard is a 1.2 kg (2.7-lb) quadcopter is a Class-I - sUAS, intended for 

recreational and commercial aerial photography, Figure 3.2 [18]. 

 

Figure 3.2 DJI Phantom 3 Standard [18] 

 As of 2020, it is the most common (60% of the market) [1], Civilian (Hobbyist) drone, 

easily accessible to the public, therefore, in this paper, it is selected as a projectile to study the 

airborne collision with helicopter.  

3.3  Drone Model 2.7-lb (1.2 kg) 

 The basic dimensions and relevant specifications of the DJI quadcopter UAS is shown in 

the table below from the literature, Table 3.1 [1, 18]. 
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Table 3.1 Relevant specifications of the DJI Phantom quadcopter UAS [1] 

 

3.4  Development of FEA DJI Drone  

 The full-size DJI Phantom III Standard with all parts is modelled in CATIA V5 and then 

the meshing is defined in LS-PrePost. A CAD model of the DJI quadcopter without its internal 

components like the battery pack and printed circuit boards (PCB), as shown in Figure 3.4, is 

available, and obtained from the free CAD library of GrabCAD.com [49]. 

     

Figure 3.3 The process of development of FEA DJI drone model [1] 

 The dimensions of the drone are matched with the corresponding specs in DJI website [18] 

and from the literature [1]. Figure 3.4 illustrates the general steps of producing the FE model of 

the quadcopter UAS [1].  

 This development of FEA DJI drone model process starts from the CAD modeling and 

ends with the inspection of mass of its final FE assembly. 
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 A general and exploded view of the UAS geometry model illustrating the main components 

of the quadcopter are shown in Figure 3.4 and 3.5. 

 

Figure 3.4 A general view of the UAS geometry model  

 

Figure 3.5 An exploded view of the UAS geometry model 

 The following procedure was carried out to create the UAS FE model. 

o In LS-PrePost, CAD data (STP format) for each part of the model is imported, 

o Geometry is cleaned up and prepared for meshing, 

o Element type such shell, solid, etc. are selected for each of the different parts depending on 

geometry and element size constraints, 

o Meshing or Discretization of the geometry of the parts are done, 
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o Section properties like shell thicknesses are assigned, 

o All meshed parts are assembled to create a complete FEA Drone model, 

o Model check for non-desired entities is done in LS-PrePost, 

o Corresponding material properties are applied, 

o Mass check of parts were conducted by comparing individual components to its physical 

counterpart, 

o The total mass or weight of the UAS FE model was also verified. 

 The FEM mesh model, Figure 3.7, of main body frame, dampeners, and landing gears of 

DJI Phantom 3 Standard is compared with the respective CAD model as shown in Figure 3.6. 

 

Figure 3.6 The CAD model of main body frame and landing gears of DJI Phantom III  

 

Figure 3.7 The FEM mesh model of main body frame and landing gears of DJI drone 
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 Figure 3.8 shows the internal construction of CAD geometry, and their FE meshes of UAS 

battery, top gimble plate, bottom plate housing the circuit board, and propeller. 

   

 

 

Figure 3.8 Internal construction of CAD geometry and their FE mesh of UAS battery, top plate, 

bottom plate housing the circuit board, and propeller 

 Figure 3.9 demonstrates the internal construction of UAS’s motor, winding, gimble and 

camera, and their FE meshes. All those components of the DJI drone were meshed separately with 

different shell thicknesses.  
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Figure 3.9 Internal construction of motor, winding, gimble and camera, and their FE meshes 

 In LS-PrePost, the following major simplifications and assumptions are made during the 

discretization process: 

o Battery Cells Unit is modeled as solids; 3D elements (0.001 m mesh size).  

o The main body-frame, four dampeners and two landing gears of UAS are meshed as one 

part of shell elements with 0.002 m (2 mm) size. 

o All propeller units, motor windings, both camera gimbal arms are simplified and meshed 

separately as shell elements (size 0.005 m) to minimize the simulation time. 

o All motors are meshed separately as shell elements with the size of 0.004 m (4 mm). 

o Top and bottom gimble plates and main camera are meshed as shell elements of size 0.001 

m (1 mm). 

o Small joints holes, screws, small fillets, servomotors, the rubber springs, battery covers, 

circuit boards and other electronic internals are not considered 

o In total, the complete FE UAS model is comprised of 23 parts, 1,644,171 elements and 

522,236 nodes.  
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o The quality of the mesh was checked with LS-PrePost tools and verified through 

simulations. 

 In addition, the types of elements and shell thickness applied during FE Meshing process 

are as follows: 

o Battery Cells with solid mesh are Three-Dimensional Elements which are Tetrahedral 

(tetra), pentahedral (penta) and hexahedral (hexa) elements.  

o Solid elements have only three degrees of freedom (translational), and their nodes can carry 

tensile, compression and shear loads, but they have very high computational or simulation 

time.  

o Instead of standard, under-integrated element formulation (ELFORM=1), 8-point 

hexahedron intended for elements with poor aspect ratios, accurate formulation (ELFORM 

= -2) was used for solid battery to reduce computational time. 

o Shell elements are two-dimensional elements that represent thin wall structures, and they 

are used in most parts of UAS to lower the computational cost further.  

o In the UAS FE model, instead of Belytschko-Tsay (ELFORM=2) and default under-

integrated formulation, the fully integrated shell element modified for higher accuracy 

(ELFORM=16) is used since it eliminates any existing hourglass energy.  

o Shell section thickness for camera, camera gimbal arms, gimble plates is 0.002 m (2 mm). 

o Shell section thickness for motors and windings is 0.0015 m (1.5 mm). 

o Shell section thickness for propellers is 0.0012 m (1.2 mm). 

o Shell section thickness for the main body-frame & landing gears part is 0.001 m (1 mm). 

 The Figure 3.10 illustrates a meshed assembly and exploded view of the UAS FE model 

developed in LS-PrePost. 
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Figure 3.10 Meshed assembly and exploded view of the UAS FE model 

3.5  Materials Properties 

 For each part of the UAS, the material model applied in LS-PrePost are obtained from the 

literature [1]. The materials, elements type and the material models used for the various 

components of the UAS are listed in Table 3.2.  
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Table 3.2 Materials, element types, and the material models used for the various components of the UAS 

 

Table 3.2 - Elements & Material Models for UAS 

UAS Parts 
Element 

Type 
Material Type LS-DYNA Material Model 

LS-DYNA 

Card 

Battery Cells Solid Section Li-Po Battery Cell CRUSHABLE_FOAM *MAT_063 

Body-Frame 

& Landing 

Gears 

Shell Section Polycarbonate, and Nylon 6 JOHNSON_COOK *MAT_015 

Propellers Shell Section Polycarbonate, and Nylon 6 JOHNSON_COOK *MAT_015 

Motors Shell Section 
Laminated Steel Core Metallic 

Alloys 
PIECEWISE_LINEAR_PLASTICITY *MAT_024 

Motor 

Windings 
Shell Section 

Casting Aluminum Metallic 

Alloys 
PIECEWISE_LINEAR_PLASTICITY *MAT_024 

Gimble Plates Shell Section 
Casting Aluminum Metallic 

Alloys 
PIECEWISE_LINEAR_PLASTICITY *MAT_024 

Gimble Arms Shell Section 
Casting Aluminum Metallic 

Alloys 
PIECEWISE_LINEAR_PLASTICITY *MAT_024 

Main Camera Shell Section 
Laminated Steel Core Metallic 

Alloys 
PIECEWISE_LINEAR_PLASTICITY *MAT_024 
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  The battery is made of lithium-ion polymers and its material property is defined by 

*MAT_CRUSHABLE_FOAM [1] as bulk solid behavior of the battery cells.  

 The Load Curve (Strain-Stress Plot) for MAT_063 is obtained from results published by 

Qasim H. Shah and A. Topa [6, 7]. In LS-DYNA, the material parameters are defined, as listed in 

Table 3.3 [1, 5]. 

Table 3.3 Material property for lithium polymer battery cell (MAT_063) [1, 5] 

Table 3.3 - Material Property for Lithium Polymer Battery Cell (MAT_063) 

Density 1755 kg/m3 

Young's Modulus 5.00E+08 Pa 

Poisson's Ratio 0.01  
Tensile Strength Cutoff 1.00E+05 Pa 

DAMP 0.2  
 

 The materials commonly used for the gimble plates, gimble arms and motor windings of 

the UAS are casting aluminum alloys.  

Table 3.4 Material property for casting aluminum metallic alloys (MAT_024) [1, 5] 

Table 3.4 - Material Property for Casting Aluminum Metallic Alloys (MAT_024) 

Density 2823.3 kg/m3 

Ultimate Strength 6.07E+08 Pa 

Yield Strength 5.31E+08 Pa 

Young's Modulus 7.17E+10 Pa 

Poisson's Ratio 0.33  
Plastic Failure Strain 1.53E-01  

  

 The detailed properties of the materials are selected by identifying materials of similar 

density, and stiffness from ‘Varmint Engineering Page’ [5] and ASSURE-NIAR analysis [1], as 

listed in Table 3.4. 

 Material properties for main body frame, landing gears and propellers of the UAS are 

defined as polycarbonate plastic materials and nylon 6/6 polymer [1].  
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 The mechanical properties of polycarbonate polymer and Nylon are based on a report of 

ASSURE-NAIR research [1, 62, 63], as listed in Table 3.5. Effective plastic strain rate or the 

failure criteria is set initially to 70% tensile elongation [1] and the minimum required strain for 

failure (EFMIN: 0.000001) is default value in LS-PrePost keycard *MAT_015 for JOHNSON 

_COOK material. 

Table 3.5 Material property for polycarbonate, and nylon 6 (MAT_015) [1] 

Table 3.5 - Material Property for Polycarbonate, and Nylon 6 (MAT_015) 

Density 1197.8 kg/m3 

A 8.00E+10 Pa 

B 7.50E+07 Pa 

Young's Modulus 2.59E+09 Pa 

Shear Modulus 9.30E+08 Pa 

Poisson's Ratio 0.318  
C 5.20E-02  
M 0.548  
N 2  

Effective Plastic strain Rate, EPSO 5.12E-01  
Melt Temperature 562 K 

Room Temperature 300 K 

Specific Heat 1300 kJ/kgK) 

Failure Parameter, D1 0.0261  
Failure Parameter, D2 0.263  
Failure Parameter, D3 -0.349  
Failure Parameter, D4 0.247  
Failure Parameter, D5 16.7999  

Optional Strain-Rate Parameter 2  
The Minimum Required Strain for Failure 1.00E-06  

SPALL 2.00E+00  
   

 Motors and main camera of UAS are mostly constructed with laminated steel core alloys, 

as defined in Table 3.6.  The detailed properties and load curve of the materials are selected by 

identifying materials of similar density, and stiffness from ‘Varmint Engineering Page’ [5] and 

ASSURE-NIAR analysis [1]. 
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Table 3.6 Material property for laminated steel core metallic alloys (MAT_024) [1, 5] 

Table 3.6 - Material Property for Laminated Steel Core Metallic Alloys (MAT_024) 

Density 7861.1001 kg/m3 

Ultimate Strength 1.41E+09 Pa 

Yield Strength 1.26E+09 Pa 

Young's Modulus 1.97E+11 Pa 

Poisson's Ratio 0.29  
Plastic Failure Strain 4.65E-01  

 

3.6  Connections of Drone Parts 

 For the complete UAS FE assembly model, the connections such as fasteners, bolts, etc. 

among the different components, are simplified and represented by *CONTACT_AUTOMATIC_ 

SINGLE_SURFACE_TIEBREAK_BEAM_OFFSET.  

 For the Contact Key Card in LS-PrePost, the Tiebreak Response Option 4 is selected to 

describe that tiebreak among the different parts is automatically active for nodes which are initially 

in contact but tangential motion with frictional sliding is permitted. 

 

Figure 3.11 Connections of drone parts of drone itself 
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3.7  Contact Modeling 

 To model the mid-air collision between the complete UAS FE assembly and the 

Windshield (and the Helicopter), *CONTACT_AUTOMATIC_SINGLE_SURFACE is used.  

 In LS-PrePost, the default-Penalty based Constraint formulation, Static Friction 

Coefficient of 0.3, Dynamic Friction Coefficient of 0.2, and Exponential Decay Coefficient of 0.3 

are selected for that Contact Card. 

 

Figure 3.12 Contact modeling between the drone and helicopter 

3.8  UAS Mass Sanity Check 

 After application of material properties, the mass of the different components of the UAS 

FE model are calculated and compared as a sanity check.  

 The weight of complete FE UAS assembly model (1.225 kg) is compared against the actual 

physical mass of DJI Phantom III (1.216 kg) to confirm the FE model is accurate.  

 Based on ASME’s V&V guidelines [54], the calculated variation of 0.74% in mass is 

considered to be acceptable and listed in Table 3.7. 
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Table 3.7 UAS Mass sanity check 

Table 3.7 - UAS Mass Sanity Check 

UAS Components Actual Mass FE Model Mass 

Battery 0.363 kg 0.333 kg 

Main Frame+2 Landing Gears+4 

Dampeners 
 0.216 kg 

4 Propellers  0.066 kg 

4 Motors 0.216 kg 0.195 kg 

4 Motor Windings  0.076 kg 

2 Gimble Arms  0.058 kg 

Top & Bottom Plates  0.148 kg 

Camera  0.138 kg 

TOTAL 1.216 kg 1.225 kg 

Total Masse Variation 0.74% 

 

 

Figure 3.13 Top view of FEM UAS model 

3.9  Verification of FEA Drone Model 

 The full assembly model of UAS was tested to verify the FEA model and the results such 

as Reaction Force was compared against the results of physical testing.  

 The Free-Fall Drop test was performed at ASSURE-WSU-NAIR to assess the behavior of 

the full drone model by dropping the UAS assembly without battery, propellers, gimbles, and 

camera on a rigid plate [1]. 
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Figure 3.14 Free-Fall Drop test setup of DJI Phantom III drone by WSU-NIAR [1] 

 To increase the overall weight and force greater damage on the UAS structure, a lead ballast 

mass of 1.36 kg (3-lb) was placed in the battery housing, which made the total mass of the UAS 

to 2.03 kg (4.49-lb) [1].  

 As in Figure 3.14 [1], the DJI Phantom III drone was connected to the suspension cable 

through a magnet and dropped from a height of 5.18 m (17 ft) to the rigid plate with a load cell 

and the reaction forces after impact was measured.  

 A FEA simulation was set up with the similar initial conditions, boundary conditions, and 

the same parameters for a Free-Fall Drop Test of actual drone conducted by WSU-NAIR [1].   

  

Figure 3.15 General and exploded views of the 2.0378 kg FE Drone Model with concentrated 

mass of 0.813 kg to Battery 
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 However, unlike on the NIAR physical test, the entire FE model of the UAS including the 

battery, gimbles, camera and propellers was subjected to free-fall on the steel rigid plate with 

length of 0.914 m, width of 0.609 m and thickness of 0.00635 m.  

 In LS-PrePost, to match the overall UAS mass with lead ballast, the mass element or 

concentrated mass of 0.813 kg was added to the battery part, making total mass of UAS to 2.03 

kg, Figure 3.15. To reduce the simulation time of FE model falling from the height of 5.18 m due 

to gravity, a final velocity of the UAS assembly falling vertically down due to gravity was 

calculated using Free Fall relationship as shown in Table 3.8 [9].  

Table 3.8 Velocity of free falling UAS calculated using Free Fall relationship [9] 

 

 The calculated final velocity of 10.08 m/s before impact was assigned to the 2.03 kg drone 

using INITIAL_VELOCITY_GENERATION card in LS-PrePost. To have the initial conditions 

and same configuration before impact as the physical test, the FEA drone was rotated 45-degree 

about Y-axis as shown in Figure 3.16. 

    

Figure 3.16 Different views of FEM drone just before impacting the rigid plate due to gravity 
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3.10  Results, Comparisons and Verification  

 The FEA simulation not only verified the kinematics of impact, but also predicted the 

failure mechanism of the UAS assembly which is very similar failure to the physical test. 

 In NIAR vertical drop test, one UAS’s leg (a landing gear) deformed, and the maximum 

force recorded was of 2,833 N (637 lbf) [1].  Figure 3.17 demonstrates the full UAS model after 

impact on the rigid plate at the instance of 0.005ms. 

   

Figure 3.17 Full UAS model after impact on the rigid plate at the instance of 0.005ms 

 The comparison between the NIAR physical drop test (top section) [1] and simulation 

(bottom section) at 0.010ms of the UAS impact is shown in Figure 3.18.  

 

   

Figure 3.18 The comparison between the NIAR physical drop test (top) and simulation (bottom) 

at 0.010ms of the UAS impact [1] 
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 After impact, the plastic landing gears were twisted, two propellers were snapped, and the 

two motors and windings were separated from the UAS assembly.  

 In LS-Post Processing, the maximum Reaction Force was recorded 3346.74 N, Figure 3.19. 

 

Figure 3.19 The Maximum Reaction Force recorded 3346.74 N 

 The variation in maximum reaction force between two results is 18%, which is considered 

to be acceptable, and showed good correlation between simulation and test, based on ASME guide 

for verification and validation in computational solid mechanics [54], Table 3.9. In addition, the 

kinematics of simulations predicted general behavior of the quadcopter well with respect to the test.  

Table 3.9 Comparison of NAIR Drop test result and FEM simulation result of UAS model [1]   

Validation of 2.03 kg (4.49-lb) DJI Phantom III Drone Model 

Table 3.9 - Comparing NAIR Drop Test Result and LS-Dyna FEA Model Simulation 

Total 

Mass 

Impact 

Acceleration 
 NIAR Drop 

Test Results 

FEA Simulation 

Results  
Variation 

2.03 kg 9.8 m/s2 

Max Reaction Force 2,833 N 3,346 N 18% 

Max Von Mises 

Stress 
NA 1.409e+9 Pascal  

UAS Deformation 

One landing 

gear failed and 

another one 

buckled 

Both landing 

gears snapped, 

and motors 

separated 
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3.11  Drone Model 1.0 kg (2.2-lb) 

 The added element mass of 0.813 kg was removed from FE UAS model to retain its original 

(Baseline) mass of 1.216 kg (2.7-lb) to do mid-air collision analysis with helicopter.  

 The full UAS FEM models of mass of 1.0 kg and 1.8 kg were also created to investigate 

the influence of UAS mass on the severity of mid-air collisions. 

 The 1.0 kg (2.2-lb) UAS FE model is developed, using the Scale Factor Equation from 

literature, Figure 3.20 [1], assuming all the parts of a scaled UAS would change its mass linearly 

in an equal ratio.  

 

Figure 3.20 The Scale Factor Equation [1] 

 In LS-PrePost, the calculated and adjusted Scale Factor of 0.915 is used in XYZ directions 

to produce the 1.0015 kg quadcopter which is 0.15 % of the targeted mass of UAS.  

 Figure 3.21 shows the two different views of the DJI drone with its mass of 1.0 kg in the 

LS-PrePost. 

  

Figure 3.21 Two views of FE drone model 2.2-lb (1.0 kg)   
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3.12  Drone Model 1.8 kg (4.0-lb) 

 Subsequently, the 1.8 kg (4.0-lb) full UAS FE model is developed, as shown in Figure 

3.22, using the same mass scale equation.  

  

Figure 3.22 Two views of FE drone model 4.0-lb (1.8 kg) 

 Since all the materials of the UAS are the same, to model an UAS of 1.813 kg (4-lb), the 

mesh of the FE model was scaled up linearly (in all directions) with a factor of 1.187.  

 Additionally, the thickness of components meshed with shell elements (2-dimensional) 

was increased with the same factor. 

 These two new UAS models are further used for a comparison study with the bird strikes 

of equivalent masses with similar parameters of mid-air collision, and to help set airworthiness 

requirements for rotorcrafts certifications.  
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CHAPTER 4 

DEVELOPMENT AND VERIFICATION OF BIRD MODEL 

 To investigate any possible variation between drone strike and bird strike on the rotorcraft, 

a study is conducted with equivalent mass of bird and drone for each parameter such as equal 

thickness of windshield and velocity of the projectile. 

 The study would help the FAA to articulate the necessary regulations regarding the design 

and operation of small UAS or drones in the national and international airspace safely and 

simultaneously along with manned rotorcrafts. 

 A parametric FEM simulation is conducted to determine if a mid-air collision with a small 

drone is comparable to a bird strike with an equivalent impact energy and this study could help 

FAA to adjust the rotorcraft certifications.   

 NIAR, Cessna and some other academics have already done research and simulation of 

bird strike on aircrafts and rotorcrafts using physical testing with gelatin bird substitutes and FEA 

bird models. 

 For the comparison study, Smooth Particle Hydrodynamics (SPH) bird model of 4-lbs has 

been developed using LS-PrePost and verified against the result of physical strike experiment 

conducted by Cessna.  Furthermore, the mass of 1.0 kg and 1.25 kg SPH birds are modeled, using 

the validated FEA formulation in LS-PrePost. 

4.1  Types of Bird Models 

 Geometries such as regular cylindrical, spherical, ellipsoidal and cylinder with 

hemispherical ends are typically used to model the bird, Figure 4.1 [50].  

 Mostly cylindrical or hemispherical ended cylinder is used as it is believed to give better 

results and are relatively simple to define in finite element pre-processor such as LS-PrePost. 
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Figure 4.1 Types of bird models in SPH [50] 

 The Smooth Particle Hydrodynamics (SPH) formulation is used since the bird materials 

behaves like fluids with a set of discrete elements in high-speed impact.  

 Unlike in Lagrangian and Eulerian Formulation, there is no contact between the individual 

particles and SPH is a mesh free method which can handle very large deformations.  

 In this study, the bird substitute is modeled as a cylinder with semispherical ends. 

4.2  Bird Model of Mass 1.8 kg (4.0-lb) 

 First, semi-spherically capped cylinder-shaped bird is modeled for 1.81 kg (4-lb) SPH bird, 

as shown in Figure 4.3 [46]. 

 

Figure 4.2 Geometrics relationship to calculate the density, diameter, and total length of SPH 

bird model [46] 
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 Figure 4.2 [46] illustrates the geometrics relationship from the literature was used to 

calculate the density, diameter, and total length of SPH bird model for the desired mass of bird.  

 The parameters obtained from the empirical formulae represents the best SPH model of the 

actual bird shape in FEM. 

4.3  SPH Bird Model Geometry  

 The following are the dimensions of 1.814 kg SPH bird geometry: 

o Mass = 4.0-lb (1.814 kg) 

For Hemi-Spherically Capped Cylinder Bird Model as shown in Figure 4.3:  

o Density (plucked) = 942.7 kg/m3 

o Diameter = 0.098 m (98 mm), Radius = 0.049 m, and 

o Total Length = 0.287 m (278 mm) 

 

Figure 4.3 Dimensions of Semi-spherically capped cylinder-shaped 1.81 kg (4.0-lb) SPH bird 

model [46] 

4.4  Bird Material Model in LS-PrePost  

 In LS Dyna, the SPH bird is defined by MAT_NULL card where the parameters are 

substituted, and Equation of State (EOS) is specified in part card. 

 At high pressures, the bird material behaves as a hydrodynamic material, for which an 

equation of state (EOS) relating the thermodynamic properties of pressure, and volume is adopted 
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as in the literature [2]. Several equations of state (EOS) such as Tabulated, Linear Polynomial and 

Gruneisen have been implemented by different authors.  

 In this paper, a Gruneisen EOS is employed due to its higher efficiency and accuracy. 

Depending on being stretched or compressed, Gruneisen material model expresses the pressure-

volume relationship in two ways. This EOS is defined for SPH bird model with composition of 

90% water and 10% air.  

 In LS-PrePost, the Gruneisen EOS’s parameters for water are defined as C = 1647, S1 = 

2.48, S2 = 0, S3 = 0 and GAMAO = 0.1 [2]. The total mass of the impacting bird is set to 1.814 

kg, whereas, as suggested by many previous researchers, a plucked density of 942.7 kg/m3 is 

calculated and applied for the SPH bird model. 

4.5  Verification of SPH Bird 1.8 kg (4.0-lb) Model 

 To verify the SPH bird model, it is impacted on Al 7075 T6 plate and simulation results 

are compared to the experiment Cessna conducted with the actual physical testing of bird strike 

[19]. The bird strike setup involved an Aluminum (Al 7075 T6) plate with length of 914.4 mm and 

width of 609.5 mm, as shown in Figure 4.4 [46].  

 

Figure 4.4 Dimensions of bird strike setup [46] 
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 The aluminum plate is constrained along X, Y and Z directions at all end nodes.  

 The thickness of aluminum plate used are 0.25” (0.00635 m), 0.16” (0.00406 m) and 0.1” 

(0.00254 m) and the bird is impacted with speeds of 265 knots (136.33 m/s), 269 knots (138.39 

m/s), and 275 knots (141.47 m/s), respectively, as per the experiments.  

4.6  Aluminum Plate Material Model 

 The material properties assigned to aluminum plate is shown in Table 4.1 [3]. In the LS-

PrePost, the aluminum plate properties were defined through MAT_POWER_LAW 

_PLASTICITY (MAT_018) card where the values are substituted in the card.  

Table 4.1 - Material property for Al–7075-T6 SHEET [3] 

Table 4.1 - Material Property for Al–7075-T6 SHEET 

Density 2795.7 kg/m3 

Ultimate Strength 5.72E+08 Pa 

Yield Strength 5.20E+08 Pa 

Young's Modulus 7.10E+10 Pa 

Shear Modulus 2.67E+10 Pa 

Bulk Modulus 6.96E+10 Pa 

Poisson's Ratio 0.33  

Strength Coefficient 7.47E+08 Pa 

Hardening Exponent 0.073792  

Plastic Failure Strain 2.20E-01  

 

 The thickness of the plate is specified using SECTION_SHELL card. The SPH bird model 

is made as Node Set and velocity is assigned to the Node Set using INITIAL_VELOCITY 

_GENERATION card in LS PrePost. 

4.7  Contact Modeling & Impact Setup 

 The 1.814 kg (4.0-lb) SPH bird is impacted at the center of the plate as demonstrated in 

Figure 4.5. 

 In the LS PrePost, the contact between the Aluminum plate and SPH Bird Set Nodes is 

defined through CONTACT_AUTOMATIC_NOTES_TO_SURFACE card.  
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Figure 4.5 LS-PrePost contact modeling and 1.81 kg bird impact setup 

 The analysis is carried out for 20 milliseconds (0.02 s) and SPH simulation results are 

compared with Cessna physical test results with the equivalent parameters. 

 In the LS PrePost, the contact between the Aluminum plate and SPH Bird Set Nodes is 

defined through CONTACT_AUTOMATIC_NOTES_TO_SURFACE card. 

 The simulation results like displacement, deformation, Maximum Reaction Force and Von-

Mises stresses are obtained from LS-Post Analysis Deck and are tabulated. 

4.8  Bird Impact Simulations 

 As seen in Figure 4.6, the 0.25” Aluminum plate is dented when impacted with smaller 4-

lb bird with a velocity of 265 knots.  

 The deformation measured is about 0.9 inch (0.023 m). 
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Figure 4.6 Deformation of 0.25” aluminum plate @ 265 knots 

As shown in graph Figure 4.7, the displacement measured is about 0.9 inch (0.023 m). 

 

Figure 4.7 Graph of displacement of 0.25” aluminum plate @ 265 knots 
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 Similarly, 0.16” thick plate didn’t fail but deformed when impacted with a velocity of 269 

knots as shown in Figure 4.8.  

            

Figure 4.8 Deformation of 0.16” aluminum plate @ 269 knots 

 

Figure 4.9 Graph of displacement of 0.16” aluminum plate @ 269 knots 
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 The maximum displacement measured is about 1.3 inch (0.033 m), as shown in graph 

Figure 4.9. 

 When the 4-lb SPH bird is impacted on 0.1” aluminum plate with a velocity of 275 knots, 

the plate fails as shown in Figure 4.10. 

                

Figure 4.10 Deformation of 0.1” aluminum plate @ 275 knots 

4.9  Results, Comparisons and Verification  

 The results of 1.8 kg (4.0-lb) bird strike on aluminum plate are tabulated and compared 

with the results from Cessna experimental tests [19], as shown in Table 4.2. 

 The maximum variation in deformation between the two results is about 14% which shows 

a good agreement between the experimental and LS-DYNA models and is acceptable, based on 

SAE and ASME guidelines for V&V in computational solid mechanics [54, 58, 59, 60]. 
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Table 4.2 Comparing Experimental Deformation and Simulation Deformation of the AL Plates 

 

4.10  Bird Model 1.2 kg (2.2-lb) 

 Subsequently, a 1.2 kg (2.7-lb) SPH bird model is developed, using the same validated 

empirical formulas from literature used for 4-lb bird development.  

 1.2 kg (2.7-lb) is the mass of the DJI Phantom 3 Standard, therefore, the SPH bird model 

with equal mass is developed for the comparison study. Using mass of the bird, other parameters 

like density, diameter and length of Bird Model bird model are calculated. 

o Mass = 2.68-lb (1.216 kg)   

o Density (plucked) = 953.6 kg/m3 

o Diameter = 0.086 m, Radius = 0.043 m, and 

o Total length = 0.249 m 

Verification of 1.8 kg (4.0-lb) SPH Bird Model 

Comparing Experimental Deformation and Simulation Deformation of the Aluminum Plates 
  

Plate 

Thickness 

Impact 

Velocity 
 Test 

Results 

Simulation Results 

with SPH Model 
Variation 

0.25 inch 

= 0.00635 

m 

265 knots = 

136.34 m/s 

Max Deformation 1.0 inch 0.0227 m = 0.89 inch 11% 

Max Von Mises 

Stress 
NA 6.231e+8 Pascal  

Max Reaction Force NA 222949 N  

      

0.16 inch 

= 0.00406 

m 

269 knots = 

138.39 m/s 

Max Deformation 1.5 inch 0.0327 m = 1.29 inch 14% 

Max Von Mises 

Stress 
NA 6.467e+8 Pascal  

Max Reaction Force NA 89191.1 N  

      

0.10 inch 

= 0.00254 

m 

275 knots = 

141.47 m/s 

Max Deformation 
Material 

Failure 
Material Failure 0% 

Max Von Mises 

Stress 
NA NA  

Max Reaction Force NA NA  
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 Hemi-Spherically Capped Cylinder Shape of calculated radius and length was created in 

CATIA first, and then it is converted into SPH mesh in LS-PrePost as shown in Figure 4.11. 

         

Figure 4.11 CAD view and SPH bird model 2.7-lb (1.2 kg) 

4.11  Bird Model 1.0 kg (2.2-lb) 

 Furthermore, a 1.0 kg SPH bird model is developed, as shown in Figure 4.12, using the 

same validated empirical formulas from the literature [46], to do FEA analysis for CS 29.631 

requirement for the rotorcraft certification.  

 This 1.0 kg SPH bird model is also used to validate single-layer acrylic windshield model. 

It is further used to do comparison between the bird and quadcopter UAS impacts on the typical 

windshield of rotorcrafts. The given mass of the bird is used to calculated other parameters like 

density, diameter, and length of bird Hemi-Spherically Capped Cylinder Bird Model. 

o Mass = 2.2-lb (1.00 kg), and Density (plucked) = 959 kg/m3 

o Diameter = 0.080 m, Radius = 0.040 m, and Total length = 0.232 m 

      

Figure 4.12 Two different views of SPH bird model 2.2-lb (1.0 kg) 
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CHAPTER 5 

DEVELOPMENT AND VERIFICATION OF WINDSHIELD MODEL 

5.1  Types of Helicopters 

 A helicopter or a rotorcraft is an arial vehicle in which lift and thrust are supplied by 

horizontally spinning rotors. The most common helicopters are configurated with one main rotor 

(monocopter) accompanied by a vertical anti-torque tail rotor such as Bell 205, Sikorsky UH-60 

Black Hawk, and Robinson R44. 

 Helicopters are manufactured for military, commercial, private, or civilian needs, and they 

can also be categorized as utility and transport helicopters in relation to the missions they are 

expected to be flying, as shown in Figure 5.1 [13], e.g., Firefighting Helicopter [52]. 

  

Figure 5.1 Different types of helicopters [13] e.g., Firefighting helicopter [51] 

5.2  Types of Windshields 

 The helicopter's windshields are usually made of laminated glass or lightweight cast acrylic 

(polymethyl- methacrylate) layer, with or without central strut/spar frame/structure, as shown in 

Figure 5.2 [12].  

 The newer windshields are constructed of tough, energy-absorbing polycarbonate and 

installed with distinctive retention hardware, e.g., Bell 206 Polycarbonate Windshield in Figure 

5.3 [10]. Helicopters' windshields are typically about 0.4 inch to 0.7 inch (10 to 16 mm) thick.  
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Figure 5.2 A typical helicopter without central strut/spar frame/structure [12] 

 

Figure 5.3 New Bell 206 Helicopter with polycarbonate windshield [10] 

 For some high-quality windshields, the laminates and interlayer materials use polyvinyl 

butyral (PVB) which is tough, transparent, fixable, and ductile resin. 

 

Figure 5.4 Robinson R22 helicopter with impact-resistant windshield [9] 
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 Robinson Helicopter Company, Torrance, California has developed and introduced 

optional impact-resistant windshields for Robinson R22, R44, and R66 helicopters to provide 

protection from bird strikes, Figure 5.4 [9]. 

 Robinson believes the new windshields will be particularly beneficial to pilots flying at 

low altitudes or in other environments where the risk of a bird strike is greater [9]. 

5.3  Development of Windshield Model 

 To have a whole perspective of mid-air collision to a rotorcraft, at first, a complete 

geometry of a representative helicopter type with a single-layered curved windshield, as shown in 

Figure 5.6, was obtained from the free CAD library of GrabCAD.com [48].  

 In this paper, even though a full model of helicopter is not required, a full-scale FE model 

of a typical helicopter with its windshield is generated from the CAD model using LS-PrePost to 

see what happens when the debris hit other components of the helicopter and/or goes into the 

cockpit, after a drone/bird directly collides with the windshield first.  

 In addition, to reduce the computational time, all components of helicopter except 

windshield are simplified and meshed into one part with shell elements of size 0.1 m (100 mm), 

and shell thickness of 0.005 m, in LS-PrePost as shown in Figure 5.5. 

  

Figure 5.5 Different views of FE model of a typical helicopter with its windshield 
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 A single-layered windshield made of stretch acrylic is considered for UAS/bird strikes, as 

in Figure 5.6. It is a thin curvature structure with approximately 1.1 m high and 1.6 m wide. It is 

fully fastened or fixed on all edges and ends to the main airframe of the helicopter.  

  

Figure 5.6 Different views of FE model of a single layered windshield 

 In LS-Dyna, discretization of the windshield was done with shell elements of size of 5 mm. 

In that single-layered FE part, the windshield consists of 89,362 shell elements. 

5.4  Geometry of CAD/FEA Model  

 The plane of windshield curvature which is subjected to impact is 45-degree angled to the 

horizontal plane or the longitudinal (standard) fight path of the helicopter, Figure 5.7. 

 The angled impact is typical for the mid-air collision to the helicopter, although the direct 

impact which is perpendicular to the plane of the windshield is still possible since helicopter can 

maneuver vertically and laterally as well, as shown in far-right Figure 5.7.  

 Helicopters can have lateral movement in addition to their longitudal movement, therefore, 

the impact angle may affect the integrity of windshield and helicopter [11]. 
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Figure 5.7 45-degree angled windshield and 3 different movements of the helicopter [11] 

5.5  Materials Model 

 Stretch acrylic, cast acrylic, PVB and glass are different types of materials used for the 

windshield and they can be multilayer. 

 In this paper, stretch acrylic is selected material for the single layer windshield whose 

stress-strain behavior is nonlinear and temperature-dependent as shown in Figure 5.8 [2].  

 

Figure 5.8 Stress-strain behavior of Stretch Acrylic material [2] 

 Both stretch and cast acrylic are bilinear elastic-plastic in nature whereas glass is an 

isotropic, transparent, amorphous, and highly brittle material.  

 The mechanical properties of stretch acrylic are listed in Table 5.1 below and its failure 

strain is taken as 2.3% [2]. 
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Table 5.1 Material Property for stretch acrylic (MAT_003) [2] 

Table - Material Property for Stretch Acrylic (MAT_003) 

Density 1180 kg/m3 

Poisson's Ratio 0.4  

Yield Strength 7.30E+07 Pa 

Young's Modulus 3.17E+09 Pa 

Tangent Modulus 0.00E+00  

Hardening Parameter 5.00E-01  

Failure Strain 2.30E-01  

 

 The material assigned for the airframe of the helicopter and its properties is aluminum as 

shown in Table 5.2 [3]. 

Table 5.2 Material property for Al–7075-T6 SHEET (MAT_003) [3] 

Table - Material Property for Al–7075-T6 SHEET (MAT_003) 

Density 2795.7 kg/m3 

Poisson's Ratio 0.33  

Yield Strength  5.20E+08 Pa 

Young's Modulus 7.10E+10 Pa 

Tangent Modulus 0.00E+00  

Hardening Parameter 0.00E+00  

Hardening Exponent 0.073792  

Failure Strain 1.22E+00  

  

 In the LS-PrePost, materials properties for both helicopter and windshield are defined 

through MAT_PLASTIC_KINEMATIC (MAT_003) card and the values are substituted. 

 

Figure 5.9 Connection of windshield and helicopter main frame/boundary conditions 

 The thickness of the windshield is specified using SECTION_SHELL card.  
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 The fully clamped boundary condition of the windshield is simplified and represented by 

fixing all free edges of the windshield in all directions using BOUNDRY_SPC_ SET card in LS-

PrePost, Figure 5.9. In that way, the connection of the windshield is not required to have directly 

with the main airframe of helicopter, however, both FE parts are still assigned as one Part-Set 

(Master) while defining airborne collision contact with the UAS assembly or SPH bird (Slave). 

5.6  Verification of Windshield Model 

 To verify the FE windshield model, 1.0 kg (2.2-lb) SPH bird is impacted on it and 

simulation results are compared to the numerical FEM analysis conducted by Hedayati [2]. The 

geometrical setup and discretization of the bird and windshield before impact process for the FEM 

analysis is shown in Figure 5.10. 

       

Figure 5.10 Different views of geometrical setup of the bird and windshield before impact 

 The thickness which prevents the 1.0 kg bird from perforating the windshield is calculated 

and validated against the result in the literature [2].  

5.7  Contact Modeling 

 The mechanical properties of bird and windshield are the identical for both tests. 

The single layer windshield is constrained along X, Y and Z directions at all end nodes as a fully 

clamped single structure.  
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 The 1.0 kg (2.2-lb) SPH bird is 45-degree angled impacted at the center of the windshield 

as shown in Figure 5.11. 

 

Figure 5.11 Contact modeling of bird impact 

 In the LS PrePost, the contact between the windshield and SPH Bird Set Nodes is defined 

through CONTACT_AUTOMATIC_NOTES_TO_SURFACE card. 

5.8  Bird Impact Model Setup 

 Like in the literature [2], the Node Set of SPH bird is assigned the velocity of 67.4 m/s (131 

knot) using INITIAL_VELOCITY_GENERATION card in LS-DYNA Preprocessor, Figure 5.12.  

 

Figure 5.12 Isometric view of bird impact model setup to the helicopter 
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 The analysis was carried out for 20 milliseconds (0.02 second) and the simulation results 

of displacement, deformation, internal energies are obtained from LS-Post Processor Deck and 

compared. 

 To obtain the thickness that prevents the 1.0 kg bird from puncturing the windshield, at 

first, the bird is impacted to the windshield with thickness of 2.5 mm and then the thickness is 

increased from 2.5 mm to obtain the optimum thickness which does not allow any penetration. 

5.9  Bird Impact Simulations  

 As seen in Figure 5.13, the 2.5 mm thick windshield is failed on top and bottom when 

impacted with 1.0 kg bird with a velocity of 67.4 m/s (131 knots).  

 The windshield moved down, which could allow the bird to pass through, and the bird and 

windshield both could enter the cockpit and collide with pilot and other occupants. 

 

Figure 5.13 Deformation of the bird and windshield with thickness of 2.5 mm 

 The thickness was increased to 3, 4, 5, 6, 7 and 7.5 mm to strengthen the windshield.  

 The deformation of the bird and windshield with thickness of 3, 4 and 5 mm are shown in 

Figure 5.14, in which deformation can be seen decreasing with the increase in thickness.  
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Figure 5.14 Deformation of the bird and windshield with thickness of 3, 4, and 5 mm 

5.10  Results and Analysis 

 For thickness of 6 to 7.5 mm, all the bird materials return and pass by windshield because 

the windshield deforms elastically, causing only few dents and vibrations. 

 However, in both FEM analysis of 1.00 kg bird strike, the element remains at its initial 

position and vibrates around its initial location, for the thickness of 7.5 mm, Figure 5.15. 

  

Figure 5.15 Deformation of the bird and windshield with thickness of 7.5 mm 

 Like in the literature [2], the uppermost element of windshield moved from its initial 

position for the thicknesses of 2.5 to 6 mm and windshield was not strong enough. 

 And the windshield didn’t get penetrated for the thickness of 6, 7 and 7.5 mm because the 

windshield internal energy is decreased over time unlike for the thinner windshield layers. 

 Therefore, based on ASME and SAE guidelines for verification and validation in 

computational models [54, 55, 59, 60, 61], the FE windshield model of single-layered acrylic is 

good for further FEM impact analysis and the safe windshield thickness is 7.5 mm as in the 

literature [1]. 
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 Figure 5.16 below demonstrates the difference in internal and kinetic energy of windshield 

(2) and bird (5) for windshield thickness of 2.5 mm (top graph) vs 7.5 mm (bottom graph). 

 

 

Figure 5.16 Internal and kinetic energy of windshield (2) and bird (5) for windshield thickness of 

2.5 mm (top graph) and 7.5 mm (bottom graph)  
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CHAPTER 6 

DRONE STRIKE ON WINDSHIELD OF A HELICOPTER 

6.1  Geometry 

 The geometrical setup of the mid-air impact between a given mass of validated FE 

quadcopter drone model and the validated single-layered windshield, before impact process, is 

shown in Figure 6.1. 

  

Figure 6.1 The geometrical setup of the drone and windshield before impact 

 The UAS model is set to impact at the curvature center of the 45-degree angled windshield.  

 

Figure 6.2 A complete right-side view of the UAS and the helicopter with its windshield 
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 The Figure 6.2 shows the complete right-side view of the UAS and the helicopter with its 

windshield, giving comprehensive perspective of the geometry and size of all FE models just 

before the eventual mid-collision. The UAS is positioned close to the windshield of the helicopter 

to minimize the computation time. 

6.2  Contact Modelling 

 In case of UAS impacting the windshield directly, it is important to assign the proper 

contact between validated UAS model and windshield, and Helicopter. Like in previous chapter, 

the single-layered windshield made of stretch acrylic is constrained along X, Y and Z directions at 

all end nodes (the fully clamped boundary condition) whereas, in reality, they are fixed to the 

helicopter airframe with fasteners, or other connectors.  

 In the LS PrePost, the contact between the windshield and Drone is defined through 

CONTACT_AUTOMATIC_SURFACE_TO_SURFACE card. UAS assembly with all its 

components is one Parts-Set (Slave) whereas the windshield and Helicopter are assigned as another 

Parts-Set (Master). To set up the most damaging impact orientation of a head-on collision, the 

critical masses (motors, battery, gimbles and camera) of UAS are aligned with the flight direction, 

as shown in Figure 6.3. 

 
Figure 6.3 Drone impact orientation for a head-on collision with the windshield 



82 

 

6.3  Impact Velocity 

 The maximum speed of DJI Phantom III UAS is 16 m/s (31 knots), and typical en-route 

speeds for civilian rotorcraft and velocities required by FAR 29.631 for 2.2-lb (1.0 kg) bird strike 

certification is about 100 knots. 

 Therefore, in the paper, the impact velocity of mid-air collision is assigned 131 knots which 

is lower than the impact velocity of 250 knots (128.6 m/s), applied for UAS collision with 

commercial aircraft by ASSURE-NIAR in the literature [1]. 

 In LS-PrePost, Part Set of UAS assembly is assigned the velocity of 67.4 m/s (131 knots) 

using INITIAL_VELOCITY_GENERATION card. The impact velocity used to verify the FE 

windshield model in Chapter 5 of this paper from the literature [2], was also equal to 67.4 m/s.  

6.4  Drone Impact Model Setup 

 To investigate the influence of UAS mass on the severity of mid-air collisions, UAS models 

of mass of 1.00 kg (2.2-lb), 1.2 kg (2.7-lb) and 1.8 kg (4.0-lb) are impacted separately with the 

same impact velocity on the windshield of same material and thickness.    

  

Figure 6.4 Wireframed views of drone impact model setup 

 Figure 6.4 shows the wireframed views of drone impact model setup. 
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 In this study, as in the literature [1] the angular velocity is not assigned to the propellers of 

the DJI drone, to avoid any instability and to reduce computational time.  

 To examine the influence of thicknesses of the windshield, the thickness that prevents the 

drone from puncturing the windshield are calculated for all three different sizes of the UAS models 

with the same parameters. 

6.5  Drone Impact Simulations 

 The LS-DYNA simulation is carried out for 30 milliseconds (0.03 s) and simulation results 

like resultant displacement, deformation, internal energies are obtained from LS-Post Analysis 

Deck which are analyzed and compared accordingly. 

 Figure 6.5 is the element views of drone Impact simulations just before impact. 

     

Figure 6.5 Element view of drone impact simulations just before impact 

 To obtain the thickness that prevents the UAS from puncturing the windshield, at first, the 

drone is impacted to the windshield with thickness of 1.5 mm. 

 And, then the thickness of the windshield is increased from 1.5 mm by 0.5 or 1.0 mm, to 

obtain the ideal thickness which does not allow any penetration. 
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6.6  1.0 kg (2.2-lb) Drone Impact 

 As seen in Figure 6.6, the 1.5 mm thick windshield is failed on top and bottom when 

impacted with 1.0 kg (2.2-lb) UAS with a velocity of 131 knots (67.4 m/s).  

 The windshield got three big holes in the middle first, and then they became a big one. The 

entire windshield tore apart in three regions and then moved down, allowing the drone to pass 

through. 

 UAS assembly or its debris and damaged windshield fragments could enter the cockpit and 

collide with pilot and other passengers. 

  

Figure 6.6 Deformation of the 1.0 kg drone and windshield with thickness of 1.5 mm 

 Figure 6.7 below shows the windshield with thickness of 2.0 mm tore down from top 

section and received two big holes too; letting the damaged drone to pass through the opening. 

 

Figure 6.7 Deformation of the 1.0 kg drone and windshield with thickness of 2.0 mm 
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Figure 6.8 Deformation of the 1.0 kg drone and windshield with thickness of 2.5 mm 

 Above Figure 6.8 demonstrates the deformation of windshield with thickness of 2.5 mm 

and at impact velocity of 67.4 m/s. The windshield has one big hole at the impact region, and it 

failed from the top region.  

 The kinematics of impact between the Single-Layered 3.0 mm thick windshield and 

surrounding structure and a 1.0 kg (2.2-lb) DJI phantom III Standard drone are shown in Figure 

6.9. 

   

Figure 6.9 Deformation of the 1.0 kg drone and windshield with thickness of 3.0 mm 
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 As shown in figure 6.9, the windshield first got a hole at the impact zone, and then failed 

on the top region where the entire drone entered and crammed up.  

 The resultant displacement of the damaged windshield was recorded 51 mm while 

maximum Reaction Force was 8908 Newtons. 

 As shown in Figure 6.10, with thickness of 4.0 mm, the windshield received three small 

holes and three visible deep dents at impact zone and failed on the top section.  

 

Figure 6.10 Deformation of the 1.0 kg drone and windshield with thickness of 4.0 mm 

 With thickness of 5.0 mm, the windshield got three holes and three dents at initial impact 

area, and the camera, motor and gimble assembly of the drone broke apart, Figure 6.11. 

 On the other hand, when the thickness was increased to 6.0 mm and at baseline UAS impact 

velocity of 67.4 m/s, one element of the FE windshield model failed creating one small hole at the 

initial impact region. That tiny hole on the 6 mm thick windshield was probably due to the impact 

of sharp edges of camera assembly of the DJI drone.  
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Figure 6.11 Deformation of the 1.0 kg drone and windshield with thickness of 5.0 mm 

 

Figure 6.12 Deformation of the 1.0 kg drone and windshield with thickness of 6.0 mm 

 As shown in Figure 6.13, 7.5 mm thick windshield also damaged with a small hole and a 

dent (left figure), whereas as shown in the right figure, the single-layered windshield with 10 mm 

thickness was undamaged, unpierced, and safe with the 1.0 kg (2.2-lb) drone impact. 
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Figure 6.13 Deformation with thickness of 7.5 mm (left) and 10 mm (right) 

 The resultant displacement of the windshield vs time is plotted for each thickness to 

investigate the movement of windshield elements more accurately. 

 For thicknesses up to 7.5 mm, the uppermost element moves from its initial position, and 

the windshield picked up significant dents and higher displacement (0.013 m), Figure 6.14 (left). 

 

Figure 6.14 Resultant displacement for windshield thickness of 7.5 mm (left) and 10 mm (right) 

with the 1.0 kg (2.2-lb) drone strike at baseline impact velocity of 67.4 m/s 

 However, for the 10 mm thickness, the windshield element remains at its initial position, 

and has the minimal final resultant displacement (0.007 m) as seen in Figure 6.14 (right) and it 

was unpierced by the drone assembly, therefore, it is the safe thickness for the 1.0 kg (2.2-lb) drone 

strike. 
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6.7  1.2 kg (2.7-lb) Drone Impact  

 Like for the 1.0 kg UAS, a series of simulations were conducted, impacting the validated 

1.2 kg (2.7-lb) UAS model to the windshield with increasing its thickness but keeping the same 

impact velocity of 131 knots until the safe thickness was obtained. 

 The Figure 6.15 shows the kinematics of deformation of the 1.2 kg UAS and single-layer 

acrylic windshield with thickness of 2.0 mm over time. The windshield is suffered with big hole 

at the region of impact, and it torn down from the top while the camera, motor and gimble assembly 

broke apart and UAS plastic body damaged and distorted badly. 

   

Figure 6.15 Kinematics of deformation of the 1.2 kg drone and windshield with thickness of 2.0 

mm over time 

 For the thickness of 2.5 mm, the internal energy contour of the windshield elements a short 

time before and after being pierced and torn up are shown in Figure 6.16.  

 The stresses are the highest at the location of the 1.2 kg drone impacts which immediately 

led the big hole on the Single-layered acrylic windshield.  

 And then, the left and right sections on the top side tolerated the highest stress levels 

causing the windshield to immediately tear apart in those two regions. 



90 

 

   

Figure 6.16 Internal energy contour of the windshield with thickness of 2.5 mm over time 

 Figure 6.17 shows the deformed Drone and the windshield with thicknesses of 4.0 mm 

(left), 6.0 mm (Center), and 8.0 mm (right), due to the impact of a 1.2 kg (2.7-lb) UAS at 67.4 m/s 

(131 knots). With the thickness of 6 mm, three small holes were pieced whereas only one small 

hole was punctured to 8 mm thick windshield. 

   

Figure 6.17 Deformation with the thicknesses of 4 mm (left), 6 mm (center), and 8 mm (right)  

 Post-impact shape of the quadcopter UAS, and windshield with thickness of 10 mm (top) 

and 12 mm (bottom) are shown in Figure 6.18. As it can be seen in top figure, the windshield with 
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thickness of 10 mm got a dent and a small hole at the initial impact zone, thus, it is not strong 

enough to withstand 1.2 kg drone impact.  

 To strengthen the windshield, its thickness was increased to 12 mm and FEM simulation 

was conducted in LS-DYNA. The 12 mm thick windshield is found to be intact as seen in bottom 

figure; therefore, it is the safe thickness against the 1.2 kg drone strike. 

 

 

Figure 6.18 Windshield deformation with the thicknesses of 10 mm (top), and 12 mm (bottom)  
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6.8  1.8 kg (4.0-lb) Drone Impact 

 Deformation of the 1.8 kg quadcopter UAS, and helicopter’s windshield with thickness of 

2.0 mm (left), 2.5 mm (center) and 3.0 mm (right) are shown in Figure 6.19 at 10ms time.  

   

Figure 6.19 Deformation of the 1.8 kg UAS and windshield with thickness of 2, 2.5 and 3 mm 

 As it can be seen in the figure, the windshield with those three thicknesses were not strong 

enough to withstand drone impact, and deformation were more severe than that from 1.0 kg and 

1.2 kg drone strike for each thickness. 

 Therefore, further simulations were conducted in LS-DYNA by increasing the thickness 

by 1 mm in order to strengthen the windshield and until the safe thickness was found. 

 The internal energy absorbed by the windshield with thickness of 2.0 mm (top-722 J), 7.0 

mm (middle-1229 J) and 11.0 m (bottom-1159 J) are plotted over time in Figure 6.20. 

 For 2.0 mm to 7.0 mm, in which the windshield got two holes and failed on top regions, 

by increasing the thickness, the internal energy increases. That’s because the higher windshield 

thicknesses block the velocity of more mass of the drone, leading to more transition of energy from 

UAS to the windshield. When the thickness is increased from 8 to12 mm, the windshield internal 

energy is decreased greatly because no dent and a tiny hole in the windshield causes the UAS 

assembly to skid and pass over the windshield. 
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Figure 6.20 Internal energy absorbed by the windshield with thickness of 2, 7 and 11 mm 
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 The deformation of the 1.8 kg (4.0-lb) DJI drone and windshield with thickness of 6.0 mm 

over time, is shown in Figure 6.21. The windshield got one medium size hole on impact, and it 

failed on top region, while drone assembly broke apart, entered, and stuck at the failed section of 

windshield on top as seen in the far-right picture frame. 

   

Figure 6.21 Deformation of the 4.0-lb UAS and windshield with thickness of 6 mm over time 

 The Figure 6.22 illustrates the Kinematics of deformation of the 4.0-lb UAS and single-

layer acrylic windshield with thickness of 11 mm over time. The windshield has a small hole at 

the region of impact, and the UAS assembly skid over the top of helicopter with its camera, motor, 

propellors, and gimble broken apart. 

   

Figure 6.22 Deformation of the 4.0-lb UAS and windshield with thickness of 11 mm over time 
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 With the impact of a 1.8 kg (4.0-lb) UAS at 67.4 m/s (131 knots), the windshield of 

thickness of 13 mm got a hole and dent, Figure 6.23 (left), but 16 mm thick windshield is unharmed 

and without any hole/dent as shown in right, therefore, it is the safe thickness. 

  

Figure 6.23 Deformation of the windshield with thickness of 13 and 16 mm 

6.9  High Impact Velocity Parametric Study 

 In this section, for each mass, a simulation was carried out by increasing the impact velocity 

of drone to study its effects on the hazard severity of drone strike. It provided a glimpse of the 

impact characteristics from the higher velocity UAS impact on the windshield with safe thickness 

for baseline velocity. 

            

Figure 6.24 Deformation of the windshield with the safe thickness of 10 mm and 1.0 kg drone at 

67.4 m/s (131 knots) vs 128.6 m/s (250 knots) 
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 Figure 6.24 shows a difference in kinematics of the simulated airborne collisions at 9ms, 

involving the windshield with safe thickness of 10 mm, and a 1.2-lb (1.0 kg) UAS at 67.4 m/s (131 

knots) and 128.6 m/s (250 knots). As shown in right figure, with higher kinetic energy, the 

windshield failed with three big holes at first impact region and the drone assembly destroyed into 

multiple pieces which could hit the other parts of helicopter such as the main rotor system. 

 In addition, a comparison of deformation of a Single-Layered Windshield with thickness 

of 12 mm from a 1.2 kg (2.7-lb) drone impact at 67.4 m/s and 128.6 m/s, is shown in Figure 6.25. 

The safe thickness of 12 mm is not safe anymore for the windshield of helicopter when the impact 

velocity is increased by 119 knots because the windshield is breached on impact and UAS 

assembly disintegrated immediately as seen in the right figure. 

  

Figure 6.25 Deformation of the windshield with the safe thickness of 12 mm and 1.2 kg drone at 

67.4 m/s (131 knots) vs 128.6 m/s (250 knots) 

 Lastly, the impact velocity is increased to 128.6 m/s (250 knots) for the 1.8-lb UAS as well 

and simulation of the midair impact is conducted with the windshield with safe thickness of 16 

mm for the baseline velocity. As seen in Figure 6.26, the deformation of a Single-Layered 16 mm 

thick windshield is found be significantly higher at 128.6 m/s than at 67.4 m/s (131 knots). 
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Figure 6.26 Deformation of the windshield with the safe thickness of 16 mm and 1.8 kg drone at 

67.4 m/s (top) vs 128.6 m/s (bottom)  
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CHAPTER 7 

COMPARATIVE STUDY BETWEEEN DRONE AND BIRD IMPACTS 

 The variation between drone strike and bird strike on the rotorcraft is investigated by 

conducting midair collision of equivalent mass of bird and drone for each parameter like equal 

thickness of windshield and impact velocity. The study might help the FAA to articulate the 

necessary regulations regarding the design and operation of small UAS or drones in the national 

and international airspace safely and simultaneously along the manned rotorcrafts. 

 A parametric FEM simulation is conducted to determine if a mid-air collision with a small 

drone is comparable to a bird strike with an equivalent impact energy and this study could help 

FAA to adjust or formulate the rotorcraft certifications.  

 For this comparison study, three different sizes of SPH Bird Models are used from the 

Chapter 4 whereas the single-layered FE windshield Model is used from Chapter 5.  

 This comparative study also utilized the quadcopter UAS FE model, Contact Modeling and 

Impact Setup used in Chapter 3 and 6 and also the simulation results obtained in Chapter 5 and 6 

for further evaluation. 

7.1  Contact Modeling for Bird Impact 

 Like for the UAS collision, the SPH Bird Model is set to impact at the curvature center of 

the 45-degree angled windshield, as shown in Figure 7.1.  

 In the LS PrePost, as in Chapter 5, the contact between the windshield and SPH Bird Set 

Nodes is defined through CONTACT_AUTOMATIC_NOTES_TO_SURFACE card.  

 SPH Bird Nodes are one Parts-Set (Slave) whereas the windshield and helicopter are 

assigned as another Parts-Set (Master). The SPH bird is placed close to the windshield of the 

helicopter to reduce the computation time. 
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Figure 7.1 Contact modeling for bird impact to the windshield 

 In each bird strike simulation, the boundary and initial conditions used in the UAS critical 

baseline cases are applied to the bird as well. The windshield target region also represents a direct 

replacement of the UAS projectile in Chapter 6 with the bird substitute. 

7.2  Bird Impact Model Setup 

 Figure 7.2 shows the complete right-side view of the SPH bird and the helicopter with its 

windshield to have overall perspective of the geometry and size of all FE models just before their 

eventual mid-collision.  

 

Figure 7.2 Overall perspective of the geometry and size of all FE models just before impact 
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7.3  Impact Comparison Simulations 

 For both drone and bird strikes, the single-layered windshield made of stretch acrylic 

material is constrained along X, Y and Z directions at all end nodes. 

 To investigate the influence of weight, the three different masses; 1.0 kg (2.2-lb), 1.2 kg 

(2.7-lb) and 1.8 kg (4.0-lb) of UAS and bird are impacted separately with the same parameters. 

  To study the difference between UAS and bird strike, the thickness that prevents from 

puncturing the windshield are calculated for both UAS and SPH bird collisions. 

 In this comparison study, the constant impact velocity of 67.4 m/s (131 knots) is assigned 

for both UAS and bird Strike to the windshield, and for all the set-ups.  

        

Figure 7.3 Isometric-view FEM representation of the quadcopter UAS, bird and windshield 

 Figure 7.3 above presents an Isometric-view FEM representation of the quadcopter UAS, 

SPH bird and windshield just before the impacts.  

 Like in the previous chapter for the UAS strike to the windshield, the thickness that 

prevents the bird from puncturing the windshields were obtained by increasing the thickness, for 

all three masses of bird, and the results are compared.  
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 For each FEM combinations, the simulation is carried out for 30 milliseconds (0.03 s) and 

SPH simulation results are compared against the equivalent parameters of UAS collision. 

 The simulation results like displacement, deformation, reaction force and Von-Mises stress 

are obtained from LS-Post Analysis Deck and are tabulated. Figure 7.4 presents a Front-view FEM 

representation of the quadcopter UAS, SPH bird, windshield, and the helicopter. 

  

Figure 7.4 Front FEM view of the quadcopter UAS, SPH bird, windshield, and helicopter 

 All the simulation results and some representative examples of observed differences in 

damage are summarized in the next sections, for each mass case. 

7.4  Comparison of 1.0 kg (2.2-lb) Drone Impact vs Bird Impact  

 By increasing the thickness, the safe windshield thickness for the 1.0 kg Bird Strike and 

1.0 kg UAS strike are already obtained in Chapter 5, and Chapter 6, respectively. As seen in Figure 

7.5, when impacted with the UAS, the windshield with thickness of 1.5 mm got three big holes in 

the middle first which became a big one later.  

 The windshield structure tore apart at the center and two regions on top section as well, 

and the deformation measured is about 0.09 m. On the other hand, with the collision with 1.0 kg 

Bird, the deformation was 0.04 m only, and the windshield tore apart at the central regions with 

one big hole. 
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Figure 7.5 Deformation of the 1.5 mm thick windshield and a 1.0 kg drone/bird at 67.4 m/s 

 As seen in Figure 7.6, for the thickness of 2.0 mm, windshield got two big holes and failed 

on top region with UAS impact, whereas with the bird strike it tore apart in the middle section 

through a large opening. 

    

Figure 7.6 Deformation of the 2.0 mm thick windshield and a 1.0 kg drone/bird at 67.4 m/s 

 The windshield of thickness 2.5 mm got one big hole at impact area, and it failed on top 

region with UAS impact. On the other hand, with the bird strike it failed on top and bottom regions 

but didn’t tore apart and no hole was pierced. For both impacts, the projectiles passed through the 

Windshield and into the cockpit of the helicopter, which risk hitting the pilot, passengers, and other 

structures inside, Figure 7.7. 
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Figure 7.7 Deformation of the windshield with thickness of 2.5 mm from the impact of 1.0 kg 

 drone/bird at 67.4 m/s 

 For both impacts, the uppermost element of windshield moved from its initial position for 

the thicknesses of 2.5 mm. As shown in graph Figure 7.8, even though both UAS and bird had 

same kinetic energy, the rate of change in the internal energy (increasing) and kinetic energy 

(decreasing) of the windshield due to the drone strike is higher than the bird strike (right) after the 

impact.  

  

Figure 7.8 Internal and kinetic energy of UAS strike-windshield (1-left) vs bird strike-windshield 

(2-right) at baseline velocity of 131 knots. 
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 The windshield of thickness 4.0 mm got dents, three small holes and failed on top region 

with UAS impact as shown in Figure 7.9. On the other hand, with the bird strike it failed on top 

and bottom regions but didn’t have any holes (Figure 7.9-Right). 

   

Figure 7.9 Deformation of the 4 mm thick windshield and a 1.0 kg  drone/bird at 67.4 m/s 

 Furthermore, with the thickness of 4.0 mm, the internal energy (red plot) of the windshield 

is higher than kinetic energy (green plot) with UAS impact, whereas with the bird strike the kinetic 

energy is higher than internal energy, Figure 7.10. 

  

Figure 7.10 Comparison of internal and kinetic energy: UAS strike-windshield (1) (left) vs bird 

strike-windshield (2) (right) 



105 

 

  As shown in Figure 7.11, the windshield of thickness 6.0 mm got one small hole and dented 

with UAS impact. The camera and gimble assembly broke apart. With the bird strike, the 

windshield curvature bent, dented, and vibrated a lot but didn’t fail and no hole was punctured. 

  

Figure 7.11 Deformation of windshield with 6 mm thickness and 1.0 kg UAS (left)/bird (right) 

 The windshield of thickness 6.0 mm, for both impact case, the internal energy of the 

windshield is higher than kinetic energy, Figure 7.12. In addition, it is even higher with the bird 

strike (884 J-right graph) than the drone strike (736 J-left graph). 

  

Figure 7.12 Energy profile of 6 mm thick windshield from 1.0 kg drone strike vs bird strike 
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 Like in Chapter 5, for 1.0 kg (2.2-lb) bird strike, the safe thickness of windshield was found 

to be 7.5 mm. The windshield was undamaged, very stable and the bird mass bounced off the 

curvature. 

 However, as shown in Figure 7.13 (left), with drone strike the 7.5 mm thick windshield got 

dents and breached with a small hole at the mid-section. 

  

Figure 7.13 Comparison of deformation of 7.5 mm thick windshield and 1.0 kg UAS/bird  

 Like in Chapter 6, for 1.0 kg UAS strike, the safe thickness of windshield was found to be 

10 mm: Figure 7.14 (left). The Single-Layer acrylic windshield vibrated minimally but didn’t get 

breached and the UAS assembly bounced off the curvature toward the top of the helicopter. 

  

Figure 7.14 Deformation of 10 mm thick windshield and 1.0 kg UAS/bird at 67.4 m/s 
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7.5  Comparison of 1.2 kg (2.7-lb) Drone Impact vs Bird Impact 

 To obtain the thickness that prevents the 1.2 kg (2.7-lb) bird from puncturing the 

windshield, the bird is impacted to the windshield with thickness of 2.0 mm first and then the 

thickness is increased to obtain the safe thickness without any penetration. The safe thickness that 

prevents the 1.2 kg (2.7-lb) Drone/UAS from puncturing the windshield is obtained in Chapter 6, 

and the values and kinematics are compared against those of the bird impacts with the same 

parameters.  

  

Figure 7.15 Comparison of deformation of 2 mm thick windshield and 1.2 kg UAS/bird 

  

  

Figure 7.16 Kinematics/Stress comparison between 5 mm windshield and 1.2 kg UAS/bird 
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 When impacted with the UAS (Left) and bird (Right), the windshield of thickness of 2 mm 

tore down from top regions and they easily entered inside the helicopter as seen in Figure 7.15.  

 A comparison of kinematics of impact between single-layered 5.0 mm thick windshield 

and a 1.2 kg (2.7-lb) UAS/bird over time at 67.4 m/s (131 knots) are shown in Figure 7.16. Those 

four figures also showed the difference in stress contour between the two types of impacts.  

 Furthermore, as in Figure 7.17, with the 1.2 kg UAS Strike, 8.5 mm thick windshield got 

dents and punctured with a small hole by camera assembly at the impact area. UAS assembly can 

be seen skidding up to the top while the camera, and gimble assembly were broke apart completely. 

On the other hand, with the impact of the equivalent mass of the bird, the windshield vibrated 

minimally and didn’t fail at all, thus, the safe thickness is 8.5 mm. 

  

Figure 7.17 Comparison of isometric view of post-impact of 8.5 mm thick windshield and 1.2 kg 

UAS/bird at 131 knots 

  The comparison of the kinetic and internal energies change to the 8.5 mm thick windshield 

with the impact of a 1.2 kg UAS (left)/bird (right) are shown in Figure 7.18. Internal energy of the 

windshield (1130J in right graph) due to the bird strike is higher as the bird shattered on surface 

like liquid and the windshield got vibrated whereas the sharp-edged drone poked a hole which 
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caused the windshield’s internal energy (825 J in left graph) to dissipate faster over time during 

the impact. 

  

Figure 7.18 Energy profile of 8.5 mm thick windshield from 1.2 kg drone strike vs bird strike 

 Like in Chapter 6, from the FEA simulation of 1.2 kg drone strike in LS-DYNA, the safe 

thickness of a Single-layered windshield is found to be 12 mm. In addition, when the equivalent 

mass of bird impacted to that same windshield, the bird mass scattered and bounced off the 

curvature without causing any damage as shown in Figure 7.19. 

         

Figure 7.19 Deformation of 12 mm thick windshield and 2.7-lb drone/bird at 131 knots 
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7.6  Comparison of 1.8 kg (4.0-lb) Drone Impact vs Bird Impact  

 The 1.8 kg SPH bird model from Chapter 4 was impacted to the validated windshield model 

of Chapter 5 with thickness of 2.0 mm first, and then, for the same impact velocity, the thickness 

was increased to obtain the safe thickness without any penetration. 

 When impacted with the UAS (left) and bird (right), Figure 7.20, the windshield of 

thickness of 3.0 mm tore down from top regions, allowing them to enter inside the helicopter. 

  

Figure 7.20 Comparison of deformation of 3 mm thick windshield and 1.8 kg UAS/bird 

 

 

Figure 7.21 Kinematics of impact between a 6 mm thick windshield and a 1.8 kg UAS/bird  
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 The figure 7.21 shows a comparison of kinematics of impact between windshield with 6.0 

mm thickness and a 1.8 kg (4.0-lb) UAS/bird over time at 67.4 m/s.  

 The drone could be seen entering and being lodged through the top failed section of the 

windshield which is more dangerous than the bird material passing through because the volatile 

lithium battery of the drone is still intact, hot, and heavy with airborne fire risk.  

 For the windshield with thickness of 9 mm, the stress values and characteristic of the drone 

strike is compared against those of the bird strike with the same initial constraints.  

  

Figure 7.22 Comparison of yielding stress to 9 mm thick windshield from UAS/bird Impact 

 As shown in Figure 7.22, the maximum Von Mises stress of the helicopter with a single-

layered windshield with thickness of 9 mm due to 4.0-lb UAS impact is higher (1.36E9 Pascal = 

1.36GPa) than the impact with the equivalent mass of bird (5.2E8 Pascal = 0.5GPa). 

  

Figure 7.23 Deformation of 10 mm thick windshield due to 4.0-lb UAS/bird impact  
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 Through several FEM simulations with increased thickness, the safe thickness that prevents 

the 1.8 kg (4.0-lb) SPH bird from damaging the single-layered windshield is found to be 10 mm. 

However, the windshield with the thickness of 10 mm is punctured from the UAS impact under 

the similar parameter as shown in Figure 7.23 (left). 

 Furthermore, Figure 7.24 also demonstrates the difference in damage characteristics 

between 1.8 kg (4.0-lb) bird strike and drone strike to the windshield with thickness of 13 mm. As 

shown in left figure, the UAS caused dents and one small hole at the initial impact region whereas 

the windshield was intact and safe without any holes and damages (right). 

  

Figure 7.24 Comparison of deformation of windshield with thickness of 13 mm from UAS 

impact (left) and bird impact (right) 

 The safe thickness that prevents the 1.8 kg (4.0-lbs) drone/UAS from puncturing the 

windshield is obtained in Chapter 6, which was 16 mm, and the values and kinematics are 

compared against those of the bird impacts with the same parameters. 

 Figure 7.25 demonstrates a comparison of top view of impact kinematics between a 16 mm 

thick windshield and a 1.8 kg (4.0-lb) UAS/bird at 67.4 m/s (131 knots).  
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Figure 7.25 Comparison of top view kinematics of 1.8 kg UAS/bird impact to 16 mm thick 

windshield at 131 knots 

 Even though the windshield with the thickness of 16 mm is safe thickness for both drone 

strike and bird strike of mass of 4.0-lb the difference in stress contour between the two types of 

impacts is still obvious in the figure above. 

7.7  Results and Analysis 

 All the FEA simulations results, and kinematics of impacts demonstrate that the quadcopter 

UAS generated equal or more damage to the windshield than the corresponding bird for all cases 

and for all three weight classes. 

 Like in the Chapter 6 for drone strike analysis, more than twelve different simulations with 

differing thickness were conducted for the 1.0 kg bird strike, and impact stress, reaction forces, 

max resultant displacement and deformation were collected for the comparison study. 
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 Table 7.1 presents all the simulation results of 1.0 kg (2.2-lb) bird strike (blue columns) 

and compared to equivalent UAS impact simulations (red columns) from the chapter 6 with the 

identical initial and boundary conditions.  

 Variations in deformation, maximum Von Mises stress and reaction force between the bird 

impacted windshield and the drone impacted windshield are also calculated and tabulated, for each 

windshield thickness to examine the difference in these two types of airborne impacts. 

 A 1.0 kg UAS produced higher maximum Von Mises stress and reaction force than the 

corresponding bird, for each windshield thickness.  

 As listed in Table 7.1, the yielding stress of the windshield due to drone strike is about 

2,000% greater than that of bird strike, for each thickness at baseline velocity (67.4 m/s). 

 For the most cases of thickness applied, the reactive force of the windshield with drone 

strike is obtained to be about 30% higher than that one from the bird strike. 

 When the SPH bird impacted the windshield, the mass of the bird was distributed 

throughout the impact region in a fluid-like fashion, allowing it to follow the path of least 

resistance and to deflect away from the curvature of the windshield.  

 However, the UAS impacts resulted in highly localized deformation such as holes in the 

impact area; mostly avoiding following the contour of the helicopter’s windshield.  

 In the high-speed impact, the drone made from the rigid materials with high viscosity 

caused higher deformation, Von Meses stress and reaction force to the windshield structure than 

the bird made with less viscous body with feathers, hollow bones, and soft muscles. 

 Similarly, as in the chapter 6, for the midair collision with the UAS, a 1.2 kg (2.7-lb) bird 

FE model was selected to perform a total of fifteen FEM simulations with the windshield of 

different thicknesses or parameters.    
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Table 7. 1 Comparison of 1.0 kg (2.2-lb) drone impact vs 1.0 kg (2.2-lb) bird impact 

Comparison of 1.0 kg (2.2-lb) Drone Impact vs 1.0 kg (2.2-lb) Bird Impact  
    

Windshield Impact   

  
Drone Strike SPH Bird Strike Variation  

 Thickness  Velocity 

1.5 mm 67.4 m/s 

Max Displacement & 

Deformation 

0.097 m & Windshield Failed, Tore Apart & 

Big 3 Holes 

0.044 m & Windshield Failed & Tore 

Apart 
  

Max Von Mises Stress (Pascal) 1.29E+09 6.00E+07 2057% 

Max Reaction Force (N) 5.77E+03 6.95E+03 -17% 

            

2.0 mm 67.4 m/s 

Max Displacement & 

Deformation 

0.083 m & Windshield Failed, Tore & Big 2 

Holes 

0.036 m & Windshield Failed & Tore 

Apart 
  

Max Von Mises Stress (Pascal) 1.58E+09 6.00E+07 2533% 

Max Reaction Force (N) 6.99E+03 8.81E+03 -21% 

            

2.5 mm 67.4 m/s 

Max Displacement & 
Deformation 

0.067 m & Windshield Failed on Top & Big 
1 Hole 

0.081 m & Windshield Failed on Top 
& Bottom 

  

Max Von Mises Stress (Pascal) 1.54E+09 6.00E+07 2468% 

Max Reaction Force (N) 7.82E+03 5.95E+03 31.36% 

            

3.0 mm 67.4 m/s 

Max Displacement & 

Deformation 

0.051 m & Windshield Failed on Top & Big 

1 Hole 

0.076 m & Windshield Failed on Top 

& Bottom 
  

Max Von Mises Stress (Pascal) 1.55E+09 6.00E+07 2488% 

Max Reaction Force (N) 8.91E+03 6.83E+03 30% 

            

4.0 mm 67.4 m/s 

Max Displacement & 

Deformation 

0.025 m & Windshield Failed on Top & 

Small 3 Holes 

0.036 m & Windshield Failed on Top 

& Bottom 
  

Max Von Mises Stress (Pascal) 1.45E+09 6.00E+07 2315% 

Max Reaction Force (N) 1.12E+04 8.29E+03 35% 

            

5.0 mm 67.4 m/s 

Max Displacement & 

Deformation 

0.020 m & Windshield Dented & Small 3 

Holes 

0.025 m & Windshield Failed on Top 

Only 
  

Max Von Mises Stress (Pascal) 1.60E+09 6.00E+07 2565% 

Max Reaction Force (N) 1.22E+04 8.71E+03 39% 
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Table 7.1 (continued) 
Windshield 

Thickness 

Impact 

Velocity 
  Drone Strike SPH Bird Strike Variation  

6.0 mm 67.4 m/s 

Max Displacement & 

Deformation 

0.018 m & Windshield Dented & Small 1 

Hole 

0.020 m & Windshield did not fail 

but bent a lot 
  

Max Von Mises Stress (Pascal) 1.54E+09 6.00E+07 2465% 

Max Reaction Force (N) 1.30E+04 9.67E+03 34% 

            

7.0 mm 67.4 m/s 

Max Displacement & 

Deformation 

0.016 m & Windshield Dented & Small 1 

Hole 

0.019 m & Windshield did not fail 

but vibrated 
  

Max Von Mises Stress (Pascal) 1.35E+09 6.00E+07 2148% 

Max Reaction Force (N) 1.40E+04 1.02E+04 37% 

            

7.5 mm 67.4 m/s 

Max Displacement & 
Deformation 

0.013 m & Windshield Dented & Small 1 
Hole 

0.018 m & Windshield did not fail    

Max Von Mises Stress (Pascal) 1.39E+09 6.00E+07 2223% 

Max Reaction Force (N) 1.41E+04 1.05E+04 34% 

            

8.0 mm 67.4 m/s 

Max Displacement & 

Deformation 

0.012 m & Windshield Dented & Small 1 

Hole 
0.017 m & Windshield did not fail    

Max Von Mises Stress (Pascal) 1.43E+09 6.00E+07 2280% 

Max Reaction Force (N) 1.46E+04 1.09E+04 34% 

            

9.0 mm 67.4 m/s 

Max Displacement & 

Deformation 
0.010 m & Windshield Dented but No Hole 

0.015 m & Windshield did not fail & 

No Damage 
  

Max Von Mises Stress (Pascal) 1.42E+09 6.00E+07 2266% 

Max Reaction Force (N) 1.52E+04 1.15E+04 31% 

            

10.0 mm 67.4 m/s 

Max Displacement & 

Deformation 

0.007 m & Windshield didn’t fail, and 

hole was not pierced 

0.012 m & Windshield did not fail & 

No Damage 
  

Max Von Mises Stress (Pascal) 1.46E+09 6.00E+07 2333% 

Max Reaction Force (N) 1.52E+04 1.25E+04 21% 

            

10.0 mm 128.6 m/s 

Max Displacement & 

Deformation 

0.019 m & Windshield Failed with Big 3 

Holes 

0.021 m & Windshield did not fail 

but vibrated a lot 
  

Max Von Mises Stress (Pascal) 1.62E+09 7.30E+07 2120% 

Max Reaction Force (N) 3.93E+04 4.11E+04 -4% 
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 Table 7.2 illustrates the impact severity, maximum yielding stress, and energy/force 

generated, for the scaled bird model to the respective baseline simulation of UAS.  

 As shown in the table, the simulated 1.2 kg (2.7-lb) bird strike created more distributed 

windshield deformation than the drone of equal mass. In contrast, the standard UAS caused a more 

compact region of intense damage with windshield penetration, risking the extensive damage to 

internal components of the helicopter and people onboard.  

 For instance, the 1.2 kg bird caused little higher Max Resultant displacement (20 mm) of 

the 7 mm thick windshield than the UAS (17 mm), but this displacement is considered less critical 

than the damage caused by the UAS since the UAS pierced the windshield, but the bird did not. 

 Therefore, the specific characteristic of windshield deformation is an indication that the 

UAS airborne collision involved concentrated masses composed of rigid materials, and sharp 

edges and contours.  

 Furthermore, the same parameters and impact location of the windshield from the chapter 

6 was selected to perform more than fifteen additional FE simulations with a 1.8 kg (4.0-lb) bird 

model.  

 Like the projectiles of mass 1.0 kg and 1.2 kg, the impact damage, stress, energy, and force 

generated were recorded and compared for all thickness applied, and they are tabulated, Table 7.3. 

 The table describes the comparative results of damage sustained by the windshield; for 

instance, the 6 mm thick windshield was dented and vibrated by the bird strike impact, with some 

substructural deformation but that is considered less critical than that of the UAS impact.  

 Because the drone strike with the same velocity and kinetic energy resulted a puncher on 

the structure, which increases the potential for a significant fraction of the UAS to become lodged 

in the airframe or cockpit.  
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Table 7.2 Comparison of 1.2 kg (2.7-lb) drone impact vs 1.2 kg (2.7-lb) bird impact 

 

 

 

Comparison of 1.2 kg (2.7-lb) Drone Impact vs 1.2 kg (2.7-lb) Bird Impact  
Windshield  Impact    

  
Drone Strike SPH Bird Strike Variation  

Thickness Velocity 

2.0 mm 67.4 m/s 

Max Displacement & 

Deformation 

0.127 m & Windshield Failed, Top 

Tore Down & Big 3 Holes 

0.114 m & Windshield Failed & Tore 

Apart 
  

Max Von Mises Stress (Pascal) 1.51E+09 5.20E+08 65% 

Max Reaction Force (N) 7.41E+03 5.94E+03 20% 

2.5 mm 67.4 m/s 

Max Displacement & 

Deformation 

0.096 m & Windshield Failed, Top 

Tore Down & Big 2 Hole 

0.103 m & Windshield Failed on Top & 

Bottom 
  

Max Von Mises Stress (Pascal) 1.62E+09 5.20E+08 68% 

Max Reaction Force (N) 8.98E+03 6.40E+03 28% 

3.0 mm 67.4 m/s 

Max Displacement & 

Deformation 

0.075 m & Windshield Failed on 

Top & Big 1 Hole 

0.09 m & Windshield Failed on Top & 

Bottom 
  

Max Von Mises Stress (Pascal) 1.57E+09 5.20E+08 67% 

Max Reaction Force (N) 1.05E+04 7.02E+03 33% 

4.0 mm 67.4 m/s 

Max Displacement & 

Deformation 

0.039 m & Windshield Failed on 

Top & Big 1 Hole 

0.055 m & Windshield Failed & Tore 

Apart 
  

Max Von Mises Stress (Pascal) 1.51E+09 5.20E+08 65% 

Max Reaction Force (N) 1.25E+04 9.49E+03 24% 

5.0 mm 67.4 m/s 

Max Displacement & 

Deformation 

0.021 m & Windshield Failed on 

Top & Medium 1 Hole 

0.035 m & Windshield Failed on Top & 

Bottom 
  

Max Von Mises Stress (Pascal) 1.35E+09 5.20E+08 61% 

Max Reaction Force (N) 1.37E+04 9.27E+03 32% 

6.0 mm 67.4 m/s 

Max Displacement & 

Deformation 

0.019 m & Windshield Dented & 

Small 3 Holes 

0.023 m & Windshield Failed on Top 

Only 
  

Max Von Mises Stress (Pascal) 1.38E+09 5.20E+08 62% 

Max Reaction Force (N) 1.48E+04 1.02E+04 31% 

7.0 mm 67.4 m/s 

Max Displacement & 

Deformation 

0.017 m & Windshield Dented & 

Small 1 Hole 

0.020 m & Windshield did not Fail but 

bent a lot 
  

Max Von Mises Stress (Pascal) 1.43E+09 5.20E+08 64% 

Max Reaction Force (N) 1.57E+04 1.10E+04 30% 
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Table 7.2 (continued) 

Windshield  

Thickness 

Impact  

Velocity 

  

  
Drone Strike SPH Bird Strike Variation  

8.0 mm 67.4 m/s 

Max Displacement & 

Deformation 

0.015 m & Windshield Dented & 

Small 1 Hole 

0.018 m & Windshield did not fail but 

vibrated 
  

Max Von Mises Stress (Pascal) 1.54E+09 5.20E+08 66% 

Max Reaction Force (N) 1.59E+04 1.15E+04 27% 

8.5 mm 67.4 m/s 

Max Displacement & 

Deformation 

0.013 m & Windshield Dented & 

Small 1 Hole 

0.017 m & Windshield did not fail 

and no damage 
  

Max Von Mises Stress (Pascal) 1.50E+09 5.20E+08 65% 

Max Reaction Force (N) 1.62E+04 1.19E+04 26% 

9.0 mm 67.4 m/s 

Max Displacement & 
Deformation 

0.012 m & Windshield Dented & 
Small 1 Hole 

0.016 m & Windshield did not fail and 
no damage 

  

Max Von Mises Stress (Pascal) 1.47E+09 5.20E+08 65% 

Max Reaction Force (N) 1.70E+04 1.23E+04 28% 

9.5 mm 67.4 m/s 

Max Displacement & 

Deformation 

0.010 m & Windshield Dented & 

Small 1 Hole 

0.015 m & Windshield did not fail and 

no damage 
  

Max Von Mises Stress (Pascal) 1.47E+09 5.20E+08 65% 

Max Reaction Force (N) 1.72E+04 1.26E+04 26% 

10 mm 67.4 m/s 

Max Displacement & 

Deformation 

0.010 m & Windshield Dented & 

Small 1 Hole 

0.014 m & Windshield did not fail and 

no damage 
  

Max Von Mises Stress (Pascal) 1.52E+09 7.30E+07 95% 

Max Reaction Force (N) 1.68E+04 1.29E+04 23% 

11mm 67.4 m/s 

Max Displacement & 
Deformation 

0.007 m & Windshield Dented but No 
Hole 

0.012 m & Windshield did not fail and 
no damage 

  

Max Von Mises Stress (Pascal) 1.49E+09 7.30E+07 95% 

Max Reaction Force (N) 1.72E+04 1.37E+04 20% 

12mm 67.4 m/s 

Max Displacement & 

Deformation 

0.005 m & Windshield did not fail 

and No Hole 

0.010 m & Windshield did not fail and 

no damage 
  

Max Von Mises Stress (Pascal) 1.37E+09 7.30E+07 95% 

Max Reaction Force (N) 1.76E+04 1.45E+04 17% 

12mm 128.6 m/s 

Max Displacement & 

Deformation 

0.017 m & Windshield Dented & Big 

1 Hole 

0.022 m & Windshield did not fail but 

vibrated a lot 
  

Max Von Mises Stress (Pascal) 1.54E+09 7.30E+07 95% 

Max Reaction Force (N) 4.43E+04 4.81E+04 -9% 
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Table 7.3 Comparison of 1.8 kg (4.0-lb) drone impact vs 1.8 kg (4.0-lb) bird impact 

Comparison of 1.8 kg (4.0-lb) Drone Impact vs 1.8 kg (4.0-lb) Bird Impact  
Windshield  Impact    

  
Drone Strike SPH Bird Strike Variation 

Thickness Velocity 

2.0 mm 67.4 m/s 

Max Displacement & Deformation 
0.164 m & Windshield Failed, Tore Down & Big 

3 Holes 
0.140 m & Windshield Failed & Tore Apart   

Max Von Mises Stress (Pascal) 1.39E+09 5.20E+08 6257% 

Max Reaction Force (N) 8.94E+03 6.17E+03 3099% 

2.5 mm 67.4 m/s 

Max Displacement & Deformation 
0.132 m & Windshield Failed, Tore Down & Big 

3 Holes 
0.146 m & Windshield Failed & Tore Apart   

Max Von Mises Stress (Pascal) 1.34E+09 5.20E+08 6135% 

Max Reaction Force (N) 1.02E+04 7.91E+03 2239% 

3.0 mm 67.4 m/s 

Max Displacement & Deformation 
0.113 m & Windshield Failed, Tore Down & Big 

2 Holes 
0.124 m & Windshield Failed & Tore Apart   

Max Von Mises Stress (Pascal) 1.46E+09 5.20E+08 6449% 

Max Reaction Force (N) 1.10E+04 9.32E+03 1502% 

4.0 mm 67.4 m/s 

Max Displacement & Deformation 
0.066 m & Windshield Failed on Top & Big 1 

Hole 
0.093 m & Windshield Failed on Top & 

Bottom 
  

Max Von Mises Stress (Pascal) 1.45E+09 5.20E+08 6405% 

Max Reaction Force (N) 1.55E+04 1.10E+04 2927% 

5.0 mm 67.4 m/s 

Max Displacement & Deformation 
0.038 m & Windshield Failed on Top & Big 1 

Hole 

0.066 m & Windshield Failed on Top & 

Bottom 
  

Max Von Mises Stress (Pascal) 1.72E+09 5.20E+08 6981% 

Max Reaction Force (N) 1.49E+04 1.17E+04 2131% 

6.0 mm 67.4 m/s 

Max Displacement & Deformation 
0.026 m & Windshield Failed on Top & Medium 

1 Hole 
0.043 m & Windshield Failed on Top & 

Bottom 
  

Max Von Mises Stress (Pascal) 1.45E+09 5.20E+08 6425% 

Max Reaction Force (N) 1.66E+04 1.24E+04 2534% 

7.0 mm 67.4 m/s 

Max Displacement & Deformation 0.019 m & Windshield Dented & Small 2 Holes 0.025 m & Windshield Failed on Top Only   

Max Von Mises Stress (Pascal) 1.23E+09 5.20E+08 5787% 

Max Reaction Force (N) 1.80E+04 1.30E+04 2740% 

8.0 mm 67.4 m/s 

Max Displacement & Deformation 0.017 m & Windshield Dented & Small 1 Hole 
0.021 m & Windshield did not fail but bent a 

lot 
  

Max Von Mises Stress (Pascal) 1.51E+09 5.20E+08 6548% 

Max Reaction Force (N) 1.90E+04 1.37E+04 2792% 

9.0 mm 67.4 m/s 

Max Displacement & Deformation 0.015 m & Windshield Dented & Small 1 Hole 
0.019 m & Windshield did not fail but 

vibrated 
  

Max Von Mises Stress (Pascal) 1.36E+09 5.20E+08 6183% 

Max Reaction Force (N) 1.99E+04 1.46E+04 2671% 



121 

 

Table 7.3 (continued) 

 

Windshield  

Thickness 

Impact  

Velocity 

  
  

Drone Strike SPH Bird Strike Variation 

10 mm 67.4 m/s 

Max Displacement & Deformation 0.012 m & Windshield Dent & Small 1 Hole 
0.018 m & Windshield did not fail and No 

Damage 
  

Max Von Mises Stress (Pascal) 1.33E+09 7.30E+07 9453% 

Max Reaction Force (N) 2.09E+04 1.57E+04 2475% 

10.5 mm 67.4 m/s 

Max Displacement & Deformation 0.011 m & Windshield Dent & Small 1 Hole 0.017 m & Windshield did not fail and no damage   

Max Von Mises Stress (Pascal) 1.51E+09 7.30E+07 9515% 

Max Reaction Force (N) 2.15E+04 1.63E+04 2432% 

11.0 mm 67.4 m/s 

Max Displacement & Deformation 0.010 m & Windshield Dent & Small 1 Hole 0.016 m & Windshield did not fail and no damage   

Max Von Mises Stress (Pascal) 1.49E+09 7.30E+07 9511% 

Max Reaction Force (N) 2.23E+04 1.67E+04 2510% 

12.0 mm 67.4 m/s 

Max Displacement & Deformation 0.008 m & Windshield Dent & Small 1 Hole NA   

Max Von Mises Stress (Pascal) 1.34E+09  NA  

Max Reaction Force (N) 2.38E+04  NA  

13.0 mm 67.4 m/s 

Max Displacement & Deformation 0.006 m & Windshield Dent & Small 1 Hole 0.012 m & Windshield did not fail and no damage   

Max Von Mises Stress (Pascal) 1.39E+09 7.30E+07 9474% 

Max Reaction Force (N) 2.47E+04 1.85E+04 2519% 

14.0 mm 67.4 m/s 

Max Displacement & Deformation 0.004 m & Windshield Dent & Small 1 Hole  NA   

Max Von Mises Stress (Pascal) 1.42E+09  NA  

Max Reaction Force (N) 2.58E+04  NA  

15.0 mm 67.4 m/s 

Max Displacement & Deformation 0.003 m & Windshield Dented but No Hole 0.008 m & Windshield did not fail and no damage   

Max Von Mises Stress (Pascal) 1.46E+09 7.30E+07 9501% 

Max Reaction Force (N) 2.64E+04 2.00E+04 2427% 

16.0 mm 67.4 m/s 

Max Displacement & Deformation 
0.002 m & Windshield did not fail, and no 

hole pierced 

0.007 m & Windshield did not fail and no 
damage 

  

Max Von Mises Stress (Pascal) 1.47E+09 7.30E+07 9503% 

Max Reaction Force (N) 2.68E+04 2.11E+04 2114% 

16.0 mm 
128.6 

m/s 

Max Displacement & Deformation 0.014 m & Windshield Dented & Big 1 Hole 0.022 m & Windshield did not fail but vibrated   

Max Von Mises Stress (Pascal) 1.68E+09 7.30E+07 9566% 

Max Reaction Force (N) 6.43E+04 6.54E+04 -168% 
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 Tables 7.1, 7.2 and 7.3 also include the deformation results from the UAS and bard impacts 

at higher velocity (250 knots), conducted for ‘High Impact Velocity Parametric Study’ in Chapter 

6, Section 9, which demonstrated that higher the impact energy the heavier the damage would be.

 All those results, data and observations indicate that the drone impact primarily generated 

equal or more damage to the windshield than the corresponding bird in all cases and weight classes.  

 For each mass of bird strike, an increase in windshield thickness led to increase in reaction 

force, while the Max Von Mises stress mostly remained unchanged for that mass, whereas for each 

mass of drone strike, an increase in thickness of the windshield led to increase in the reaction force, 

while Max Von Mises stress were varied nonlinearly, indicating a unique impact type.  

 Table 7.4 shows the safe thickness of windshield obtained for each mass of UAS and the 

bird strike, from the Tables 7.1, 7.2 and 7.3 (highlighted in green color and bold font). For each 

mass, the safe thickness obtained for UAS impact is higher than for the equivalent bird strike. 

 Table 7. Table 7.4 Comparison of safe thickness for drone impact vs bird impact 

Safe Windshield Thickness for Drone Strike vs Bird Strike for Three Different Masses 

Impact Velocity Projectile Mass  
Safe Windshield Thickness (mm)  

For Bird Strike For Drone Strike Variation  

131 knots (67.4 m/s) 

1.0 kg (2.2-lb) 7.50 10.00 33% 

1.2 kg (2.7-lb) 8.50 12.00 41% 

1.8 kg (4.0-lb) 10.00 16.00 60% 

 

 For 1.0 kg, 1.2 kg and 1.8 kg masses, the safe windshield thickness required for UAS 

impacts are higher by about 33%, 41% and 60% respectively than that of the bird strikes. All that 

signifies that larger the UAS size the severer damage of drone strike would be.  

 Consequently, the helicopter is required to have a thicker and heavier acrylic single layered 

windshield to be safe from UAS impact. In addition, other airframe and components of helicopter 

might require to be stronger too, to withstand any midair collisions with malicious or rough drones.  
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CHAPTER 8 

CONCLUSION AND RECOMMENDATIONS 

8.1  Conclusion 

  The objective of the study was to develop a methodology to evaluate the hazard severity 

of drone strike to a helicopter by analysis technique, which could help to certify a rotorcraft for 

drone strike. To achieve this goal, a small 1.2 kg quadcopter drone (UAS) and a helicopter with 

the single-layered windshield were modeled in CATIA and their FE models were developed in 

LS-PrePost using Lagrangian formulation, which were validated by comparing the LS-DYNA 

simulation results with the ones from the physical test [1] and literature [2]. 

 The study also focused on the comparative analysis of airworthiness of the windshield from 

the equivalent mass of drone impact and bird impact. A 4.0-lb bird was modeled using Smooth 

Particle Hydrodynamics (SPH) and validated by impacting on three different aluminum plates with 

different velocities. The results obtained were compared with the data obtained from the live 

experiments conducted by Cessna [19]. 

 From the validated baseline models of UAS and SPH bird, two more sizes of UAS and bird 

models were developed to investigate the influence of mass on the damage severity of an airborne 

collision. All those six different FE models were impacted separately on the helicopter’s 

windshield at baseline velocity of 67.4 m/s (131 knots), to quantify the damage characteristics of 

two different impact types. 

 In this aerospace impact study, the thickness of the windshield and the mass of the 

quadcopter UAS were varied to explore differences in the impact energy of a midair collision with 

a rotorcraft. The kinematics of a midair collision between a drone and a typical helicopter, was 

examined in terms of the mass of the drone and the windshield thickness. The FEM simulation 
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results were compared to their equivalent impact counterparts and the characteristics of 

deformation were recorded, observed, and analyzed. 

 In the parametric study, three different mass-size of UAS were impacted on a single-

layered acrylic construction of windshield and damage kinematics and peak resultant displacement 

were recorded and investigated, and optimal thickness for each UAS mass was also determined. 

Thickness of the single-layered acrylic windshield of helicopter was varied to determine the safe 

windshield thickness for each mass of UAS while keeping the impact velocity constant. For 1.0 

kg, 1.2 kg and 1.8 kg drone, the safe windshield thickness was determined 10 mm, 12 mm, and 16 

mm respectively. Accordingly, an increase in mass of UAS will require an increase in thickness 

of the windshield to achieve the safe thickness for the new UAS mass. 

 As seen in the simulation results and data, for all three sizes of the drone strike, the 

windshield deformation, its resultant peak displacement, kinetic energy, decreased for increased 

thickness, at the given impact velocity. The impact velocity considered for the helicopter and the 

UAS collision was 67.4 m/s (131 knots) which is considered to be a low-velocity impact of 

rotorcraft in compared to an average aircraft cruise velocity (250 knots) [1].  

 From its original mass of 1.2 kg, the UAS was scaled-down to 1.0-kg (2.2-lb) and also 

scaled-up to 1.8 kg (4.0-lb) in order to assess the potential variation in damage severity. The mass 

of the drone in this Finite Element Analysis (FEA) study demonstrated a linear increase in the 

kinetic energy of the mid-air collision. The increased kinetic energy triggered in increased 

deformation of the windshield in all LS-DYNA simulations. Similarly, the higher mass of drone 

showed increased deformation of the windshield with the equivalent thickness.  

 The damage of windshield showed that the single layer windshield, made of acrylic 

material has anti-fragmenting property. Overall, it can be concluded that the UAS collision to 
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rotorcraft are hard impact in characteristic and dangerous to the safe flight of the rotorcraft, 

therefore., this study recommends a FAA regulation for helicopter certification which requires 

rotorcraft must be designed to ensure capability of continued safe flight and landing after impact 

with a 1.0 kg (2.2-lb) or larger drones (1.2 kg, 1.8 kg). 

 Furthermore, high impact velocity parametric study demonstrated that at higher impact 

velocity of drone (250 knots), the windshield with the safe thickness for the baseline parameters, 

will be damaged, becoming unsafe, in each case of UAS mass.  

 The comparison study was also conducted to resolve if a drone (UAS) strike can be 

considered equivalent to a bird strike. The FEM simulations applied the same boundary conditions 

and impact energies to demonstrate the behavior of the two impact types. The study also 

summarizes all the simulation results and some representative examples of observed differences 

in damage.  

 The results showed that UAS collisions involving hard-material projectiles are different 

characteristic than that from bird strikes. The damage regions for the UAS mostly showed deeper, 

localized dents and penetrations due to the discrete masses, and rigid, viscous materials. The initial 

dents and holes caused by the impact of the camera, motors or battery allowed major parts of the 

UAS to penetrate the windshield.  

 On the other hand, the most cases involving the single-layered acrylic windshield of the 

typical helicopter damaged less when impacted by the simulated bird as opposed to the UAS 

model. This damage caused by the bird strike is considered less critical than that of the equivalent 

UAS impact because UAS penetration increases the risk of its solid fragment being lodged in the 

windshield and airframe of the helicopter.  
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 The bird of all three masses caused even thicker windshield to deform or vibrate but were 

ultimately deflected due to its relatively soft composition whereas the small UASs created deep 

dents and penetrations that propagated into large-scale openings, allowing additional airframe to 

be impacted. 

 The quadcopter UAS impacts are likely to cause more damage than bird strikes of 

equivalent energy, requiring up to 60% thicker windshield to survive the UAS collision than that 

from the bird strike, and to continue a safe flight. 

 In summary, for each case and each weight, the drone strike created equal or more damage 

than the bird. A bird strike is a fluid like impact process whereas the drone strike is a solid, rubber 

or foam like impact process, therefore, the bird strike is not comparable to an UAS impact. In 

addition, the drone strike certification of rotorcraft by FEM analysis technique not only saves time, 

and money, but also standardizes certification process. 

 At last, but not least, it can be concluded that a windshield of helicopter which is airworthy 

for the bird strike will not be airworthy anymore, hence, the current FAA regulation of the 

rotorcrafts design certification for the bird strike is neither sufficient nor appropriate for the midair 

collision with UAS.  

8.2  Recommendations 

 The results show that a minimum damage threshold could be low speed or hovering phase 

of a typical rotorcraft for an impact with the most common UAS. The recorded scale of windshield 

damage could be possibly less severe than the impacts with greater velocities and masses.  

 It is recommended to perform further studies to determine acceptable thresholds or 

categories for each parameter regarding masses and velocities of midair collision. Further study 

can be done varying the impact velocity. More simulations of airborne collision with the drones 
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could be performed at higher velocity of the rotorcraft to determine the safe thickness and also to 

compare the results with the ones from the commercial jets and private jets. 

 Two-walled acrylic or composites materials can be applied to the windshield and the tests 

can be carried out and results can be compared. The UAS strike simulations can be carried out on 

different parts of a rotorcraft including rotor blade, tail rotor, fuselage, rudder, and tail boom, etc. 

 Simulations using other UAS configurations, different helicopters and impact orientations 

may provide further understandings of the impact dynamics of midair collision. Further study can 

be done impacting the UAS directly perpendicular to the plane curvature of the windshield instead 

of angled impact.   

 The comparison studies show that the UAS and bird have different impact characteristics 

and that the impact energy is only one of the many factors that predict damage severity. It is 

recommended to investigate other potential combinations of UAS/bird mass and impact velocity 

to strengthen the results of comparison study.  

 Further study can be done for different type of material for the single-layers windshield 

such as soda-lime glass or composites. Additional study may be performed with two-layered 

stretch acrylic, acyclic with PVB interlayer and glass with PVB interlayer.  

 Further study can be done with UAS with different type (e.g., fixed winged Precision Hawk 

Lancaster Hawkeye Mark III), geometry, configuration, size, or proposes like military drone (MQ9 

Reaper UAV Military Aircraft). 

 For bird strike, different types of bird models can be used for testing and results can be 

compared to find out which model gives the best results. In addition, some parameters such as 

EOS, cavitation pressures can be varied in LS-PrePost, and results can be compared. 

 



128 

 

 

 

 

 

 

 

 

 

 

 

 

 

REFERENCES 

  



129 

 

REFERENCES 

[1] Olivares G., Gomez, L., Espinosa de los Monteros, J., Baldridge, R. J., Zinzuwadia, C., 

and Aldag, T. Assure UAS Airborne Collision Severity Evaluation : Completed: 

Research Projects – “Volume II: UAS Airborne Collision Severity Evaluation: 

Quadcopter.” ASSUREuas, Mississippi State University, July 2017, [Online]. Avalable : 

https://www.assureuas.org/projects/completed/sUASAirborneCollisionReport.php. [cited 

July 12, 2018].  

[2] Hedayati, R., et al. “Bird Strike Analysis on a Typical Helicopter Windshield with 

Different Lay-Ups.” Journal of Mechanical Science and Technology, Korean Society of 

Mechanical Engineers, 1 May 2014, [Online]. Available: 

https://link.springer.com/article/10.1007%2Fs12206-014-0125-3. [cited July 20, 2018]. 

[3] Al, V. “Finite Element Analysis of Structures - MATERIAL PROPERTIES 

DATABASE.” Varmint Al’s Engineering Page, 19 July 2015, [online]. Available: 

www.varmintal.com/aengr.htm. [cited May 12, 2020]. 

[4] Shah, Q., and Topa, A. Modelling and Simulation in Engineering/Research Article. 

“Modeling Large Deformation and Failure of Expanded Polystyrene Crushable Foam 

Using LS-DYNA”, Hindawi, 27 Jan. 2014, [online]. Available: 

www.hindawi.com/journals/mse/2014/292647. [cited Novembre 23, 2020]. 

[5] Topa, A. “EPS Stress Strain Extended.Csv.” Google Docs, A. Topa, Oct. 2016, [online]. 

Available: https://drive.google.com/file/d/1_1p-

pCN4eOPE6RlMwUCu5Uoc00z6oySO/view [cited August 9, 2020]. 

[6] Topa, A. & Shah, Q.. (2014). “Numerical Simulations of Bulk Metal Forming Process 

with Smooth Particle Hydrodynamics.” Australian Journal of Basic and Applied 

Sciences. 8. 198-204.  

[7] Szyk, B. “Free Fall Calculator.” Omni Calculator Sp. z o.o., Omni Calculator sp. z o.o., 9 

Feb. 2021, [online]. Available: www.omnicalculator.com/physics/free-fall. [cited 

February 10, 2021].  

[8] Moore, J. “Drone Collisions with Aircraft Modeled.” AOPA, Aircraft Owners and Pilots 

Association, 29 Nov. 2017, [online]. Available: www.aopa.org/news-and-media/all-

news/2017/november/29/drone-collisions-with-aircraft-modeled. [cited June 27, 2019].   

[9] Loretta. “Robinson’s Impact-Resistant Windshields Improve Bird Strike Protection.” 

Robinson Helicopter Company, Robinson Helicopter Company | All Rights Reserved, 29 

Aug. 2020, [online]. Available: https://robinsonheli.com/news/robinsons-impact-

resistant-windshields/ [cited November 04, 2020].  

 

https://www.assureuas.org/projects/completed/sUASAirborneCollisionReport.php
https://link.springer.com/article/10.1007%2Fs12206-014-0125-3
http://www.varmintal.com/aengr.htm
http://www.hindawi.com/journals/mse/2014/292647
https://drive.google.com/file/d/1_1p-pCN4eOPE6RlMwUCu5Uoc00z6oySO/view
https://drive.google.com/file/d/1_1p-pCN4eOPE6RlMwUCu5Uoc00z6oySO/view
http://www.omnicalculator.com/physics/free-fall
http://www.aopa.org/news-and-media/all-news/2017/november/29/drone-collisions-with-aircraft-modeled
http://www.aopa.org/news-and-media/all-news/2017/november/29/drone-collisions-with-aircraft-modeled
https://robinsonheli.com/news/robinsons-impact-resistant-windshields/
https://robinsonheli.com/news/robinsons-impact-resistant-windshields/


130 

 

[10] “The Fundamental Guide to the Bell 206 Helicopter - WinAir.” Aviation Management 

Software (Operator, Heliops, MRO, CAMO), WinAir. AV-BASE Systems, Inc., 22 July 

2020, [online]. Available: https://winair.ca/blog/fundamental-guide-bell-206-helicopter/ 

[cited April 13, 2021].  

[11] “Helicopter Aerodynamics - Aircraft Theory of Flight (Part 5) - Helicopter Axes of 

Flight.” Aircraft Systems, Aeronautics Guide, [online]. Available: 

www.aircraftsystemstech.com/2021/04/helicopter-aerodynamics-aircraft-theory.html. 

[cited March 10, 2021] 

[12] “Helicopter Tours Wichita Kansas - Heli Rentals KS 67067.” BUCKET LIST RIDES, 

2021, [online]. Available: www.bucketlistrides.com/helicopter-tours-rentals-wichita-

ks.htm [cited June 19, 2021].   

[13] “Rotor Configuration.” Helis.Com - How They Fly? | Helicopter Types, Helicopter 

History Site - www.helis.com, 1997, [online]. Available: 

www.helis.com/howflies/rotconf.php. [cited May 25, 2021]    

[14] National Aerospace Laboratory, Technical report, “Design and Testing of a Composite 

Birdstrike resistant leading edge”, SAMPE Europe Conference & Exhibition, Paris, 

France, April 2003. 

[15] Kaminski-Morrow, D. “Cockpit Windshields Resilient to Typical Drone Strikes: 

Analysis.” Flight Global, 6 Dec. 2019, [online]. Available: 

www.flightglobal.com/cockpit-windshields-resilient-to-typical-drone-strikes-

analysis/124876.article [cited August 22, 2021] 

[16] Lykou, G. et al. “Defending Airports from UAS: A Survey on Cyber-Attacks and 

Counter-Drone Sensing Technologies.” Sensors (Basel, Switzerland) vol. 20,12 3537. 22 

Jun. 2020, doi:10.3390/s20123537 

[17] Lomas, N. “Last Year’s Gatwick Drone Attack Involved at Least Two Drones, Say 

Police.” TechCrunch, Verizon Media, 27 Sept. 2019, [online]. Available: 

https://techcrunch.com/2019/09/27/last-years-gatwick-drone-attack-involved-at-least-

two-drones-say-police/ [cited August 02, 2020]. 

[18] DJI. “Phantom 3 Standard - Product Information - DJI.” DJI Official, DJI All Rights 

Reserved, April. 2015, [online]. Available: www.dji.com/phantom-3-

standard/info#specs/ [cited May 18, 2018]. 

[19] Furtado, R. D. “Finite Element Analysis of Birdstrike on Aircraft Structures”, 

Department of Mechanical Engineering, Wichita State University, 2000.  

[20] “The Hazard Posed to Aircraft by Birds”, Research Paper. Australian Transport Safety 

Bureau, 2002. 

[21] Hadley, J. L. “Unmanned Aerial Vehicle Impact with Human Being.” College of 

Engineering, Department of Mechanical Engineering, Wichita State University, 2018. 

https://winair.ca/blog/fundamental-guide-bell-206-helicopter/
http://www.aircraftsystemstech.com/2021/04/helicopter-aerodynamics-aircraft-theory.html
http://www.bucketlistrides.com/helicopter-tours-rentals-wichita-ks.htm
http://www.bucketlistrides.com/helicopter-tours-rentals-wichita-ks.htm
http://www.helis.com/howflies/rotconf.php
http://www.flightglobal.com/cockpit-windshields-resilient-to-typical-drone-strikes-analysis/124876.article
http://www.flightglobal.com/cockpit-windshields-resilient-to-typical-drone-strikes-analysis/124876.article
https://techcrunch.com/2019/09/27/last-years-gatwick-drone-attack-involved-at-least-two-drones-say-police/
https://techcrunch.com/2019/09/27/last-years-gatwick-drone-attack-involved-at-least-two-drones-say-police/
http://www.dji.com/phantom-3-standard/info#specs/
http://www.dji.com/phantom-3-standard/info#specs/


131 

 

[22] Mehta, A. “History Tuesday: The Origin of the Term Drone.” Intercepts | Defense News, 

Defense News © 2014, 16 Jan. 2014, [online]. Available:  

http://intercepts.defensenews.com/2013/05/the-origin-of-drone-and-why-it-should-be-ok-

to-use/ [cited August 25, 2020]. 

[23] Dji. “Drone Laws and Regulations: Read Now to Avoid Big Fines and Legal Woes.” DJI 

Guides, © 2020 DJI ALL RIGHTS RESERVED, 9 Sept. 2019, [online]. Available:  

https://store.dji.com/guides/drone-laws/ [cited April 02, 2020]. 

[24] Dji. “10 Tips for Preventing Drone Crashes.” DJI Guides, © 2020 DJI ALL RIGHTS 

RESERVED, 23 May 2018, [online]. Available: https://store.dji.com/guides/drone-crash/ 

[cited December 07, 2019]. 

[25] “ECFR:: 14 CFR Part 107 -- Small Unmanned Aircraft Systems.” National Archives - 

Code of Federal Regulations, The Office of the Federal Register (OFR) of the National 

Archives and Records Administration (NARA), 28 June 2016, [online]. Available: 

www.ecfr.gov/current/title-14/chapter-I/subchapter-F/part-107 [cited June 15, 2020]. 

[26] Franke, U. E. “Civilian Drones: Fixing an Image Problem?” CSS ETH Zurich, © 2021 

CSS Blog Network, 26 Jan. 2015, [online]. Available:  

https://isnblog.ethz.ch/security/civilian-drones-fixing-an-image-problem [cited August 

09, 2019]. 

[27] FAR, FAA. “14 CFR § 29.631 - Bird Strike.” LII / Legal Information Institute, Cornell 

Law School - Legal Information Institute, 1 July 1996, [online]. Available: 

www.law.cornell.edu/cfr/text/14/29.631 [cited March 10, 2021]. 

[28] BBC News. “Drone Collides with Commercial Aeroplane in Canada.” BBC News, 16 

Oct. 2017, [online]. Available:  www.bbc.com/news/technology-41635518 [cited January 

11, 2020]. 

[29] McGeehan, P. “Newark Airport Traffic Is Briefly Halted After Drone Is Spotted.” The 

New York Times, The New York Times, 2 Sept. 2021, [online]. Available: 

www.nytimes.com/2019/01/22/nyregion/drones-newark-airport-ground-stop.html [cited 

October 18, 2021]. 

[30] Galvez, M. “Drone Hits Military Chopper over Midland Beach, Staten Island.” ABC7 

New York, ABC NEWS, 23 Sept. 2017, [online]. Available:  https://abc7ny.com/drone-

hits-military-chopper-over-staten-island/2443487/ [cited August 11, 2019]. 

[31] Rattigan, K. “Charleston Helicopter Crash: Possibly 1st Aviation Accident Caused by a 

Drone.” Data Privacy + Cybersecurity Insider, Robinson+Cole, 20 Jan. 2021, [online]. 

Available:  www.dataprivacyandsecurityinsider.com/2018/02/charleston-helicopter-

crash-possibly-1st-aviation-accident-caused-by-a-

drone/?utm_source=feedburner&utm_medium=feed&utm_campaign=Feed%3A+DataPri

vacyAndSecurityInsider+%28Data+Privacy+%2B+Security+Insider%29 [cited May 14, 

2021]. 

http://intercepts.defensenews.com/2013/05/the-origin-of-drone-and-why-it-should-be-ok-to-use/
http://intercepts.defensenews.com/2013/05/the-origin-of-drone-and-why-it-should-be-ok-to-use/
https://store.dji.com/guides/drone-laws/
https://store.dji.com/guides/drone-crash/
http://www.ecfr.gov/current/title-14/chapter-I/subchapter-F/part-107
https://isnblog.ethz.ch/security/civilian-drones-fixing-an-image-problem
http://www.law.cornell.edu/cfr/text/14/29.631
http://www.bbc.com/news/technology-41635518
http://www.nytimes.com/2019/01/22/nyregion/drones-newark-airport-ground-stop.html
https://abc7ny.com/drone-hits-military-chopper-over-staten-island/2443487/
https://abc7ny.com/drone-hits-military-chopper-over-staten-island/2443487/
http://www.dataprivacyandsecurityinsider.com/2018/02/charleston-helicopter-crash-possibly-1st-aviation-accident-caused-by-a-drone/?utm_source=feedburner&utm_medium=feed&utm_campaign=Feed%3A+DataPrivacyAndSecurityInsider+%28Data+Privacy+%2B+Security+Insider%29
http://www.dataprivacyandsecurityinsider.com/2018/02/charleston-helicopter-crash-possibly-1st-aviation-accident-caused-by-a-drone/?utm_source=feedburner&utm_medium=feed&utm_campaign=Feed%3A+DataPrivacyAndSecurityInsider+%28Data+Privacy+%2B+Security+Insider%29
http://www.dataprivacyandsecurityinsider.com/2018/02/charleston-helicopter-crash-possibly-1st-aviation-accident-caused-by-a-drone/?utm_source=feedburner&utm_medium=feed&utm_campaign=Feed%3A+DataPrivacyAndSecurityInsider+%28Data+Privacy+%2B+Security+Insider%29
http://www.dataprivacyandsecurityinsider.com/2018/02/charleston-helicopter-crash-possibly-1st-aviation-accident-caused-by-a-drone/?utm_source=feedburner&utm_medium=feed&utm_campaign=Feed%3A+DataPrivacyAndSecurityInsider+%28Data+Privacy+%2B+Security+Insider%29


132 

 

[32] U.S. Government Accountability Office (GAO 2018). Unmanned Aircraft Systems. 

[online]. Available: 

https://www.gao.gov/key_issues/unmanned_aerial_systems/issue_summary (cited July 

17, 2021). 

[33] Krause, H. “Unmanned Aircraft Systems: FAA Could Strengthen Its Implementation of a 

Drone Traffic Management System by Improving Communication and Measuring 

Performance.” U.S. GAO, GAO-21-165, 28 Jan. 2021, [online]. Available: 

www.gao.gov/products/gao-21-165 [cited August 22, 2021]. 

[34] Krause, H. “Uncrewed Aircraft Systems.” U.S. GAO, U.S. Government Accountability 

Office, 16 Aug. 2018, [online]. Available: www.gao.gov/uncrewed-aircraft-systems 

[cited November 12, 2020]. 

[35] Helsel, P. “Man Pleads Guilty after Drone Hits LAPD Helicopter, Conviction 1st of Its 

Kind.” NBC News, 15 Jan. 2021, [online]. Available: www.nbcnews.com/news/us-

news/man-pleads-guilty-after-drone-hits-lapd-helicopter-conviction-1st-n1254365 [cited 

June 16, 2021]. 

[36] Huber, M. “Drone Injures Helicopter Crewmember.” Aviation International News, The 

Convention News Company, Inc., 25 Jan. 2021, [online]. Available: 

www.ainonline.com/aviation-news/general-aviation/2021-01-25/drone-injures-helicopter-

crewmember. [cited August 10, 2021]. 

[37] Parra, N. “Accidente aéreo: drone impacta a helicóptero de la Armada en pleno vuelo y 

hiere a tripulante.” BioBioChile - La Red de Prensa Más Grande de Chile, Christian 

Borcoski, 24 Jan. 2021, [online]. Available:  

www.biobiochile.cl/noticias/nacional/region-de-valparaiso/2021/01/23/accidente-aereo-

drone-impacta-a-helicoptero-de-la-armada-en-pleno-vuelo-e-hiere-a-tripulante.shtml 

[cited March 05, 2021].  

[38] FAA. “Small Unmanned Aircraft Systems (UAS) Regulations (Part 107).” The Federal 

Aviation Administration (FAA), FAA, 6 Oct. 2020, [online]. Available:  

www.faa.gov/newsroom/small-unmanned-aircraft-systems-uas-regulations-part-

107?newsId=22615.Sdfsd [cited December 28, 2020]. 

[39] Shah, Q., and Topa, A. Modelling and Simulation in Engineering / Research Article.  

“Modeling Large Deformation and Failure of Expanded Polystyrene Crushable Foam 

Using LS-DYNA”, Hindawi, 27 Jan. 2014, [online]. Available: 

www.hindawi.com/journals/mse/2014/292647 [cited May 02, 2018]. 

[40] Liu, X., et al. “Simulations of Airborne Collisions between Drones and an Aircraft 

Windshield.” ScienceDirect, 1 Mar. 2020, [online]. Available: 

www.sciencedirect.com/science/article/abs/pii/S127096381830871X?via%3Dihub [cited 

August 25, 2021]. 

https://www.gao.gov/key_issues/unmanned_aerial_systems/issue_summary
http://www.gao.gov/products/gao-21-165
http://www.gao.gov/uncrewed-aircraft-systems
http://www.nbcnews.com/news/us-news/man-pleads-guilty-after-drone-hits-lapd-helicopter-conviction-1st-n1254365
http://www.nbcnews.com/news/us-news/man-pleads-guilty-after-drone-hits-lapd-helicopter-conviction-1st-n1254365
http://www.ainonline.com/aviation-news/general-aviation/2021-01-25/drone-injures-helicopter-crewmember
http://www.ainonline.com/aviation-news/general-aviation/2021-01-25/drone-injures-helicopter-crewmember
http://www.biobiochile.cl/noticias/nacional/region-de-valparaiso/2021/01/23/accidente-aereo-drone-impacta-a-helicoptero-de-la-armada-en-pleno-vuelo-e-hiere-a-tripulante.shtml
http://www.biobiochile.cl/noticias/nacional/region-de-valparaiso/2021/01/23/accidente-aereo-drone-impacta-a-helicoptero-de-la-armada-en-pleno-vuelo-e-hiere-a-tripulante.shtml
http://www.faa.gov/newsroom/small-unmanned-aircraft-systems-uas-regulations-part-107?newsId=22615.Sdfsd
http://www.faa.gov/newsroom/small-unmanned-aircraft-systems-uas-regulations-part-107?newsId=22615.Sdfsd
http://www.hindawi.com/journals/mse/2014/292647
http://www.sciencedirect.com/science/article/abs/pii/S127096381830871X?via%3Dihub


133 

 

[41] Moore, J. “NTSB Determines Helicopter Likely Struck Drone.” AOPA, 6 July 2020, 

[online]. Available: www.aopa.org/news-and-media/all-news/2020/july/06/ntsb-

determines-helicopter-likely-struck-drone [cited October 13, 2020]. 

[42] Man, C., Hasrizam, M., and Low, K. H. “Damage Severity Prediction of Helicopter 

Windshields Caused by a Collision with a Small Unmanned Aerial Vehicle (SUAV).” 

ResearchGate, Conference: AIAA AVIATION 2021 FORUM, Aug. 2021, [online]. 

Available:  

www.researchgate.net/publication/353533383_Damage_Severity_Prediction_of_Helicopt

er_Windshields_Caused_by_a_Collision_with_a_Small_Unmanned_Aerial_Vehicle_sU

AV [cited September 10, 2021]. 

[43] Jonkheijm, L. “Predicting Helicopter Damage Caused by a Collision with an Unmanned 

Aerial System Using Explicit Finite Element Analysis” TU Delft Repositories. TU Delft 

Library, Delft University of Technology, 21 Aug. 2020, [online]. Available:  

https://repository.tudelft.nl/islandora/object/uuid%3A90105518-e3f8-4355-b9d3-

bf541215e83c [cited August 30, 2021]. 

[44] Department for Transport. “Drones and Manned Aircraft Collisions: Test Results.” 

GOV.UK, 22 July 2017, [online]. Available: 

www.gov.uk/government/publications/drones-and-manned-aircraft-collisions-test-results 

[cited October 22, 2018]. 

[45] Hussain, S. T. “Bird Strike Analysis on Rotor Blades of an Aircraft Engine Using a 

smooth Particle Hydrodynamics Model Developed for a large 8-pound bird.” College of 

Engineering, Department of Mechanical Engineering, Wichita State University, 2013. 

[46] Walvekar, V., Thorbole C. K., Bhonge P. Lankarani H. M., “Birdstrike Analysis on 

Leading Edge of an Aircraft Wing Using a Smooth Particle Hydrodynamics Bird Model,” 

ASME International Mechanical Engineering Congress and Exposition, Volume 1: 

Advances in Aerospace Technology, pp. 77-87. doi:10.1115/IMECE2010-37667. 

[47] Flynt, J. “21 Types of Drones.” 3D Insider, 10 Feb. 2018, [online]. Available: 21 Types 

of Drones: The Ultimate List of Drone Types - 3D Insider [cited July 12, 2020]. 

[48] Mamusoglu, M. “Free CAD Designs, Files & 3D Models | The GrabCAD Community 

Library.” GrabCAD, GrabCAD, a STRATASYS solution, 11 Jan. 2019, [online]. 

Available:  https://grabcad.com/library/helicopter-model-1 [cited August 20, 2019]. 

[49] Jianghanmao, J. “Free CAD Designs, Files & 3D Models | The GrabCAD Community 

Library.” GrabCAD, GrabCAD, a STRATASYS solution, 4 Aug. 2015, [online]. 

Available: https://grabcad.com/library/dji-phantom3-1 [cited May 17, 2018]. 

[50] Hedayati, R., and Ziaei-Rad, S., “A New Bird Model and the Effect of Bird Geometry in 

Impacts from Various Orientations.” Aerospace Science and Technology, 28. 9-20. 2012, 

10.1016/j.ast.2012.09.002. 

http://www.aopa.org/news-and-media/all-news/2020/july/06/ntsb-determines-helicopter-likely-struck-drone
http://www.aopa.org/news-and-media/all-news/2020/july/06/ntsb-determines-helicopter-likely-struck-drone
http://www.researchgate.net/publication/353533383_Damage_Severity_Prediction_of_Helicopter_Windshields_Caused_by_a_Collision_with_a_Small_Unmanned_Aerial_Vehicle_sUAV
http://www.researchgate.net/publication/353533383_Damage_Severity_Prediction_of_Helicopter_Windshields_Caused_by_a_Collision_with_a_Small_Unmanned_Aerial_Vehicle_sUAV
http://www.researchgate.net/publication/353533383_Damage_Severity_Prediction_of_Helicopter_Windshields_Caused_by_a_Collision_with_a_Small_Unmanned_Aerial_Vehicle_sUAV
https://repository.tudelft.nl/islandora/object/uuid%3A90105518-e3f8-4355-b9d3-bf541215e83c
https://repository.tudelft.nl/islandora/object/uuid%3A90105518-e3f8-4355-b9d3-bf541215e83c
http://www.gov.uk/government/publications/drones-and-manned-aircraft-collisions-test-results
https://3dinsider.com/types-of-drones/
https://3dinsider.com/types-of-drones/
https://grabcad.com/library/helicopter-model-1
https://grabcad.com/library/dji-phantom3-1


134 

 

[51] Garrick, D. “San Diego to Spend $21 Million on Four Police Helicopters.” Los Angeles 

Times, 21 Nov. 2019, [online]. Available: www.latimes.com/california/story/2019-11-

20/san-diego-21-million-police-helicopters [cited February 18, 2020]. 

[52] Anderson, D. “Colorado Looks to Lease Firefighting Helicopter as Part of Legislation 

Aimed at Stopping Wildfires before They Grow.” Summit Daily | Colorado Looks to 

Lease Firefighting Helicopter as Part of Legislation Aimed at Stopping Wildfires before 

They Grow, Steamboat Pilot & Today, 22 Feb. 2021, [online]. Available: 

www.summitdaily.com/news/colorado-looks-to-lease-firefighting-helicopter-as-part-of-

legislation-aimed-at-stopping-wildfires-before-they-grow [cited August 02, 2021]. 

[53] FAA, “Airspace 101 – Rules of the Sky.” United States Department of Transportation, 30 

Aug. 2021, [online]. Available:  

www.faa.gov/uas/recreational_fliers/where_can_i_fly/airspace_101 [cited October 08, 

2021]. 

[54] ASME, 2012, “An Illustration of the Concepts of Verification and Validation in 

Computational Solid Mechanics,” ASME Standard No. V&V 10.1-2012. 

[55] International Organization for Standardization (ISO), 1993, “Guide to the Expression of 

Uncertainty in Measurement,” ISO, Geneva, Switzerland. 

[56] Roache, P. J., 1998, Verification and Validation in Computational Science and 

Engineering, Hermosa Publishers, Albuquerque, NM. 

[57] Thacker, B. H., 2001, “ASME Standards Committee on Verification and Validation in 

Computational Solid Mechanics,” Technical Report, ASME Council on Codes and 

Standards. 

[58] “Verification and Validation of Simulation Models.” The MITRE Corporation, 25 Jan. 

2018, [online]. Available:   www.mitre.org/publications/systems-engineering-guide/se-

lifecycle-building-blocks/other-se-lifecycle-building-blocks-articles/verification-and-

validation-of-simulation-models [cited October 08, 2021]. 

[59] Thacker, B H, Doebling, S W, Hemez, F M, Anderson, M C, Pepin, J E, and Rodriguez, 

E A. Concepts of Model Verification and Validation. United States: N. p., 2004. Web. 

doi:10.2172/835920 

[60] Klemmer, J., Lauer, J., Formanski, V., Fontaine, R. et al., "Definition and Application of 

a Standard Verification and Validation Process for Dynamic Vehicle Simulation 

Models," SAE Int. J. Mater. Manuf. 4(1):743-758, 2011, [online]. Available:    

https://doi.org/10.4271/2011-01-0519 [cited October 02, 2021]. 

[61] Pereira, C. & Ramalho, Amílcar & Ambrósio, Jorge. (2011). Experimental and numerical 

validation of an enhanced cylindrical contact force model. WIT Transactions on 

Engineering Sciences. 71. 49-60. 10.2495/SECM110051. 

http://www.latimes.com/california/story/2019-11-20/san-diego-21-million-police-helicopters
http://www.latimes.com/california/story/2019-11-20/san-diego-21-million-police-helicopters
http://www.summitdaily.com/news/colorado-looks-to-lease-firefighting-helicopter-as-part-of-legislation-aimed-at-stopping-wildfires-before-they-grow
http://www.summitdaily.com/news/colorado-looks-to-lease-firefighting-helicopter-as-part-of-legislation-aimed-at-stopping-wildfires-before-they-grow
http://www.faa.gov/uas/recreational_fliers/where_can_i_fly/airspace_101
http://www.mitre.org/publications/systems-engineering-guide/se-lifecycle-building-blocks/other-se-lifecycle-building-blocks-articles/verification-and-validation-of-simulation-models
http://www.mitre.org/publications/systems-engineering-guide/se-lifecycle-building-blocks/other-se-lifecycle-building-blocks-articles/verification-and-validation-of-simulation-models
http://www.mitre.org/publications/systems-engineering-guide/se-lifecycle-building-blocks/other-se-lifecycle-building-blocks-articles/verification-and-validation-of-simulation-models
https://doi.org/10.4271/2011-01-0519


135 

 

[62] Topa, A., “LS-DYNA TUTORIAL 17: Bird Strike Simulation Revisited.” YouTube, 8 

Aug. 2020, [online]. Available:  www.youtube.com/watch?v=3dj4T_hOKsA [cited 

July12, 2021]. 

[63] A. Banerjee, S. Dhar, S. Acharyya, D. Datta, N. Nayak, Determination of Johnson cook 

material and failure model constants and numerical modelling of Charpy impact test of 

armour steel, Materials Science and Engineering: A, Volume 640, 2015, Pages 200-209, 

ISSN 0921-5093, [online]. Available:  https://doi.org/10.1016/j.msea.2015.05.073. 

(https://www.sciencedirect.com/science/article/pii/S0921509315300228) [cited July12, 

2021]. 

 

 

 

 

http://www.youtube.com/watch?v=3dj4T_hOKsA
https://doi.org/10.1016/j.msea.2015.05.073
https://www.sciencedirect.com/science/article/pii/S0921509315300228

