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EXECUTIVE SUMMARY  

According to the latest industry forecast studies, the Uncrewed Aircraft System (UAS) market 

volume is expected to reach 2.78 million units by 2027 [1]. Nonetheless, safety, regulatory, social, 

and technical challenges must be addressed before the sight of an uncrewed aircraft in the sky 

becomes as common and accepted by the public as its crewed counterpart. The primary goal of 

regulating UAS operations in the National Airspace System (NAS) is to ensure an appropriate 

level of safety.  The effect of an airborne collision between a UAS and a crewed aircraft is a 

concern to the public and government officials at all levels. Research is needed to define airborne 

hazard severity thresholds for collisions between uncrewed and crewed aircraft or collisions with 

people on the ground. 

This report analyzes airborne collision scenarios between a range of UAS (2.7 lbs. to 55 lbs. 

quadcopters and fixed-wing) with a 14 Code of Federal Regulations (CFR) Part 27 rotorcraft. 

Detailed Finite Element Models of the UAS and the rotorcraft validated through NIARôs building 

block approach have been used to reduce the time and costs associated with physical testing at the 

full -scale level. The following critical areas for the rotorcraft were identified for analysis:  the front 

cowling, horizontal stabilizer, rear servo, windshield, and main rotor blade. The severity evaluation 

criterion follows the guidelines of the ASSURE Airborne Collision Phase I program [2] and an 

updated Blade Damage criterion originally defined in the UAS Airborne Collision Severity 

Evaluation of Part 29 Rotorcraft program [3]. The criteria define four levels for damage 

assessment, as shown in Table 1. 

Table 1. Damage severity evaluation criteria. 

Severity Airframe Damage Description Blade Damage Description 

Level 1 
The airframe is undamaged. 

Small deformations. 

Blade undamaged. 

Scratches or small dents on a rotor blade. 

No crack initiation. 

Level 2 
Extensive permanent deformation on external surfaces. 

Some deformation in internal structure. 

No Skin Failure. 

Dents on a rotor blade leading edge. 

Minor crack initiation. 

No debonding. 

Level 3 
Skin fracture. 

Penetration of at least one component into the airframe. 

Any debonding. 

Skin buckling. 

Major crack initiation. 

Level 4 
Penetration of UAS into airframe and failure of the 

primary structure. 

Any material loss leading to a blade imbalance. 

Heavy blade twist and deflection leading to an imbalance 

on a single-blade. 

 

Overall, the small size and type of construction utilized in the Part 27 rotorcraft results in severe 

damage when there is a mid-air collision with larger sUAS (25 and 55 lbs.). Conversely, impacts 

with sUAS less than 10 lbs. are less severe, even at higher speeds (149 knots). The findings from 

this research may be used to conservatively define airborne hazard severity thresholds for 

collisions between sUAS of several sizes and weights and a Part 27 [4] rotorcraft. 
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1   INTRODUCTION  

Uncrewed Aircraft Systems (UASs) are the fastest-growing sector of the aviation industry today; 

according to The Association for Uncrewed Vehicles International, the largest trade group around 

UASs, estimated (as of 2013) that by 2025 more than 100,000 jobs will be created in the US with 

an economic impact of more than $82 billion [5]. In addition, the UAS market volume is expected 

to reach 2.78 million units by 2027 [1]. Nonetheless, safety, regulatory, social, and technical 

challenges must be addressed before the sight of an uncrewed aircraft in the sky becomes as 

common and accepted by the public as its crewed counterparts.  

The effect of an airborne collision between a UAS and a crewed aircraft is a concern to the public 

and government officials at all levels. The primary goal of regulating UAS operations in the 

National Airspace System (NAS) is to ensure an appropriate level of safety. While the effects of 

bird impacts on airplanes are well documented, little is known about the effects of more rigid and 

higher mass UASs on aircraft structures and propulsion systems. This research evaluates the 

severity of small UAS (sUAS) (under 55 lbs., as defined in the Small Uncrewed Aircraft Rule 

(Part 107)) collisions on rotorcraft. 

Previous research efforts on the A16 Task of ASSURE [3, 6] focused on analyzing airborne 

collisions between sUAS and general aviation airplanes 14 CFR Part 23 [7], as well as rotorcraft 

airframes certified under part 14 CFR Part 29 [8]. The research in this document extends to larger 

sUAS (up to 55 lbs). It will focus on the impacts to medium-sized Part 27 helicopters, which cover 

the larger majority of helicopters operating in the NAS. Currently, 94% of the total number of 

helicopters in the NAS fall under 14 CFR Part 27 [4, 9]. The impact cases under this research 

examine the following five locations: 

1. Horizontal Stabilizer 

2. Vertical Stabilizer 

3. Main Rotor Blade Support (Mast) 

4. Blades 

5. Windshield 

6. Nose 

 

Three different collision speed scenarios will be considered: 

1. Forward flight at a collision speed of 94 kts. (Medium). 

2. Cruise flight at a collision speed of 149 kts. (Max). 

3. Hover condition with a speed of collision of 39 kts. In this condition, the severity 

of a lateral impact on the tail cone and the tail rotor needs to be considered. 

 

To accelerate results, the lessons learned and the sUAS Finite Element Models (FEM) developed 

in previous ASSURE Tasks A3, A14, A16, A17, and Large sUAS Impact collision studies were 

used for analysis where possible. 
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1.1   BACKGROUND  

1.1.1   Uncrewed Aircraft Systems Categories 

A UAS is an Uncrewed Aircraft Vehicle (UAV) and the equipment necessary for that aircraft's 

safe and efficient operation. A UAV is a component of a UAS. It is defined by statute as an aircraft 

that is operated without the possibility of direct human intervention from within or on the aircraft 

[10]. It can either fly autonomously or be piloted remotely. 

Currently, there is no standard for the classification of UASs. Defense agencies have their standard, 

and civilian agencies worldwide have their ever-evolving categories and definitions for UASs. 

Currently, the Federal Aviation Administration (FAA) classifies UASs into the following 

categories: 

- Small Uncrewed Aircraft Rule (Part 107) [11]: The rule does not cover the full spectrum 

of UAS types or weights. The FAA acknowledges that rulemaking is an incremental stage 

of adding UASs into the NAS. The small non-hobby or non-recreational UASs must be 

operated under the following limitations: 

- Uncrewed aircraft must weigh less than 55 lbs. (25 kg). 

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

- It cannot be flown higher than 400 ft. (å122 m) above ground level unless flown within 

a 400 ft. radius of a structure and does not fly higher than 400 ft. above the structureôs 

immediate uppermost limit. 

- Minimum visibility, as observed from the location of the control station, may not be 

less than three statute miles (sm). 

- The minimum distance from clouds is 500 ft (å152 m) below a cloud and no less than 

2,000 ft. (å610 m) horizontally from the cloud. 

- Micro -UAS: The Aviation Rulemaking Committee (ARC) was focused on the flight over 

people and, in furtherance of that goal, identified four sUAS categories, defined primarily 

by the level of risk of injury posed for operations over people. For each category, the ARC 

recommends a risk threshold that correlates to either a weight or impact energy equivalent 

and, to the extent necessary to minimize the risks associated with that category, additional 

performance standards and operational restrictions. The following is a summary of the 

category recommendations [12]: 

- For Category 1, an sUAS may operate over people if the mass (including 

accessories/payload, e.g., cameras) is 250 g or less.  

- Under Categories 2, 3, and 4, an sUAS may operate over people if it does not 

exceed the impact energy threshold specified for each category, as certified by the 

manufacturer using industry consensus test methods, and if its operator complies 

with operational restrictions specified for each category. 

 

1.1.2   Uncrewed Aircraft Systems Market Size 

The UAS market is divided into two groups: Hobbyist and Commercial. Table 2 presents the 

registration forecast for sUAS until 2027 [1]. 
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Table 2. Registration forecast (base) summary (million sUAS units) [1]. 

 2023 2024 2025 2026 2027 

Hobbyist (model aircraft) 1.750 1.785 1.804 1.815 1.823 

Commercial (non-model aircraft) 0.805 0.862 0.904 0.933 0.955 

TOTAL UASs 2.555 2.647 2.708 2.748 2.778 

 

1.1.2.1   Hobbyist UAS Forecast 

To operate in the NAS, the FAA must ensure that aircraft operators are aware of the system they 

are operating and that the agency also has the means to identify owners. One way to accomplish 

this is through aircraft registration and marking. On December 14, 2015, the FAA issued a rule 

requiring all UASs weighing more than 0.55 lbs. (250 g) and less than 55 lbs. (24.9 kg) to be 

registered using a new online system (UASs weighing more than 55 lbs. must be registered using 

the existing Aircraft Registration Process). This registration rule aids in investigations and allows 

the FAA to gather data about UAS use. 

The FAA forecasts the market each year according to the sales and registration records. This yearly 

update identifies the UAS market growth, predicts the following years, and determines an accurate 

count of the actual active vehicles. Figure 1 presents the most recent record on recreational UAS 

registration [1] since the rule was instated in 2015. Registrations reached 1.44 million UAS by the 

end of 2022, which is lower than what the FAA expected in its previous annual prediction. One of 

the factors affecting the slower registration rate has been the COVID-19 pandemic, which has 

changed the market's inertia. 

 

Figure 1. Recreational UAS registrations - December 2020 update [1]. 
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1.1.2.2   Commercial UAS Forecast 

In 2015, in support of the sUAS registration rule, a sales forecast for commercial sUASs was 

developed to derive the potential demand for the new online registration system. That forecast 

predicted that the potential sales of commercial sUAS requiring registration would grow to 2.7 

million by 2020 [5]. The actual market did not evolve at the speed those predictions indicated, but 

it is constantly growing, as indicated in Figure 2. In addition, the FAA noted in its latest annual 

revision [1] that the regulatory clarity provided by Part 107 [11] in the recent update on Operation 

over People increases the opportunities for further integration of sUAS into the NAS. 

 

Figure 2. Commercial UAS registrations - December 2020 update [1]. 

The fast-growing UAS market demands waivers to operate beyond the existing Part 107 [11] 

regulations. Figure 3 shows the FAA's five most common waiver requests until December 2020. 

Waivers to operate commercial sUAS at night are the most repeated waiver requests. 

 

Figure 3. Five most common waiver requests to operate commercial UAS [1]. 
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1.1.3   Uncrewed Aircraft Systems Impact Severity Classification 

Conventional Title 14 (14 CFR) safety analyses [4, 7, 8, 13] include hazards to flight crew and 

occupants that may not be applicable to uncrewed aircraft. However, UAS operations may pose 

unique hazards to other aircraft and people on the ground. Therefore, it is necessary to determine 

hazard severity thresholds for UASs using safety characteristic factors that affect the potential 

severity of UASs in collisions with other aircraft on the ground or in airborne encounters and 

collisions with people on the ground. The factors that determine the outcome of an airborne 

collision are numerous and complex and highly dependent on the structural design and materials 

used to construct the UAS. 

1.1.3.1   Uncrewed Aircraft Systems Mid-Air Collisions Equivalent Level of Safety 

The primary goal of regulating UAS operations in the NAS is to assure an appropriate level of 

safety. National aviation agencies quantify this goal as an ñEquivalent Level of Safetyò (ELoS) 

with crewed aviation. However, there are major key differences between crewed and uncrewed 

aviation that lie not only in the separation of the pilot from the cockpit and the level of automation 

introduced but also in the variety of architectures and materials used for the construction of UASs. 

These differences could introduce new failure modes and, as a result, increase the perceived risk 

that needs to be evaluated [14]. 

To have an ELoS, according to the definition of the Range Commanders Council in its guidance 

on UAS operations, any UAS operation or test must show a level of risk to human life no greater 

than that for an operation or test of a piloted aircraft [15]. 

Although current crewed aviation regulations do not impose limits on fatality rates, a statistical 

analysis of historical data can provide valuable insight into crewed aviation's collision and fatality 

rates. It could be used to define the basis for the ELoS of UAS. 

For an ELoS to be derived, accident statistics involving mid-air collisions are required. The 

National Transportation Safety Board (NTSB) has deýned two categories of relevant collision 

accident scenarios: (i) in-þight collisions with obstacles such as birds, trees, power lines; and (ii) 

mid-air collisions with other aircraft. The latter could be used to define the UAS requirements. 

Data pertaining to this approach is presented in reference [14] to NTSB data compiled between 

1983 and 2006. If this approach is used in the future as a reference metric to define the ELoS, it is 

recommended to conduct further studies that include updated NTSB data available. 

Once the ELoS is defined based on historical data from crewed aviation, the next step is to develop 

a method to estimate the probability of mid-air collisions between UASs and crewed aircraft. 

Several authors have published methodologies on how to evaluate the risk of mid-air collisions 

between crewed aircraft and UASs [15, 16]; some of the midair collision models are based on a 

theory originally developed to predict the collision frequency of gas molecules  [15]. This theory 

was similarly applied to air traffic [17, 18]. The collision frequency between a single UAS and 

transient air traffic is a product of the transient aircraft density, the combined frontal areas, and the 

relative closing velocity between the colliding crewed and uncrewed aircraft [16]. 

The aforementioned metrics provide statistical probabilities of UAS mid-air collisions according 

to specific parameters defined for the evaluation. It should be noted that not all collisions could 

lead to catastrophic accidents. The large variability of UAS sizes and the fact that not all aircraft 
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systems are critical for remaining airborne means that the aircraft involved may survive certain 

collisions. 

The risk assessment to develop an Airborne Collision UASs Impact Severity Classification can be 

divided into three elements: 

- Estimation of the probability of mid-air collision between UASs and crewed aircraft. 

This will be a function of the operating airspace, aircraft operating within the airspace, and 

the UAS configurations operating within the shared airspace. Methods to estimate the 

probability of impact are presented in references [15, 16]. 

- Evaluation of damage potential for typical UASs classes based on weight, architecture, 

operational characteristics [altitude, velocity] mid-air collision scenarios per crewed 

aircraft class (commercial, general aviation, rotorcraft, etc.) to assess the damage severity 

to crewed aircraft. Several groups advocate using simplified ballistic penetration models 

[19], similarity principles to existing bird strike requirements, or kinetic energy thresholds 

[20, 21]. This project aims to evaluate the severity of a typical quadcopter and fixed-wing 

UAS airborne collision with detailed FEM of the UASs and the target aircraft. These 

results will be compared with the proposed penetration mechanics and energy-based 

criteria. 

- Once the probability of an airborne collision is determined, the damage models obtained 

through the research presented in this study can be combined with the probabilistic 

collision models to define appropriate ELoS criteria. 

1.2   PROJECT SCOPE 

sUAS generally operates at lower altitudes, often sharing airspace with patrol aircraft, agricultural 

operators, and emergency medical rotorcraft. Impact scenarios of UAS with rotorcrafts differ 

considerably from those scenarios involving commercial transport or business jets (Task A3). 

Expanding on the rotorcraft work in Task A16, an analysis of probable scenarios of a mid-air 

collision between sUAS from 2.7 to 55 lbs. and Part 27 helicopter components will be performed 

in this research. The Robinson R44 helicopter was reverse-engineered into a detailed Computer-

Aided Design (CAD) and Finite Element (FE) model as a representative Part 27 helicopter for 

these new scenarios. Finally, impact simulations that focus on providing airframe severity 

evaluations after impact were completed. To accelerate results, lessons learned and the UAS FEMs 

developed in previous ASSURE projects were used for analysis where possible.  

The main research questions being answered through this research are: 

¶ What are the hazard severity criteria for an UAS collision (mass, kinetic energy, etc.)? 

¶ What is the severity of an UAS collision with a Part 27 rotorcraft in mid-air? 

¶ Can the severity of an UAS mid-air collision with a Part 27 rotorcraft be characterized into 

categories based on the UAS? What would those categories look like? 

¶ Can an UAS impact be classified as similar to a bird strike? 

¶ What are the characteristics of a UAS where it will not be a risk to an aircraft? 

¶ How is the severity of a collision with Part 27 rotorcraft compared with Part 29 rotorcraft 

for relatively smaller UAS (2.7 and 4.0 lbs.)? 
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It is important to emphasize that the intent of this research was not to conduct an assessment of 

already certified products (e.g., 14 CFR Part 23/25/27/29/33) but to analyze the characteristics of 

small UAS that contribute to damage of the airframe of manned rotorcraft as a resulting from an 

airborne collision. 

The collision severity evaluation criterion follows the ASSURE Airborne Collision Phase I 

program guidelines for the airframe [2] and the Blade Damage criterion defined in the UAS 

Airborne Collision Severity Evaluation of Part 29 Rotorcraft program [3]. The criteria define four 

levels for damage assessment: level 1 as the lowest (no damage) and level 4 as the highest (primary 

structure compromised/rotor blade complete failure/separation). 
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2   UAS PROJECTILE DEFIN ITION  

In Task A3 [22], NIAR developed a 2.7 lbs. quadcopter, which was a representative DJI Phantom 

3 Standard shown in Figure 4. The quadcopter was validated through component-level testing and 

full -assembly impacts. In a later effort, under Task A14 [23], NIAR updated a 4.4 lbs. fixed-wing 

UAS FEM developed by Mississippi State University in Task A3 [24] to develop a 4 lbs. scaled-

down version of the Fixed-Wing. The fixed-wing model is based on a Precision Hawk Lancaster 

Hawkeye Mark III, shown in Figure 5. The updates involved coupon and impact testing carried 

out at NIAR facilities to validate and verify the crash behavior of the model. 

In a different program that collaborated with an industry partner [25], NIAR developed larger 

quadcopter and fixed-wing UAS models (NIAR-UAS), as shown in Figure 6. These models were 

adjusted to represent a 25 lbs. and 55 lbs. configuration in the large UAS collision report [26]. 

This chapter presents the UAS models selected for current work. Those models are: 

- UAS 2.7 lbs. Quadcopter.  

- UAS 4 lbs. Fixed-Wing. 

- UAS 10 lbs. Quadcopter: scaled-up model of the Task A3 [22] 2.67 lbs. Quadcopter. 

- UAS 12lbs. Fixed-Wing: scaled-up model of the Task A14 [23] 4.4 lbs. Fixed-wing. 

- UAS 25 lbs. Quadcopter: scaled version of UAS developed by NIAR [26]. 

- UAS 25 lbs. Fixed-Wing: scaled version of UAS developed by NIAR [26]. 

- UAS 55 lbs. Quadcopter: scaled-up version of the 25 lbs. UAS model. 

- UAS 55 lbs. Fixed-Wing: scaled-up version of the 25 lbs. UAS model. 

 

 

Figure 4. DJI Phantom 3. 
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Figure 5. Precision Hawk Lancaster Hawkeye Mark III. 

 

Figure 6. NIAR-UAS hybrid VTOL/CTOL configuration prototype. 

Figure 7 illustrates the process followed to reverse-engineer the UAS models during the Task A3 

program [22, 24]. The process consisted of scanning the physical article to generate cloud point 

data of the geometry, creating the CAD model, and discretizing the geometry. 

 

Figure 7. UAS FEM process. 
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2.1   CAD DEFINITION  

This section provides an overview of the CAD model development process for the representative 

UAS geometries, including a detailed description of the models found in Task A3 final report 

Volumes II [22] and III [24]. Additionally, it discusses the CAD datasets used to define the UAS 

numerical modelsô variants of the 2.7 lbs. quadcopter (scaled to 10 lbs.) and the 4 lbs. fixed-wing 

(scaled to 12 lbs.) models used in previous ASSURE programs. Further details are available in 

Volume II [22] and Volume III [24] reports. Sections 2.2.3 and 2.2.4 present the scaling 

methodology for the Q10 and F12 models. Furthermore, this section introduces the NIAR-UAS 

models, ranging from 25 to 55 lbs., configured from a modular sUAS system, as shown in Figure 

5. This model facilitates Vertical Takeoff and Landing (VTOL) operations, Conventional Takeoff 

and Landing (CTOL) modes, as well as a hybrid takeoff and landing configuration, allowing both 

VTOL and CTOL capabilities. 

 

 

Figure 8. NIAR-UAS modular system CAD representation, hardware, and VR demo. 

2.1.1   UAS 2.7 lbs. Quadcopter 

The DJI Phantom 3 was identified as the most common quadcopter in the sUAS market during 

Task A3 [2]. As a result, a physical Phantom 3 UAS was disassembled, scanned, and reverse-

engineered to create the CAD geometry of the virtual model. Figure 9 illustrates the envelopes of 

the quadcopter at each stage leading to the CAD creation: cloud point contour, polygonal mesh, 

and CAD geometry. 
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Figure 9. UAS 2.7 lbs. quadcopter CAD model development steps. 

 

Figure 10 shows an overall and exploded view of the quadcopter that highlights the main sub-

assemblies of the model. 

 

 

Figure 10. UAS 2.7 lbs. quadcopter geometry model. 

 

Table 3 gathers the most relevant specifications of the DJI Phantom 3 Standard [22]. This data was 

considered during the CAD creation and the FEM development processes. 
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Table 3. Relevant specifications of the DJI Phantom 3 Standard [22]. 

Mass 1,216 g 2.68 lbs. 

Diagonal 350 mm 13.8 in. 

Max. Horizontal Speed 16 m/s 31 knots 

Max. Service Ceiling 6,000 m 19,685 ft. 

Electronic limit above ground 120 m 394 ft. 

Max. Motor Speed 1,240 rad/s 11,840 rpm 

Motors 4x brushless DC motors; mass: 54 g 

Battery 4x LiPo cells; capacity: 4480 mAh; mass: 363 g 

 

2.1.2   UAS 4.0 lbs. Fixed-Wing  

The Precision Hawk Lancaster Mark-III was selected as a representative fixed-wing sUAS in the 

A3 program [24]. A physical article was disassembled and reverse-engineered to generate the CAD 

geometry. Figure 11 shows the CAD of the 4.0 lbs. fixed-wing UAS. 

Figure 12 shows the CAD geometry of the fixed wing's sub-assemblies: motor and propeller, main 

body, tail, battery, wing, and camera. Table 4 gathers the most relevant specifications of the 

Precision Hawk Lancaster Mark III [24]. These specifications were considered for the CAD 

creation and FEM development processes. Note that the original fixed wing's Maximum Takeoff 

Weight (MTOW) (5.5 lbs.) is higher than Task A3ôs UAS (4.0 lbs.) [24]. This is due to the 

requirement in Task A3 [24] to develop a scaled-down version of the UAS to facilitate comparing 

a UAS airborne collision and a 4 lbs. bird strike. 
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Figure 11. Fixed-wing CAD model: (A) front view, (B) side view, and (C) isometric view. 

(A)

(B)

(C)
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Figure 12. Fixed-wing UAS sub-assemblies: (A) motor & propeller, (B) main body, (C) tail, (D) battery, 

(E) wing, and (F) camera. 

Table 4. Relevant specifications of the Precision Hawk Lancaster Hawkeye Mark III [24]. 

Mass (MTOW) 2,495 g 5.5 lbs. 

Wingspan 1,500 mm 4 ft. 11 in. 

Length 800 mm 2 ft. 7.5 in. 

Max. Horizontal Speed 19.5 m/s 38 knots 

Max. Service Ceiling 4,000 m 13,120 ft. 

2.1.3  UAS 25 & 55 lbs. Quadcopter 

The geometric and performance specifications of the 25lbs. and 55lbs. versions of the NIAR-UAS 

Quadcopter are summarized in Figure 13 and Table 5. The original design, analysis, and prototype 

manufacturing efforts were conducted under a technology demonstration project in 2016-2017 
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[25]. Based around the central body, the modular UAS architecture allows multiple mission 

profiles to be addressed via interchangeable systems and structures. The modular UAS design 

makes producing a Quadcopter style configuration possible, utilizing four pairs of counter-rotating 

VTOL-oriented motors mounted to longitudinal boom Pylons. VTOL endurance is supported by 

the VTOL Aft Fuselage module battery pack, housing additional batteries for extended flight time. 

Due to the modular architecture of the UAS, the equipment, components, and modules that are 

included in a given configuration can be selected based on the mission profile. Therefore, 

components such as the search and rescue payload are not always present in the flight 

configuration. The UAS has an internal payload bay, which can carry up to 5 lbs. of various 

objects, supplies, or alternate flight equipment. For the purpose of this research, the payload was 

not defined, and the weight allowance was used to incorporate conventional aircraft components 

such as retractable landing gear and the gimbal assembly. 

 

Figure 13. NIAR UAS quadcopter configuration CAD representation. 

Table 5. Relevant specifications of the NIAR UAS quadcopter configuration. 

UAS Configuration Q25 (metric) Q25 (US) Q55 (metric) Q55 (US) 

Mass 11.34 kg 25 lbs. 24,95 kg 55 lbs. 

Length 969.4 mm 38.2 in 1261.5 mm 49.7 in 

Width 875.4 mm 34.5 in 1138.9 mm 44.84 in 

Height 247.6 mm 9.75 in 322 mm 12.7 in 

 

 

25 lbs. & 55 lbs. Quadcopter 
Geometry 
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2.1.4  UAS 25 & 55 lbs. Fixed-Wing 

The 25 lbs. and 55 lbs. iterations of the NIAR UAS Fixed-Wing configuration have the geometric 

properties and performance specifications shown in Figure 14 and Table 6. As with the Quadcopter 

configuration, the original design, analysis, and prototype manufacturing efforts were conducted 

under a technology demonstration project in 2016-2017 [25]. The modular UAS design makes 

producing a Fixed-Wing style configuration possible, utilizing modular Wings, Pylon Filler Wing 

sections, and a CTOL Aft Fuselage Module that houses a gas motor, fuel, and exhaust systems. 

Due to the modular architecture of the UAS, the equipment, components, and modules that are 

included in a given configuration can be selected based on the mission profile. Therefore, 

components such as the search and rescue payload are not always present in the flight 

configuration. The UAS has an internal payload bay, which could carry up to 5 lbs. of various 

objects, supplies, or alternate flight equipment. For the purpose of this research, the payload was 

not defined, and the weight allowance was used to incorporate conventional aircraft components 

such as retractable landing gear and the gimbal assembly.  

 

Figure 14. NIAR UAS fixed-wing configuration CAD representation. 

Table 6. Relevant specifications of the NIAR UAS fixed-wing configuration. 

UAS Configuration F25 (metric) F25 (US) F55 (metric) F55 (US) 

Mass 11.34 kg 25.0 lbs. 25.0 kg 55.0 lbs. 

Length 1388.1 mm 54.7 in 1867.1 mm 73.5 in 

Wingspan 3119.6 mm 122.81 in 4200 mm 165.3 in 

Height 406.0 mm 16.0 in 546.2 mm 21.5 in 

25 lbs. & 55 lbs. Fixed-Wing 
Geometry 
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2.2   FINITE ELEMENT MODEL  

This chapter summarizes the UAS FEM developed in Task A3 [22, 24], Task A14 [23], Task A30 

[26], and through other research efforts for 25 lbs. and 55 lbs. UAS [25]. This chapter also briefly 

summarizes the validation updates applied to the small UAS FEMs (specifically the 2.7 lbs. 

Quadcopter and 4 lbs. Fixed-Wing) based on the additional component-level testing performed in 

Task A16 [3]. 

2.2.1   UAS 2.7 lbs. Quadcopter 

The 2.7 lbs. quadcopter geometry was discretized following NIARôs mesh quality criteria, which 

allowed it to capture most of the geometry features and keep a time step below 0.1 microseconds. 

Table 7 summarizes the mesh criteria followed for this FEM.  

Table 7. Quadcopter mesh quality criteria. 

Quality Parameter Allowable Min.  Allowable Max. 

Element Size 0.8 mm 5 mm 

Aspect Ratio - 5 

Quad Angle 45° 140° 

Tria Angle 30° 120° 

Warp Angle - 15° 

Jacobian 
0.7 (2D Element) 

0.5 (3D Element) 
- 

Time-step 1E-7 s - 

 

Figure 15 compares the quadcopter components' geometry and mesh, providing an example of the 

level of detail maintained during the discretization.  

Material definition and calibration were carried out in Task A3 [22] through coupon level and 

other test experiments at the component level. The current quadcopter FEM preserves the same 

materialsô specifications. Figure 16 presents a color-coded exploded view indicating the materials 

applied in the 2.7 lbs. quadcopter FEM. 
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Figure 15. UAS 2.7 lbs. quadcopter sub-assemblyôs CAD geometry and FE mesh. 

 

 

Figure 16. UAS 2.7 lbs. quadcopter materials. 
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The definitions of connections and contacts were determined and validated in previous research 

[22]. Figure 17 illustrates the overall review of the 2.7 lbs. quadcopter FEM connections. 

 

 

Figure 17. UAS 2.7 lbs. quadcopter connections. 

A final mass check was performed to confirm that the UAS mass distribution represents the 2.7 

lbs. quadcopter physical model. Figure 18 shows the 2.7 lbs. quadcopter FEM and the location of 

its center of gravity. 

 

Figure 18. UAS 2.7 lbs. quadcopter FEM center of gravity. 
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2.2.2   UAS 4.0 lbs. Fixed-Wing 

The CAD geometry was generated in a previous research program [24]. After disassembling and 

scanning the fixed-wing UAS components, the geometry was discretized with 2D and 3D 

elements. Table 8 presents the quality criteria considered to mesh the 4.0 lbs. fixed-wing model. 

Table 8. Fixed-wing mesh quality criteria. 

Quality Parameter 
Allowable 

Shell Elements Solid Elements 

Min. Side Length 1 mm 1 mm 

Max. Aspect Ratio 5 

Min. Quad Angle 45° - 

Max. Quad Angle 140° - 

Min. Tria Angle 30° - 

Max. Tria Angle 120° - 

Max. Warp Angle 15° 

Min. Jacobian 0.7 0.5 

 

Figure 19 separates the model components based on the type of elements used for the 

discretization: 2D and 3D elements. 

 

Figure 19. UAS 4.0 lbs. fixed-wing parts modeled with 2D and 3D elements. 

The definitions of materials, connections, and contacts are discussed in detail in Task A3's final 

report [24]. The same properties and specifications were kept for this research. In addition, all the 

component masses were documented during the reverse-engineering process to capture an accurate 

mass distribution in the virtual model. Figure 20 illustrates the 4.0 lbs. fixed-wing FEM and the 

location of its center of gravity. 
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Figure 20. UAS 4.0 lbs. fixed-wing FEM center of gravity. 

2.2.3   UAS 10 lbs. Quadcopter 

In Task A30 [26], NIAR performed the scaling of the 2.7 lbs. quadcopter to a 10 lbs. quadcopter 

using the same process described in Task A3 [24]. The model scaling methodology assumes that 

all components of a scaled UAS would increase its mass linearly, independently of its construction 

and design. Consequently, if materials are not varied, the density remains constant. Therefore, a 

quadratic relationship between linear dimensions can be established (so volume is proportional to 

mass). 

ὛὧὥὰὩ Ὂὥὧὸέὶὓὥίί ὛὧὥὰὩὨ ὟὃὛ
ὓὥίί ὄὥίὩὰὭὲὩ ὟὃὛ 

For instance, to scale up the quadcopter to 10 lbs., the mesh of the FEM was increased linearly 

along all directions by a factor of 1.632. When re-sizing two-dimensional elements, the thickness 

was multiplied by the same factor to complete the element scale-up process. Non-structural mass 

was scaled up accordingly. Additionally, NIAR removed all the intersections/penetrations 

introduced during the scaling process from the scaled UAS model to avoid any contact issues 

within the FEM. The scaled-up 10 lbs. quadcopter follows the same mesh criteria presented in 

Table 7. Figure 21 shows the comparison between the original model and the 10 lbs. UAS. 
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Figure 21. Comparison of A3 model vs. scaled-UAS 10 lbs. quadcopter. 

Figure 22 shows the mass calculation of the 10 lbs. quadcopter FEM. The mass unit used in LS-

DYNA is the metric ton. Therefore, the output value circled in Figure 22 is in terms of this mass 

unit. Performing unit conversion, 4.531 E-03 tons is equivalent to 10 lbs., confirming the mass of 

the scaled model. Overall dimensions and specifications for the assembly are shown in Figure 23. 
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Figure 22. UAS 10 lbs. quadcopter mass check. 

 

 
Figure 23. NIAR-UAS 10 lbs. quadcopter overall dimensions, MTOW, and c.g. location. 

 

2.2.4   UAS 12 lbs. Fixed-Wing 

Similar to the process followed for the 10 lbs. Quadcopter, NIAR also scaled the 4.4 lbs. Fixed-

Wing model to 12 lbs. in Task A30 [26]. The penetrations/intersections introduced during the 

scaling process were removed from the scaled UAS model to avoid any contact issues. The scaled-

up model follows the same mesh criterion presented in Table 8. Figure 24 compares the original 

4.4 lbs. and the 12 lbs. fixed-wing models. 
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Figure 24.  Comparison of A14 model vs. scaled-UAS 12 lbs. fixed-wing. 

Figure 25 shows the mass calculation of the fixed-wing FEM. Performing unit conversion to the 

output value circled in Figure 25, 5.443 E-03 tons is equivalent to 12 lbs., confirming the mass of 

the scaled model. Overall dimensions and specifications for the assembly are shown in Figure 26.  

 

Figure 25. UAS 12 lbs. fixed-wing mass check. 
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Figure 26. Scaled UAS 12 lbs. fixed wing overall dimensions, MTOW, and c.g. location. 

2.2.5   UAS 25 lbs. Quadcopter 

The 25lbs. Quadcopter configuration (Q25) is a scaled-version of NIARôs in-house designed 

modular search and rescue drone. This configuration utilizes interchangeable pylons and rear 

fuselage components that allow for quadcopter-style VTOL operations. All geometric details, 

internal structural components, design assumptions/simplifications, and their material 

specifications and calibrations are described in detail in Task A30 [26]. The overall dimensions 

and specifications for the assembly are shown in Figure 27.  

The 25 lbs. Quadcopter follows the same mesh criteria presented in Table 7; however, an exception 

was made when establishing the minimum element size for this FEM. To facilitate the geometry 

discretization task, and with no penalty to the computational efficiency required to perform the 

analysis, the 25 lbs. quadcopter FEM minimum element size was set to 0.7 mm. The Task A30 

report [26] provides details about the element types used, connectionsô specifications, and contact 

definition for the 25 lbs. quadcopter FEM. Figure 28 and Figure 29 show some details about the 

25 lbs. quadcopter FEM. 
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Figure 27. NIAR-UAS 25 lbs. quadcopter overall dimensions, MTOW, and c.g. location. 

  

Figure 28. Quadcopter FEM ï 2D element distribution exterior and interior views. 

  

Figure 29. Quadcopter FEM ï 3D element distribution on wireframe and isolated views. 
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2.2.6   UAS 25 lbs. Fixed-Wing 

The 25 lbs. Fixed-wing configuration (F25) is a scaled-version of NIARôs modular search and 

rescue drone. This configuration utilizes interchangeable wings and rear fuselage components that 

allow for conventional aircraft operations. Comprehensive information about the model geometry, 

assumptions, and simplification, along with the material specifications and calibrations, are 

presented in the Task A30 report [26]. The overall dimensions and specifications for the assembly 

are shown in Figure 30. 

 

Figure 30. Fixed-wing overall dimensions, MTOW, and c.g. location. 

The 25 lbs. fixed-wing FEM follows the mesh criterion presented in Table 7. Similar to the 25 lbs. 

quadcopter model, an exception was made when establishing the minimum element size for this 

FEM, setting the lower boundary element size to 0.7 mm. Figure 31 and Figure 32 show some 

details of the 25 lbs. fixed-wing FEM.  

 

Figure 31. Fixed-wing FEM ï 2D element distribution exterior and interior views. 
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Figure 32. Fixed-wing FEM ï 3D element distribution on wireframe and isolated views. 

2.2.7   UAS 55 lbs. Quadcopter 

The 55 lbs. quadcopter configuration (Q55) is a scaled-version of NIARôs in-house designed and 

analyzed modular search and rescue drone. It is identical to the Q25 model in terms of the FE 

representations; only the geometry and weight have been scaled. Overall dimensions and 

specifications for the assembly are shown in Figure 33. 

 

Figure 33. NIAR-UAS 55 lbs. quadcopter overall dimensions, MTOW, and c.g. location. 

The 55 lbs. quadcopter FEM follows the mesh criterion summarized in Table 7. Figure 34 and 

Figure 35 highlight the material information of the 25 lbs. and 55 lbs. quadcopter FEM. 
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Figure 34. Q25 & Q55 UAS material models for LS-DYNA solver. 

 

Figure 35. Q25 & Q55 UAS materials. 
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2.2.8   UAS 55 lbs. Fixed-Wing 

The 55 lbs. fixed-wing configuration (F55) is a scaled-version of NIARôs in-house designed and 

analyzed modular search and rescue drone. It is identical to the F25 model in terms of the FE 

representations; only the geometry and weight have been scaled. This configuration utilizes 

interchangeable wings and rear fuselage components that allow for conventional aircraft 

operations. Overall dimensions and specifications for the assembly are shown in Figure 36. 

 

Figure 36. Fixed-wing overall dimensions, MTOW, and c.g. location. 

The 55 lbs. fixed-wing FEM follows the mesh criterion summarized in Table 7. Figure 37 and 

Figure 38 highlight the material information for the 25 lbs. and 55 lbs. fixed-wing FEM. 

 

Figure 37. F25 & F55 UAS material models for LS-DYNA solver.  
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Figure 38. F25 & F55 UAS materials. 
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2.3   COMPONENT LEVEL TESTS  

In Task A3 [2], The main UAS components (camera, motor, and battery) for the 2.7 lbs. quadcopter 

and the 4 lbs. fixed-wing were validated for impact velocities up to 250 knots. Additionally, in 

Task A16 [3], there were further validation efforts for the same components at impact velocities 

between 50 to 500 knots. These tests were conducted at the University of Alabama in Huntsville. 

Task A16 report [3] provides comprehensive details about the selection of components for ballistic 

tests, the test conditions, test setup, test equipment, and instrumentation used, and the component 

level test results, validations, and summary for the main UAS components. The components 

evaluated during the testing include the battery, motor, and camera. These components were 

impacted against two different thickness aluminum panels: 1.6 mm (0.063 in.) and 6.35 mm (0.25 

in.). These thicknesses are representative of the lower and upper thresholds for aluminum 

aerospace structures such as skins, spars, ribs, etc. Furthermore, the battery was impacted against 

an aluminum sharp-edge target that simulated the leading-edge shape of a rotorcraft blade.  

The 10 lbs. quadcopter and 12 lbs. fixed-wing models were developed from the 2.7 lbs. quadcopter 

and 4.4 lbs. fixed-wing, respectively. Therefore, the component level validation efforts for impact 

velocities in the range of 50 to 500 knots are applicable for these models since the modeling 

methodology and material models remain unchanged.  

The large UAS models (25 lbs. and 55 lbs.) used in the present study were modeled following the 

building block approach. The composite material models were validated through coupon and 

component level tests, and the properties of the metallic components were extracted from the 

metallic materials properties development and standardization handbook [27]. The composite fiber 

reinforced plastic coupon and component level testing performed for the 25 lbs. and 55 lbs. models 

in Task A30 [26] indicates that the material model is capable of characterizing the onset of laminate 

damage and representing the energy absorption capabilities. 

2.3.1  Example Component Level Test 

This section presents one of the component-level tests performed in Task A16 to highlight the 

validation efforts of the UAS components. The 2.7 lbs. quadcopterôs motor was impacted with the 

6.35 mm (0.25 ύ flat aluminum panel at a nominal velocity of 257.2 m/s (500 knots). Twenty-three 

(23) component-level tests were performed in this test campaign. Table 9 and Table 10 summarize 

the component level matrix of the quadcopter and fixed-wing component level tests, respectively. 

Each one of these component-level tests is documented in detail in Appendix A of Task A16 report 

[3]. The following data was compared between testing and simulation results: 

a. Test video kinematics 

b. Load cells' time history 

c. Strain gages time history 

d. Digital Image Correlation (DIC) in-plane strain contour. 

e. Panel maximum displacement 

f. Target damage 

g. Projectile damage 
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Table 9. Quadcopter component-level test matrix summary. 

Test 

Number 
Iteration  

Panel 

Type 

 

Projectile 

Type 

 

Projectile 

Weight 

Impact 

Velocity 

Impact 

Velocit

y 

Deviation 

from 

nominal 

velocity 

Impact 

Energy 

Panel 

Penetration 

Peak 

Load 

Permanent 

Deformation 

Max. Panel 

Displacement 

    [g] [knots] [m/s]  [J]  (Y/N) [N]  
(H x V) 

[mm x mm] 
[mm]  

01 
1 

Sharp 

Edge 

Battery A 

350.80 510.7 262.73 2.14 % 12,107.0 NA 17,778.3 NA NA 

2 350.80 516.6 265.76 3.32 % 12,388.4 NA 18,964.3 NA NA 

02 
1 

0.063" 

Al. Panel 

344.20 503.6 259.07 0.72 % 11,551.2 Y 2,564.7 NA 6.75 

2 343.40 500.6 257.53 0.12 % 11,387.5 Y 2,297.1 211.5 x 76.29  5.58 

03 
1 

0.25" Al. 

Panel 

342.90 NA NA NA NA N NA NA NA 

2 343.40 500.6 257.53 0.12 % 11,387.5 N 45,803.9 154.19 x 137.72  41.29 

04 
1 

0.063" 

Al. Panel 

Motor A 

51.40 513 263.91 2.60 % 1,790.0 Y 609.3 72.46 x 81.05 N/A 

2 51.10 507 260.82 1.40 % 1,738.1 Y 809.2 62.24 x 85.06  3.35 

05 
1 

0.25" Al. 

Panel 

51.00 520 267.51 4.00 % 1,824.8 N 10,871.5 60.98 x 44.89  13.70 

2 50.60 NA NA N/A NA N 9,724.9 57.59 x 68.75 NA 

06 
1 

0.063" 

Al. Panel 

Camera 

51.90 508 261.34 1.60 % 1,772.3 Y 1,986.6 160.59 x128.03 7.00 

2 52.90 518 266.48 3.60 % 1,878.3 Y 3,260.9 110.59 x 110.66  4.56 

07 

1 
0.25" Al. 

Panel 

52.40 522 268.54 4.40 % 1,889.4 N 17,787.4 45.72 x 57.74 12.84 

2 53.10 521 268.03 4.20 % 1,907.3 N 18,556.7 59.96 x 38.15  12.75 

08 

1 
0.063" 

Al. Panel 

Battery A 

343.20 52 26.75 4.00 % 122.8 N 9,630.4 69.33 x 57.79  15.54 

2 343.70 51.5 26.49 3.00 % 120.6 N 8,502.4 57.96 x 60.61 15.51 

09 

1 
0.063" 

Al. Panel 

342.60 120.87 62.18 0.73 % 662.3 N 7,211.4 69.94 x 77.57  23.60 

2 343.10 118.5 60.96 -1.25 % 637.5 N 7,589.8 64.65 x 73.38 24.33 

10 

1 
0.25" Al. 

Panel 

343.80 116 59.68 -3.33 % 612.2 N 12,369.0 34.95 x 31.77  10.64 

2 334.50 122 62.76 1.67 % 658.8 N 13,567.0 48.44 x 44.93 12.05 

11 

1 
0.063" 

Al. Panel 

Motor A 

50.80 124 63.79 3.33 % 103.4 N 1,415.2 33.01 x 40.96  9.97 

2 51.80 120 61.73 0.00 % 98.7 N 1,408.8 35.29 x 40.88 9.83 

12 

1 
0.063" 

Al. Panel 

51.30 57 29.32 14.00 % 22.1 N 1,739.4 22.86 x 23.92  5.90 

2 50.80 57 29.32 14.00 % 21.8 N 1,208.4 24.12 x 18.31 6.09 

13 

1 
0.063" 

Al. Panel 

Camera 

51.30 121 62.25 0.83 % 99.4 N 1,122.8 40.63 x 37.05 8.92 

2 52.30 123 63.28 2.50 % 104.7 N 1,839.0 38.11 x 38.28 9.67 

14 
1 0.063" 

Al. Panel 

52.30 53 27.27 6.00 % 19.4 N 1,692.0 20.36 x 19.87  5.67 

2 52.20 48.6 25.00 -2.80 % 16.3 N 1,525.7 26.65 x 20.91 5.59 
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Table 10. Fixed-wing component-level test matrix summary. 

Test 

Number 
Iteration  

Panel 

Type 

 

Projectile 

Type 

 

Projectile 

Weight 

Impact 

Velocity 

Impact 

Velocity 

Deviation 

from 

nominal 

velocity 

Impact 

Energy 

Panel 

Penetration 

Peak 

Load 

Permanent 

Deformation 

Max. Panel 

Displacement 

    [g] [knots] [m/s]  [J]  (Y/N) [N]  
(H x V) 

[mm x mm] 
[mm]  

15 
1 

Sharp 

Edge 

Battery B 

NA 509.5 262.11 1.90 % NA NA 23,069.6 NA NA 

2 259.60 498.87 256.64 -0.23 % 8,549.2 NA 23,202.2 NA NA 

16 
1 

0.063" 

Al. Panel 

264.80 509.5 262.11 1.90 % 9,096.0 Y 1,828.9 160.32 x 138.17 4.35 

2 259.60 499.46 256.94 -0.11 % 8,569.4 Y 1,341.3 210.29 x 143.31 4.33 

17 

1 
0.25" Al. 

Panel 

263.90 499.46 256.94 -0.11 % 8,711.4 N 45,298.8 140.50 x 91.62 28.32 

2 264.00 501.2 257.84 0.24 % 8,775.5 N 44,350.8 138.82 x 90.06 28.18 

18 
1 

0.063" 

Al. Panel 

Motor B 

75.90 527 271.11 5.40 % 2,789.4 Y 718.2 68.35 x 116.81 2.61 

2 76.00 525 270.08 5.00 % 2,771.9 Y 770.2 67.69 x 137.63 2.44 

19 
1 

0.25" Al. 

Panel 

76.10 527 271.11 5.40 % 2,796.7 N NA 74.90 x 65.86 18.14 

2 76.50 522.5 268.80 4.50 % 2,763.6 N 17,969.4 73.14 x 60.25 18.15 

20 
1 

0.063" 

Al. Panel 

Battery B 

264.40 52 26.75 4.00 % 94.6 N 4,469.5 26.23 x 19.20 12.54 

2 264.40 52 26.75 4.00 % 94.6 N 3,133.0 30.50 x 33.08 12.24 

21 

1 
0.063" 

Al. Panel 

264.00 119.68 61.57 -0.27 % 500.4 N 11,839.6 48.27 x 45.28 19.32 

2 265.10 120.87 62.18 0.73 % 512.5 N 11,652.7 52.35 x 45.28 19.35 

22 

1 
0.063" 

Al. Panel 

Motor B 

76.20 49 25.21 -2.00 % 24.2 N 1,844.3 17.83 x 25.02 7.20 

2 76.60 52 26.75 4.00 % 27.4 N 2,087.3 19.01 x 24.83 7.05 

23 
1 0.063" 

Al. Panel 

76.70 123 63.28 2.50 % 153.6 Y 3,763.6 54.66 x 36.75 6.27 

2 76.80 123 63.28 2.50 % 153.8 Y 3,409.9 58.45 x 35.51 6.62 

 

2.3.1.1  A.6 Test 05 ï Motor  at 500 Knots ï 6.35 mm AL Panel 

Test 05 consists of the impact of motor A on the 6.35 mm (0.25ύ aluminum panel at a nominal 

velocity of 257.2 m/s. Two iterations were carried out to evaluate data repeatability. For iteration 

2, a triggering error compromised the data recording. Hence, NIAR has selected iteration 1 for the 

FEM validation.  

An initial velocity of 267.51 m/s (520 knots) was applied to the motor A FEM, corresponding to 

the velocity recorded for repetition 1 in the test documentation. 

Figure 39 through Figure 42 show the comparison of the kinematics between the test and 

simulation at four different instances of the impact event. 
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Figure 39. Comparison for motor A impact on 0.25ò aluminum panel at 267.51 m/s (520 knots) at t = 0.00 

ms (beginning of contact). 

 

 

Figure 40. Comparison for motor A impact on 0.25ò aluminum panel at 267.51 m/s (520 knots) at t = 0.10 

ms. 
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Figure 41. Comparison for motor A impact on 0.25ò aluminum panel at 267.51 m/s (520 knots) at t = 0.20 

ms. 

 

 

Figure 42. Comparison for motor A impact on 0.25ò aluminum panel at 267.51 m/s (520 knots) at t = 0.34 

ms (end of contact). 

Figure 43 compares the simulation and test Y (horizontal) and Z (vertical) direction in-plane 

deformations and the out-of-plane displacements with a maximum displacement of the aluminum 

panel. 
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Figure 43. Comparison of test and simulation strains and displacements for motor A impact on 0.25ò 

aluminum panel at 267.51 m/s (520 knots) at t = 1.50 ms (maximum displacement). 

Figure 44 shows the out-of-plane displacement of the panel during the impact event obtained 

from the DIC data and the simulation tracked displacements. The values on the vertical axis are 

not shown for confidential reasons. 

 

Figure 44. Comparison of the test and simulation out-of-plane displacements for motor A impact on 0.25ò 

aluminum panel at 267.51 m/s (520 knots). 
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The physical panel was scanned after the test to compare the dimensions of the damaged area. 

Figure 45 compares the panelôs damaged area dimensions for the test and simulation. Again, there 

is good agreement between the physical test and the predicted panelôs damaged area. 

 

Figure 45. Comparison of the final damage of the panel for the test (left), scan (middle), and simulation 

(right) of the motor A impact on 0.25ò aluminum panel at 267.51 m/s (520 knots). 

Figure 46 compares the physical and simulation projectile damage. The motor did not penetrate 

the panel for both the physical test and simulation but was crushed due to the impact. 

 

Figure 46. Comparison of the test (left) and simulation (right) projectile damage for motor A impact on 

0.25ò aluminum panel at 267.51 m/s (520 knots). 

Figure 47 compares the load-time history of both test repetitions and the simulation load output. 

All the curves were filtered with a low-pass filter of 15,000 Hz. The load data shows good 

repeatability for test and simulation and confirms the good correlation up to the end of the contact, 
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marked with an asymptote. However, the post-impact oscillations of the panel deviate from those 

of the physical test. Figure 48 compares the strain data collected at both test iterations to the 

simulation strains. The values on the vertical axis are not shown for confidential reasons. 

 

Figure 47. Load cell history data validation for motor A impact on 0.25ò aluminum panel at 267.51 m/s 

(520 knots). 

 

Figure 48. Strain comparison of strain gages 1-6 and 9-11 for motor A impact on 0.25ò aluminum panel at 

267.51 m/s (520 knots). 
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2.4   UAS FINITE ELEMENT MODEL  VALIDATION   

The UAS models introduced in previous chapters were developed following the Building Block 

Approach. This exercise was initiated during the Task A3 program when the 1.2 kg (2.7 lbs.) 

quadcopter and the 1.81 kg (4.0 lbs.) fixed-wing UAS were initially reverse-engineered. A similar 

approach was followed to develop 25 lbs. and 55 lbs. large UAS FEM. In summary, the UAS 

FEMs used in this research are supported and validated by the following testing and validation 

data: 

- Coupon level data for material characterization from Task A3 [2] and A30 [26]. 

- Sub-component tests were carried out to verify the UAS case polycarbonate material (drop 

tower test) from Task A3 [22]. 

- Ballistic component-level test of the battery, motor, and camera from Task A3 [22, 24](the 

validation impact velocity range was 250 knots for this program). 

- Full-scale test through a free drop test of the UAS from Task A3 [22]. 

- The full scale at low velocity from the Ground Collision Task A14 program [23]. 

- National Research Council of Canada full-scale level test with DJI Phantom 3 [28] up to 

250 knots. 

- Task A16 ballistic component-level test for impact velocity up to 500 knots [3]. 

- Task A16 full-scale level test against rotorcraft targets [3]. 

- Task A17 Engine Ingestion component and full-scale level testing against representative 

engine fan blades for impact velocities up to 700 knots [29]. 

These UAS models are intended to assess impact severity levels for mid-air collisions between 

UAS and aircraft structures. Due to the previous extensive validation efforts, no additional 

validation tests were performed for the research presented in this report. 
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3   TARGET DEFINITION  ï R44 ROTORCRAFT  

This chapter covers modeling the aircraft target areas subjected to UAS impacts. For this study, a 

Part 27 rotorcraft was modeled. The part 27 rotorcraft selected for reverse engineering was a 1996 

R44 Astro Robinson. R44 has been the worldôs best-selling rotorcraft in the general aviation 

market [30]. The R44 is a four-seater light helicopter that has been in production since 1993 [31]. 

As of 2009, more than 5000 R44 helicopters have been delivered, surpassing the R22, which held 

the position earlier for the best-selling rotorcraft of the Robinson company [31].  

To build the Part 27 rotorcraft FEM discussed in this work, NIAR followed a physics-based 

modeling approach, which takes advantage of advances in computational power, the latest 

computational tools, years of research in understanding the fundamental physics of the 

crashworthiness event, generated test-to-test variability data, and verified & validated modeling 

methodologies. This approach uses the building block approach, as illustrated in Figure 49. The 

building block approach is the incremental development of analysis and supporting tests, where 

typically, there is an increase in the size and complexity of the test article and a decrease in the 

number of supporting tests. To develop this method, it is necessary to understand the underlying 

physics and corresponding test variability from the coupon to the system level. System-level test 

results do not drive the definition of the numerical model. Instead, it is driven by a predefined, 

verified, and validated building block modeling methodology. Following this approach, 

simulations predict the system-level test results within an acceptable scatter band. An objective 

validation criterion based on understanding the test-to-test variability is used to evaluate the 

numerical models. 

The rotorcraft CAD model was created first using a 3D scan of an R44 Robinson, measurement 

data, and technical manuals. The CAD model was then converted into a detailed FEM for impact 

analysis in LS-DYNA. Detailed information for the CAD and FEMs of the Part 27 rotorcraft is 

documented in this chapter. 

 

Figure 49. Building block approach for the NIAR narrow-body aircraft model. 
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3.1   CAD Reverse Engineering 

A representative CAD model of an R44 Astro Robinson rotorcraft was generated by NIAR to be 

used as a target for UAS impact studies. Since actual rotorcraft drawings were unavailable, the 

CAD model was reverse-engineered based on 3D scan data and measurements of a physical R44 

Robinson rotorcraft and available information in technical manuals [32]. In addition, input from 

design engineers helped refine the model and verify the structure's fidelity. 

The following assumptions were made for the CAD modeling process due to the limited 

information found in the literature: 

- Avionics and wires were not modeled. 

- Internal structures such as seats and insulations were not modeled. 

- Sheet metal features such as beadings and stamps were not captured on the flanges of 

frames and ribs. 

- Holes less than 5 mm were not captured in the geometry. 

The model assumptions maintain a conservative approach, which reduces the computational time 

necessary for FE Analysis and preserves the representative nature of the model. Figure 50 shows 

isometric, front, top, and side views of a representative CAD model of a Part 27 rotorcraft 

developed by NIAR.  

Figure 51 illustrates the overall dimensions of the rotorcraft. 

 

 

 

Figure 50. Representative R44 rotorcraft CAD model developed by NIAR. 
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Figure 51. Part 27 Rotorcraft overall dimensions. 

 

3.1.1   Disassembly & Scanning 

NIAR acquired a 1996 R44 Astro Robinson rotorcraft, which, although fully intact, was deemed 

not airworthy. An outer scan was conducted in its undamaged state to obtain an Outer Mold Line 

(OML), which was extensively utilized for CAD generation. The OML scan is produced using 

point cloud data from the rotorcraft and cannot be directly used for modeling. Therefore, an 

equivalent OML surface was generated from the scan for CAD modeling purposes. Figure 52 

shows the physical test article coated white for OML scanning. 

Figure 53 shows the equivalent OML surface generated from the OML scan. The rotorcraft was 

then disassembled into various subsections for shipping and continued scanning of internal 

geometry at the NIAR facility, as shown in Figure 54: 

1. Fuselage 

2. Tail Cone Assembly 

3. Stabilizers 

4. Main Rotor Blade Assembly 

5. Tail rotor blade Assembly 

6. Engine Mast Assembly 

 



  

44 

 

 

Figure 52. Part 27 Rotorcraft coated for OML Scan. 

 

Figure 53. Part 27 Rotorcraft OML scan overlapping OML surface. 

 

Figure 54. Part 27 rotorcraft sub-assemblies at NIAR. 
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Figure 55 compares the isometric view of the part 27 rotorcraft representative CAD model against 

the 3D scan cloud points, which is the main data source for the CAD reverse-engineering process. 

The 3D scan data included details and accuracy, such as small holes or cutouts. The left side of the 

physical test article was stripped to allow accessibility for scanning. The rotorcraft's small sections 

and internal structures were scanned individually to increase accuracy and facilitate the reverse-

engineering process. The CAD model includes all the primary structural members. In addition, 

most of the secondary structures, such as support angles, clips, and doublers, were captured in the 

scan of the physical article. The reverse engineering of the engine was simplified to include only 

the major components and attachments. Hand measurements and pictures were also taken from the 

physical rotorcraft, especially in locations where the scan had no access to generate cloud points. 

The subsequent sections present detailed CAD information for each target area. Note that some 

assemblies, such as doors, are hidden in Figure 55 to show the internal geometry captured in the 

scan and CAD. 

 

    

Figure 55. Part 27 rotorcraft 3D scan data vs. CAD model. 
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3.1.2   Horizontal Stabilizer 

Figure 56 shows a top view of the horizontal stabilizer CAD model and its overall dimensions. As 

observed in Figure 50, the horizontal stabilizer is only on the right-hand side. It is a fixed horizontal 

stabilizer that does not include an elevator or a trim tab. The horizontal stabilizer is sandwiched 

between the upper and lower vertical stabilizer. Efforts were made to capture all the structural 

members in the CAD model. Figure 57 and Figure 58 show the stabilizer with cutouts in the skin 

to allow scanning of main structural members to help in CAD development. It also details the 

internal structure in the horizontal stabilizer CAD model. The geometry did not capture wires, 

actuators for the horizontal tail elevators, or any other non-metallic parts.  

 

 

Figure 56. Part 27 Rotorcraft horizontal stabilizer CAD model overall dimensions. 

 

 

Figure 57. Part 27 Rotorcraft horizontal stabilizer CAD vs. physical test article. 
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Figure 58. Part 27 Rotorcraft horizontal stabilizer CAD internal structure vs. physical test article. 

3.1.3   Vertical Stabilizer 

Figure 59 shows a side view of the vertical stabilizer CAD model and its overall dimensions. The 

vertical stabilizer consists of two sections: Upper Vertical Stabilizer and Lower Vertical Stabilizer. 

The vertical stabilizer connects to the horizontal stabilizer, which connects to the tail cone 

assembly to connect the stabilizer assembly to the rotorcraft airframe. The vertical stabilizer CAD 

geometry includes all the primary and secondary load-carrying members. Figure 60 and Figure 61 

present the internal structure detailed views of the vertical stabilizer. It also shows the stabilizers 

with cutouts in the skin to allow scanning of main structural members to help in CAD development. 

The CAD geometry did not capture the wires, lights, vertical stabilizer actuators, and non-metallic 

parts.  

 

Figure 59. Part 27 Rotorcraft vertical stabilizer CAD overall dimensions. 
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Figure 60. Part 27 Rotorcraft vertical stabilizer CAD vs. physical test article. 

 

 

Figure 61. Part 27 Rotorcraft vertical stabilizer CAD internal structure vs. physical test article. 
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3.1.4   Tail Cone Assembly 

Figure 62 shows the CAD geometry for the complete tail cone assembly and its overall dimensions. 

The CAD model captures the primary structure, such as frames and stringers, to give the structure 

integrity. This assembly connects the empennage and tail rotor assembly to the main fuselage 

body. The physical test article was dissected at the frame stations to allow detailed scanning of 

these frames to aid in CAD modeling. Moreover, secondary structure members, such as doublers, 

clips, and retainers, were also captured during the scanning process and added to the CAD 

geometry. Figure 63 compares the details seen in the skeletal model of the physical test article vs. 

the details captured in the NIAR CAD model.  

 

Figure 62. Part 27 Rotorcraft tail cone assembly overall dimensions.  

 
Figure 63. Part 27 Rotorcraft CAD showing the internal structure vs. physical test article. 
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Figure 64 compares the frames that were dissected for scanning with the CAD generation. This 

was essential as the tail cone is a critical section of the rotorcraft that connects various assemblies 

to each other. 

 
Figure 64. Part 27 Rotorcraft tail cone frames ï Scan vs. physical test article vs. CAD. 

3.1.5   Tail Rotor Assembly 

Figure 65 shows an isometric view of the tail rotor CAD model and the 3D scan data used in the 

reverse-engineering process. All major components of the tail rotor assembly, such as the hub, 

spinner, spinner bulkheads, supports, and motor, were modeled.  

 

Figure 65. Part 27 Rotorcraft tail rotor CAD model overall dimensions. 

The CAD geometry for these components was captured based on scan data and disassembly of the 

physical test article (see Figure 66). Some assumptions were made to determine the dimensions of 

a few propeller internal components following available manuals and dissected data.  
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Figure 66. Part 27 Rotorcraft tail rotor blade dissections. 

The motor assembly, blade honeycomb structure, yoke, caps, input cartridge, pitch assembly, etc., 

were also modeled in detail to ensure the structural integrity of the tail rotor region to the main 

fuselage. Figure 67 compares the CAD overlapped with the scan to show the degree of 

representation with the physical test article.  

 

 

Figure 67. Part 27 Rotorcraft tail rotor assembly CAD with overlaid scan. 

Fasteners and connections of the rotorcraft tail rotor assembly were defined using the scan data 

and visual inspection of the structure. The tail rotor assembly connects to the tail cone fuselage 

assembly with a machined frame through 4 bolts. Figure 68 compares the CAD with the frame's 

scan and physical test article. 
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Figure 68. Part 27 Rotorcraft tail cone machined frame. 

This frame also joins the stabilizer assembly to the airframe. Hence, it was modeled with all the 

required details as necessary. Figure 69 presents the stabilizers and tail rotor assembly connected 

to the tail cone by this machined frame. 

 

Figure 69. Part 27 Rotorcraft empennage region. 

3.1.6   Fuselage 

Figure 70 compares a cross-section of the scan model and the CAD geometry for the complete 

rotorcraft model. The fuselage body captures the primary structure, such as frames and stringers, 

which define the primary load paths of the airframe. Moreover, secondary structure members, such 

as doublers, clips, and retainers, were captured during the scanning process and added to the CAD 

geometry. Figure 71 compares the details seen in the skeletal model of the physical test article vs. 

the details captured in the NIAR CAD model.  
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Figure 70. Part 27 Rotorcraft fuselage 3D scan (left) vs. NIAR CAD model (right). 

 

 

Figure 71. Part 27 Rotorcraft fuselage details ï Physical test article (top) vs. NIAR CAD model (bottom). 

Furthermore, the fuselage also houses the engine, fuel tanks, main rotor mast, and gearbox 

assembly. NIAR made detailed efforts to capture these details in the fuselage structural model 

since these mass items and their supporting structure contribute to this small-size airframe's overall 

weight and strength. Figure 72 shows the engine, engine mast assemblies, and their representation 

in the NIAR Part 27 rotorcraft CAD model. 
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Figure 72. Part 27 Rotorcraft engine mast and engine ï Physical test article (top) vs. NIAR CAD model 

(bottom). 

3.1.7   Windshield 

Figure 73 presents a top view of the windshield CAD and its overall dimensions. The windshield 

is a single-layer acrylic piece that connects to the fuselage through retainers and extrusions riveted 

to the skins and the front door frames. The windshield thickness was determined to be 0.118 inches. 

Figure 74 shows frontal and rear isolated views of the windshield and its surrounding structure. 

 

 

Figure 73. Part 27 Rotorcraft windshield CAD overall dimensions. 
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Figure 74. Part 27 Rotorcraft windshield CAD Internal structure. 

3.1.8   Main Rotor Blade  

Figure 75 shows the CAD geometry for the complete main rotor blade assembly and its overall 

dimensions for a single blade. The R44 Robinson rotorcraft is equipped with two main rotor blades 

for a total span of 33 feet.  

 

 

Figure 75. Part 27 Rotorcraft main rotor blade overall dimensions. 

To model the geometry, the first step was to scan the entire blade. NIAR then dissected a single 

blade into five sections based on a literature review from available manuals [32]. As shown in 

Figure 76, these sections were then carefully studied to document: 

¶ Aluminum Skin thickness/Layers 

¶ Composite layups (if any) 

¶ Metallic parts  

¶ Leading edge & Trailing edge cross-sections 
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Figure 76. Part 27 Rotorcraft main rotor blade dissections. 

Additionally, the root region had to be further disassembled and dissected, as per the literature 

review [32] in Figure 77, to ensure all major structural members were measured correctly and 

accounted for. 

 

Figure 77. Part 27 Rotorcraft main rotor blade root region disassembly (Drawings from [32]). 

Figure 79 through Figure 81 compare the main rotor blade CAD details with the physical test 

article. Some simplifications were made in the CAD: 

¶ The honeycomb core was modeled as a solid. 

¶ Nutplates or bolts (diameter < 5mm) were not modeled. 

¶ Ball bearings (found in the root region) were not modeled. 



  

57 

 

 
Figure 78. Part 27 Rotorcraft main rotor blade root region ï Physical test article vs. CAD. 

 
Figure 79. Part 27 Rotorcraft main rotor blade leading edge profiles/skin layers variations. 

Furthermore, Figure 81 highlights how the main rotor blades are connected to the rotorcraft 

airframe via one bolt through the engine mast assembly.  

 
Figure 80. Part 27 Rotorcraft main rotor blade cross section LE ï Physical test article vs. reference 

manuals vs. CAD. Image adapted from [33]. 

 

Figure 81. Part 27 Rotorcraft main rotor blade connection to the engine mast assembly.  


































































































































































































































































































































































































































