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What risk/problem needs to be addressed for
SUAS Operations Over People?

e Inclusion of SUAS into the NAS S
may pose unique hazards to people %\\
on the ground \\\
— Itis necessary to determine the potential ;:&h@\

severity of SUAS ground collisions with
people in order to define an acceptable
level of safety

 Airworthiness considerations
require an understanding of the
hazard severity and likelihood
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Research questions that address the
risk/problem

What are the hazard severity criteria
for a UAS collision?

What is the severity of a UAS
collision with people on the
ground?

What are the design characteristics
of a UAS that could minimize the
potential injury during a ground
collision?

Can the severity of a UAS collision

with a person be characterized into
categories based on the UAS?
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Research Approach (Phases 1 & 2: 2015-2019)

« Over 512 impact tests and simulations were ..o

conducted Fore
— 16 different fixed-wing and multi-rotor UAS, as =
well as various objects and payloads (wood [

blocks — NPRM rigid object, batteries, etc.) with
weights ranging from 0.71 Ibs. to 13.2 Ibs at a
range of low to terminal velocities

— Evaluated heavier sSUAS using mitigations, such -
as sUAS with parachutes

— Initially utilized crash test dummies to review and determine thresholds of serious
but non-lethal injury utilizing Abbreviated Injury Scale (AIS)

— Increased the fidelity of the injury modeling and testing by utilizing Post Mortem
Human Subjects (PMHS)

— Developed a test methodology for assessing the level of risk of SUAS to persons
on the ground in the event of a collision

— Compared the thresholds for serious, but non-lethal injury established using the
crash test dummies with the injury thresholds yielded from PMHS testing
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Test Weight: 2.69 Ibs.
Impact Velocity: 49-50 fps
Impact Energy: 100-103 ft-Ibs.

Comparison of Steel & Wood with Phantom 3

Test Weight: 2.69 Ibs.
Impact Velocity: 52-54 fps
Impact Energy: 116-120 ft-Ibs.

Test Weight: 2.7 Ibs.
Impact Velocity: 52-53 fps
Impact Energy: 114-121 ft-Ibs.

Motor Vehicle Standards
e Prob. of neck injury: 11-13%

< Prob. of head injury: 0.01-0.03%>

Range Commanders Council Standards
Probability of fatality froni
Head impact: 98-99%

- Chestimpact: 98-99%

- Body/limb impact: 54-57%

Motor Vehicle Standards
¢ Prob. of neck injury: 63-69%
rob. of head injury: 99-10

anders Council Standards
Probability of fatality fromm

Head impact: 99-100%
- Chestimpact: 99-100%
- Body/limb impact: 67-70%

Motor Vehicle Standards
* Prob. of neck injury: 61-72%
e Prob. of head injury: 99-100%

Range Commanders Council
Standards
e Probability of fatality from...

- Head impact: 99-100%

- Chest impact: 99-100%

- Body/limb impact: 65-71%
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Presentation Notes
This chart is intended to clarify my statement about getting hit by a drone is not the same as getting hit by a rock.
This chart shows the results of Phantom 3, Wood and Steel impact tests conducted with an ATD Hybrid III Crash Test Dummy.
All tests conducted at the same mass and nearly the same impact velocity of ~ 50 fps (29.6 kts, 34 mph).  The impact energy is equivalent to that of the fastest pitch in baseball 114 mph or the fastest serve in tennis 163.7 mph Fastest Tennis Serve for Men  Sam Groth 163.7 mph 2012 Busan Open Challenger Tennis[5][6] 
Commonly used standards for injury potential of drones comes from the safety standards developed by the RCC probability of fatality metrics developed for assessing safety standards for the national test ranges.  These standards were developed to assess the risk of falling metal debris and not ABS plastic drones.
Injury potential of the drone impact at the same mass and impact energy are dramatically different.  The research used the injury metrics from the FMVSS 208 used to assess injuries to crash test dummies during car accidents  The metal and wood debris show significant increases in injury potential over the drone for both head and neck injuries.  The drone injuries are well below the Micro-ARC recommendations for head and neck injuries.
If we apply RCC POF metrics for the drone, wood and steel at these impact energies, the metrics would say that they are all nearly 100% fatal.    The injury metrics from RCC correlate well for the wood and steel impacts, but these metrics are clearly not representative of lethality of small UAS made from ABS plastic and not wood or metal.  
While these tests were conducted for a single configuration of vehicle, additional testing is required to evaluate these injury metrics and the injury potential of a broader range of vehicles with different mass, impact speeds and material properties to develop a standard or methodology for evaluating injury potential of future applicants for waivers for flight over people and eventual rule-making for flight over people.


Key Findings:
Ground Collision Severity Report

e Collision Dynamics of sUAS is not the same as being hit by arock
e Multi-rotor UAS fall slower than metal debris of the same mass due to higher drag on the drone
* sUAS are flexible during collision and retain significant energy during impact
*  Wood and metal debris do not deform and transfer most of their energy
« Three dominant injury metrics applicable to sUAS
e Blunt force trauma injury — Most significant contributor to fatalities
e Lacerations — Blade guards required for flight over people
* Penetration injury — Hard to apply consistently as a standard
 Payloads can be more hazardous due to reduced drag and stiffer materials
e Lithium Polymer Batteries need a unique standard suitable for sSUAS to

ensure safety
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Presentation Notes
300 publications included from the injury metrics, battery standards, toy standards, and casualty models to determine if these standards and metrics were applicable to small UAS.
Three dominant injury metrics applicable to sUAS
Blunt force trauma injury – Most significant contributor to fatalities.  This type injuries is driven by impact KE
Lacerations – Not typically fatal, but a dominant injury mechanism due to rotating blades.  Driven by blade rotational energy and blade characteristics
Penetration injury – Hard to apply consistently.  Driven by the amount of energy applied to a specific area.  UAS have a wide range of impact KE and a wider range of contact areas that would make testing very expensive.
Collision Dynamics of sUAS is not the same as being hit by a rock
sUAS are flexible during collision and retain significant energy similar to a sports ball
Wood and metal debris do not deform and transfer most of their energy to the human during collisions
The research team has developed a method for evaluating vehicles using impact energy defined from their respective CONOPS, the aerodynamics of the vehicle, the failure modes of the aircraft, and the material and collision dynamics of the vehicle evaluated using a simplified test. 
Payloads can be significantly stiffer and have less flexibility and fall at greater velocities then the drones.  These make some payloads more hazardous if they separate from the drone than the drone itself.
Blade guards must be built to protect people and not necessarily the drone.  Current blade guards prevent damage to the drone but few are deigned for collision impacts with people.  Stopping motors following impacts is also critical to protect from laceration injuries.
Lithium Polymer batteries are widely used in the UAS community especially in sUAS.  While technology is evolving to mitigate the flammability of these batteries, the batteries themselves do not have a clear battery standard that requires manufacturers to harden these batteries or make them safe following collisions representative of sUAS operations today.  Some manufacturers test to current commercial battery standards used for laptops and personal computing devices, but these standards are focuses on drops similar to dropping your laptop off your desk and not for collisions from 400 ft AGL.


Research Benefits

e The ASSURE results show that injury
caused by arigid object at kinetic
energy levels (Cat 2/Cat 3) in the OOP
NPRM is equivalent to the injury caused
by a sUAS at a higher kinetic energy

— This indicates that a SUAS can exert much
higher kinetic energy than a rigid object and stay
within the parameters of the NPRM

« ASSURE developed simplified test methods that operators can
utilize to yield results that could provide an alternate means of
compliance for the Operations Over People NPRM/rule

— The ASSURE test methods are currently being used to inform the development of
the ASTM F38 Standard for Impact Test Methods for Operating sUAS Over People
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A3: sUAS Air-to-Air
Collision Severity
Study

Lead Principal Investigator:
Gerardo Olivares, Ph.D., Wichita State
Univ.

Also included: The Ohio State University (OSU), Mississippi State University
(MSU) and Montana State University




What risk/problem needs to be addressed for
SUAS Operations in the NAS?

* Inclusion of sUAS into the NAS
may pose hazards other aircraft

— Itis necessary to determine the potential
severity of SUAS airborne collisions with
manned aircraft in order to define an
acceptable level of safety

 Airworthiness considerations
require an understanding of the
hazard severity and likelihood
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Research questions that address the
risk/problem

« What are the hazard severity criteria for a UAS collision
with a manned aircraft?

« What is the severity of a UAS mid-air collision?

« How can the design of a UAS minimize potential
damage during a mid-air collision?

« What are the design characteristics of a UAS that could
minimize the potential injury during a mid-air collision?

« Can the severity of a UAS collision with a manned
aircraft be characterized into categories based on the
UAS?

e Can a sUAS Impact be Classified Similar to a Bird
Strike?
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Air-to-Air Collision Severity Study: Scope

o Study of Severity of perfect strike (Physical Damage

& Fire Risk)

* Targets:
e Narrow-body commercial transport (B737 / A320 Class)
e Business Jet (Learjet 31A Class)

* Projectile (UASs)
e Quadcopter (DJI Phantom Ill)
e Fixed-Wing (Precision Hawk Lancaster)




Can a sUAS Impact be Classified
Similar to a Bird Strike?
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Presentation Notes
Can a UAS impact be classified similar to a bird strike?
UAS collisions showed greater damage than bird strikes of equivalent energy.
Stiff components of the UAS play an important role
None of the simulations predicted more damage for a bird than for a UAS impact.
Birds having soft bodies, distribute the impact loads

2lb – Mallard DUCK
4lb – Gull or Cormorant
8lb – Canadian Goose 


Reference Bird Strike Regulations:

14 CFR FAR 25 Applicable Bird Strike Regulations:
14 CFR FAR 25.631: Bird Strike. Amdt. 25-23
The empennage structure must be designed to assure capability of continued safe flight and landing of the airplane after impact with an 8 lb bird when the velocity of the airplane is equal to VC at sea level. 
14 CFR FAR 25.775: Windshields and windows. Amdt. 25-38
Windshield panes directly in front of the pilots in the normal conduct of their duties, and the supporting structures for these panes, must withstand, without penetration, the impact of a 4lb bird when the velocity of the airplane is equal to the value of VC, at sea level.
14 CFR FAR 25.571: Damage-tolerance and fatigue evaluation of structure. Amdt. 25-96
Impact with a 4-pound bird when the velocity of the airplane is equal to VC at sea level or 0.85 VC at 8,000 feet, whichever is more critical.
The damaged structure must be able to withstand the static loads (considered as ultimate loads) which are reasonably expected to occur on the flight. Dynamic effects on these static loads need not be considered. Corrective action to be taken by the pilot following the incident must be considered. If significant changes in structural stiffness or geometry, or both, follow from a structural failure or partial failure, the effect on damage tolerance must be further investigated.
14 CFR FAR 33.76: Bird Ingestion. Amdt. 33-23
All ingestion tests must be conducted with engines stabilized at no less than 100% takeoff power or thrust at sea level on the hottest day.
The engine inlet throat area used to determine the bird quantity and weights will be established by the applicant and identified as a limitation in the installation instructions.
Objects that are accepted by the administrator may be substituted for birds when conducting tests.
Test large bird ingestion (depending on inlet throat area can be a 4.07lb, 6.05lb, or 8.03 lb) aimed at the most critical area of first stage rotor blades and ingested at a speed of 200 knots for airplanes, or max speed for normal flight for rotorcraft.
Test small bird ingestion to simulate a flock encounter using a 0.187 lb bird for each 0.032 square meter of inlet area up to a maximum of 16 birds. One second elapse from first to last bird ingestion.
Test medium size flocking birds where the size and quantity will depend on the engine inlet throat area going from 1 bird of 0.77 lbs alone, to 1 bird of 2.53lb followed by a volley of 6 birds of 1.54 lbs 




Severity Level and Risk of Post
Impact Battery Fire Classification

Severity Level

Description

+  Undamaged.
+  Small deformation.

Example

« E ive per defi
on extermal surfaces.
Level 2 *  Some internal structure deformed.

+  No failure of skin.

= Skin fracture,
= Penetration of at least one

Level 3 component.

+ Penetration of UAS into airframe.
= Failure of primary structure.

Fire Risk

Description

Example (UAS Hidden)

UAS (including the battery)
penetrates the airframe.

Battery deforms but stays
undamaged.

Validation tests showed that
partly damaged batteries created
heat and sparks.

Example (UAS Visible)

The TTAS does not penetrate the

airframe.

UAS (including the battery)
penetrates the airframe.

The battery sustains great
damage, destroying its cells.
Validation tests showed that
completely damaged batteries
did not create heat or sparks.

.

A%
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Presentation Notes
The lowest damage category, Level 1, generally corresponds to a minimal amount of localized damage. The next category, Level 2, represents significant visible damage to the external surface of the aircraft with some internal component damage but with no appreciable skin rupture. The third category, Level 3, describes impact events where the outer surface of the aircraft is compromised in a way that could allow ingress of foreign objects into the airframe, with some damage to substructure. Finally, Level 4 indicates damage that includes all of the preceding aspects as well as extensive damage to internal components and possibly compromising the primary structure.
It should be noted that not all Level 4 classified collisions necessarily lead to catastrophic accidents. The fact that the primary structure may be able to withstand flights loads post-impact damage and the fact that not all the aircraft systems are critical for remaining airborne, means that certain categorized Level 4 collisions may be survived by the aircraft. 
Note that the label of “Fire Risk” indicates a potential outcome rather than an impending event due to the qualitative nature of the assessment. Further studies and physical testing into this phenomenon would be required in order to determine any additional severity. It was noted during component level testing that the fire risk corresponded inversely to the velocity of the impact; higher velocities caused the battery to disintegrate reducing the heat generated after impact, while lower velocities allowed the battery pack to remain consolidated, increasing the post-impact heat generation.



»

What is the Severity of a sUAS Midair
Collision with a Jet Aircraft?

%

2.7 Ib. Quadcopter

4 Ib. Fixed Wing

Level 1
Level 2
Level 3
Level 4
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Presentation Notes
Similarly to the commercial transport jet, in general the internal energy absorbed by the aircraft structure increased when impacts occurred closer to the root of any lifting surface. 
Cases involving the wing presented lower levels of damage in the airframe. A skin that was slightly thicker than the stabilizer and the pipe of the anti-icing system absorbed most of the damage, protecting the front spar from a direct impact of the UAS. 
The UAS impacts on the windshield present a much higher residual kinetic energy. The UAS was also deflected without any significant damage for the quadrotor sUAS configuration. The damage was up to level 4 with the fixed wing configuration

What is the severity of a UAS midair collision with an aircraft?
At 250 knots (holding altitude, UAS max speed added).
4 lb fixed-wing UAS potentially may induce:
Damage to primary structure (Level 4) at the tail of both aircraft an windshield of business jet.
Penetrations into the airframe with no damage to the primary structure (Level 3) at the wing.
Superficial damage (Level 2) at inboard areas of the business jet wing and windshield of the commercial jet. 
2.7 lb quadcopter UAS potentially may induce:
Damage to primary structure (Level 4) at outboard areas of the tail for both aircraft.
Penetrations into the airframe with no major damage (Level 3) in inboard areas of the tail and wing for both aircraft.
Superficial damage (Level 2), to the windshield of both aircraft and outboard business jet wing.
At cruise speeds (325/365 knots)
Damage is increased in every scenario.



Conclusions Airframe — sUAS Impact R&D

Comparison to Bird Strikes
= sUAS collisions caused greater structural damage than bird strikes for equivalent impact energy levels
Velocity and Mass (kinetic energy)
= Physical damage noted for velocities above landing speeds for masses equal to or above 2.6lbs (1.2 kg)
= Damage severity increases with increased mass and velocity

Stiffness of Components

= Component level testing demonstrated that stiff components such as motors can produce severe damage.

= Full-scale sUAS simulations confirm: most damage produced by stiffer components (battery, motor, payload)
Distribution and Connection of Masses

= Distribution of mass and stiffness in the design of the sUAS is critical to the energy transfer

= With concentrated or aligned masses the probability of critical damage increases.
Energy Absorption Capability

= sUAS designs which incorporate energy absorbing components (materials and/or structural features) could

reduce the damage to the target aircraft




Engine Ingestion — Summary Results

. Quick look study using FAA Fan-Blade-Out Model
. Simulations focus on damage to fan, nacelle, and nosecone only
. Similar findings as structural research

. Fixed wing introduced more damage than the quadcopter.

. Stiffer components such as motors, cameras and batteries do the most damage to the fan.

. Location of impact along fan is a key parameter--More damage as the impact occurs closer to the blade
tip.
" Takeoff scenario is the worst case because of high fan speeds.




Questions?

N
K °, Federal Aviation

Administration




ANG-C21 Research Projects (Active)

Control Account Number Research Project Program Manager

Al1L.UAS.7 (COE-A34) Safety Case Methodology Richard Lin

BVLOS — Seperation Requirements

Al1L.UAS.22 (COE-A18) Michael Reininger

and Testing
Al11L.UAS.23 C2 Link Melanie Flavin
Al1lL.UAS.31 High Visual Contrast Melanie Flavin
Al1l1L.UAS.38 UAS Fuel Cells Michael Reininger

Al1l1L.UAS.39 UAS Lithium Batteries Michael Reininger
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ANG-C21 Research Projects (Active)

Control Account Number Research Project Program Manager

Al1L.UAS.44 UAS Air Carrier Ops Richard Lin

Flight Path Display Melanie Flavin

Flight Test Data Collection

Safety Case Development

eCommerce
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ANG-C21 Research Projects (Active)

Control Account Number Research Project Program Manager

Al1L.UAS.56 SARP Well Clear Research Michael Reininger
Airborne Collision: Engine Ingestion Melanie Flavin
Al1L.UAS.60 (COE —A16)  Airborne Collision: Structural Impact Melanie Flavin
Al1L.UAS.61 (COE - A??) Automation and Autonomy Phillip Maloney

Al11L.UAS.68 (COE — A28) Disaster Prep Michael Reininger
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ANG-C21 Research Projects (Active)

Control Account Number Research Project Program Manager

Al1L.UAS.71 (COE — A27) Risk-Based Thresholds Richard Lin

Risks Around Airports Richard Lin
Waiver Case Study Review

Pilot Proficiency Requirements

Wake Turbulence
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ANG-C21 Research Projects (Active)

Control Account Number Research Project Program Manager

UAS Cyber Security and Safety Lit

A11L.UAS.78 (COE — A38) el

Richard Lin

Section 383 UAS Detection at
Airports

ATO Large UAS Collision

23
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