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Summary

Modelling Collision Consequences of
Unmanned Aircraft Systems on Human

Borrdephong Rattanagraikanakorn

Unmanned aircraft system (UAS) is an emerging technology that is now gaining
traction around the world. UAS operations are expected to be integrated into very-low-level
rural and urban airspace via the enabling of the novel concept of unmanned traffic system
(UTM). For such operations to become areality, one of the major challenges that needs to be
overcome is the assessment and, subsequently, mitigation of safety risk posed to third parties
on the ground.

Third parties on the ground refer to people or pedestrians that resides within the area
of operation but are not involved with the operation. To assess this risk, an approach called
third-party risk (TPR) assessment has been devel oped in many research. Prediction of TPR of
UAS operations will allow operators, authorities and stakeholders make well-informed
decision on the deployment of UAS operations. If the TPR risk level of the designed
operational concept exceeds the acceptable risk level, then risk mitigation can then be applied.

In atypical TPR model, one of the important sub-modelsis the collision consequence
model used to predict probability of fatality (PoF) of human subjected to UAS collision. This
sub-component requiresagood understanding of human fatality duetoinflicted injury by UAS
collision which is, at thistime of writing, still under-studied.

This thesis addresses the key component of the TPR framework that is the
guantification of UAS collision consequence on human on the ground. The central aim of this
thesisisto develop a quantitative, model-based collision consequence model of UAS collision
on human. To achieve this main aim, a series of interrelated research studies was performed
in a systematic way.

The first study investigates the novel UTM concept to characterize UAS collision
consequences with other airspace users. In this study, a step-wise, systematic approach to
characterize UAS collision consequences is proposed which includes UTM analys's, object
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identification and classification, impact zone analysis, materials characterization and collision
consequence analysis. These steps would allow an establishment of a risk picture of the
possible collisions with UAS and possible consequences that follow.

The second study addresses the development of an impact model of the DJI Phantom
1l UAS. The reason for selecting this UAS type is that crash test data on crash dummy have
been published. The aim isto develop a computationally efficient, and realistic impact model
of quadcopter UAS on human body. The multibody system (MBS) modelling approach was
used. The MBS UAS model was developed and validated against impact data under various
scenarioson aHybrid 11 crash dummy. The validation showed good convergence between the
MBS model and impact data. Then, by using the validated UAS model, impact collision of
UAS on the head of 501" percentile male human head was performed with variationsin impact
elevation angles. Using head injury criterion and neck injury criterion, injury evaluation
showed that human head suffers from serious injury due to UAS impact and with minor neck
injury.

From the second study, it was found that there is a discrepancy in the measured head
and neck injuries between the Hybrid I11 crash dummy and the human body models. Thisleads
to the third study in the series which is to evaluate such differences. Again, using the same
validated UAS impact model on Hybrid I11 crash dummy and human body models, arange of
impact scenarios was analysed. The analysis results reveal that the Hybrid 111 crash dummy is
not well suited for horizontal-side impact or vertical load direction. Under these conditions,
the crash dummy neck is substantialy stiffer than the human body neck. Thisleadsto alarger
head injury and lower neck injury in the crash dummy when compared to the human body.
The root cause of such discrepancy was found to come from the difference between a true
human neck and the Hybrid I11 designed neck complex.

The fourth study isthe investigation on the differences in human fatality rate between
the MBS model and the commonly adopted RCC model and BC model. The RCC and BC
models are the two existing collision consequence models for UAS impact on human which
are widely used in UAS TPR research. An MBS UAS model of the DJI Phantom Ill was
simulated in impact scenario on human body and the results were compared against the RCC
and the BC models. Significant differences in PoF between the three models were observed,
with the RCC predicting the highest PoF. The MBS model predicts lower PoF than the RCC,
but higher than the BC model. Another interesting feature of the MBS model isits ability to
vary impact condition such as UAS angle of attack or impact attitude. Thereisalargevariation
in PoF observed for impact on the head in the MBS model when the UAS angle of attack and
impact angle was changed. Such variation is not captured by the RCC or BC models.

The final study investigates the effect of UAS types variation on human injury. In
addition to the validated MBS model of DJ Phantom I, MBS models of five other small
UAS types are developed. Five true UAS types were selected, namely, DJI Phantom 111, DJI
F450, Tarot LJI500, Parrot Bebop and TrueXS Racing UAS. These were selected due to their
differences in mass, maximum speed, airframe materials and configuration design. Also, a
hypothetical UAS was modelled as a single rigid body representation of the DJI Phantom I11
of the same mass. The study shows the effect of UAS design characteristics on injury severity.
The first aspect isthe maximum speed of UAS which has a major influence on impact injury.
A micro racing UAS with high enough speed can yield high impact energy that resultsin fatal
injury. The second aspect isthe applicable elasticity at first contact which has not been studied
before using impact simulation. Such elasticity is influenced by UAS configuration, airframe
materials and airframe design, and helps to absorb and dampen impact energy. Elastic
components such as flexible landing gears or camera gimbals are perfect protective materials
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that can reduce impact injury significantly. Such findings show how fatal impact injury can be
mitigated via the use of elastic protective components around UAS.

As can be concluded from the interrelated series of studiesin thisthesis, the proposed
MBS modelling framework proves to be an efficient approach for UAS blunt force impact
modelling and simulation. The technique allows fast model scalability and extensibility with
quick model calibration using experimental inertial properties. The MBS modelling results
obtained for UAS impact modelling contribute largely to the quantification of a collision
consequence of UAS impact on the human body. Since the existing collision consequence
model such asthe RCC or the BC models are not directly derived from UAS impact data, this
work offers a more realistic aternative collision consequence model for UAS impact on
human. The MBS modelling approach offers a possibility to evaluate collision risk under
various impact scenarios which can be implemented in UAS TPR assessment. Future TPR
research can either utilize the PoF findings from this work, or develop and integrate an MBS
impact model into TPR risk assessment.

Vil



viii



Contents

SUM M A RY oottt ettt ettt et eeeeeeeeesssa et beeetteeessssesaaaaasasaeeeeseessssssaass s b aaeeeeeeeeseseesasas st bareeeseeeesseeaaaasnnes \/
R I O 1 10 O I 1 ] 1
A U N Y @ = ==y 1T ) 2
1.3 GROUND THIRD-PARTY RISK FOR UAS OPERATIONS......ccvttrutttriiiiiiiiiiieeiseeeeeesseeeseeeseessssssrssmssnnnnn. 4
1.4 UASCOLLISION CONSEQUENCE MODEL ON HUMAN BODY ....coiiiiiiiieiiiiiiie e ciieee e creee e eivee e e 6
1.5 IMPACT MODELLING & ANALYSISAPPROACH FOR UAS COLLISIONS....uutuiiiieeeeeeeiiierrrereeeeeeeeseeeessnnnenns 8
1.6 PROBLEM STATEMENT & THESISOVERVIEW .....ciiiiiiiiiiiiiiietiesttsasiiiiss s ss e st e s s s s aaseaassessssssssssbsssssannnnnsaesnss 9
== ] L2 =N 13
2. CHARACTERIZING UAS COLLISION CONSEQUENCESIN FUTURE UTM ....cccccvcviivee e, 19
P2 R N1 =00 0 18 Lo i [ N 20
21.1. Safety of UASTraffic Management (UTM) ......ooeeiie ittt 20
2.1.2.  ConsequenCe Of UAS COllTSION ......ciiuiiiiieiieiiee sttt sttt sttt be et e e e b e beesaeas 20
2.2 MODELINGAND ANALYSISOF UAS COLLISION CONSEQUENGCES ......ccceetieeirrerreereeeeeeeeessesssssseneeeeesseeeans 21
221, Organization of the RESEAICH ........oo i 21
2.3 UTM DIMENSION ANALY SIS outtuutuiiieesseeetteeeeeeteetttestesassssstsssssssssessssssesssteettreeerrsrmrst———. 22
2 5 T W 1V I a1 W o o= R 22
2.3.2. UTMINTREUSA ...ttt e e e et e e e e e e e e e et a e e e e s abaeeaeesabreeeesesreeeesabreeeeas 25
ARG G T B 11 0'= o] oo L0 I 1 26
2.4 |DENTIFICATION & CLASSIFICATION OF OBJECTS EXPOSED TO COLLISION RISK ...ccvvvvvvrieiiiiiiiiiieeeeeenen, 27
24.1.  Identification Of GrouNd OBDJECLS .......ccviiiiiiiiiiiet e 27
2.4.2.  Airborne Objects [dentifiCatION ..........cocuiriiiiii it 29
2.4.3.  NON-UASODject ClassifiCation ...........cooiiieiiiieiiiieieseeeese et 30
2.4.4. UASODJECt ClasSifiCatiON.......ccccieiieiie ittt et et e e st e e re e reenaeas 30
2.5 ZONE OF IMPACT ANALY SIS 1uttttuttiiiieiiiiiiiieieeetietitessesssssssbbas s aesssesseasstesttteesesssssstbbasb s iaessseeeas 31
25.1. Zone of Impact Analysis for General Aviation and Rotorcraft..........ccceevvevvceenieenceesce e, 31
25.2.  Zoneof Impact ANAlYSISTOr UAS..... ..ottt 35
2.6 MATERIALSIDENTIFICATION AND CLASSIFICATION ...cuvvuurruueuniiieesseeesseeseessseesereseessssssssmmsseesseeees 36
2.7 COLLISION CONSEQUENCE ANALY SIS ... iiiiiiiiiiiiiiiieeeeeettssttsasi s aaasieeeseeeaeassseessreesesssrsstraaaaeaeeeens 37
P T o N (o I U 1T N 38
APPENDIX 2A: ADDITIONAL MATERIALS IDENTIFICATION RESULTS ..ottt ettt 40
APPENDIX 2B: PRIMARY CONSEQUENCES OF UAS COLLISION WITH NON-UAS OBJECTSFROM SECTION V ....42
REFERENCES .....tttteetiitee e e e s seeeeaaaeeeeeeaeessssaaasssaeeeeseessssssaaaasssssaeeesseessssasasssssseseeeeesesssssssasssbesaeeseessssssnsannnnes 47
3. MULTIBODY SYSTEM MODELING OF UASCOLLISIONSWITH THE HUMAN HEAD............. 51
R 70 R 1 N1 =00 0 16 Lo i [ N 52
3.2 MULTIBODY SYSTEM MODELS ...uuuiiiiiiiiiiiiiieeeiiieeeeeeeeeettaetb b sa s s e e e s e eeaeaasaeesseesssssssssbbaaaba s aaeeeeeseas 53
3.21.  UASMuUItibody System MOGEIING.......coieiiiiiiie ettt 53
3.2.2.  UASVENICIE PAramELErS ...ttt ettt e e st e e s e be e e s s eaba e e s s eeabreeesssnbaeeesessbeeeeeas 54
3.2.3. Calibration of UASMultibody System MOdE] ...........cooeriiiiiiiieeee e 55
3.2.4. Multibody System Models of Human Body and Crash DUMIMY..........cecuirerieneneeneneeieseseeees 56
I S T a4 - Yo 1Y, [ o = 56
3.3 VALIDATION OF MULTIBODY SYSTEM IMODEL ....cccctviiviiietiiiiiiiiiesieeeseeeeeeeseeesieeeesssssssssssssssnssnsnesssseseas 57
3.3.1.  Vertical Impact Validation..........ccceeieeiieie et sae et e e snee e eneesnes 58
3.3.2.  Angled IMPact Validation...........ooee ittt ettt be b 61
3.3.3.  Horizontal IMpact Validation ............ccceeiiiiiniiieiiiee e 63
3.34. Head Injury Criteria (HIC) LEVEIS......cc.ei ittt 65
3.4 UASIMPACT ON THE HUMAN BODY ...ttt et e e e e e e e e e e e aaaa bbb s e e e e e e e 66
3.4.1. Head INjury Criteria (HIC)......cieiie ettt ettt ettt et e e st e e nreeneesneas 66
3.4.2. NECK INJUIY CIITErTa (Ni}) «+eeveerserreererreeiestesiiest sttt sb e bbb sne e s nnesnn e 68
BT T D 1S @0 1SS T N 71
3.5.1. Discussion on UASMBSModeling and Validation RESUILS...........cccceeriiriiiiieeieeneee e, 71
3.5.2.  Discussion on Human Body Injury, Limitations and Future WOrK.............ccccoovveenineeinneninnnee, 72
3.0 CONCLUSIONS . ....ciiiiiiiieteetttasttsu i aaaasseeeteeaaaasseesteessesssss st s b s s st saeesseeaeasssessesessssssssssransssasaaeeeneeens 73
T A Y@ N[ Y I = Y] Y 1 = N 74
APPENDIX 3A: EFFECT OF COMPONENT STIFFNESS ON HEAD FORCE ...ttt 75

X



L L SRR 7
4. MODELLING HEAD INJURY DUE TO UNMANNED AIRCRAFT SYSTEMS COLLISION:

CRASH DUMMY VS HUMAN BODY ..ottt ittt ettt e e e e e saaaa s s s e s s e e e e s s s s sasasasssneees 81
4.1 INTRODUGCTION .etvttuuutuuunuuieieeesseeeeeseeessseeeseesssssssssssssssssseeeeeseseesseeeseesssssssssstssmssaeeeeeeeeesseererrrree 82
4.2 MODELLINGAND SIMULATION APPROACH.....cutttttttttiiiiietiietteesesssssestesesssssssssssssssssnaessessssssssssseresen 83

4.2.1. UAS Hybrid 1l and Human Body MOGEIS.........ccueiieeieeiie e 83

4.2.2.  SIMUIGLON SEIUP. ...cotietiiiie ettt b ettt e be e sae e s e e be e sae e saeeeabeeaeesaeesaneenne 83
4.3 MODELLING RESULTSFORHYBRID II| DUMMY VS. HUMAN BODY .....ovviiiiiiiiiiecciieeee e 85

e T I U 7N Y 0 o7 Lo 1 U =SS 85
R B 11 o WSS T | TR 93
S O N I U 1T £ 94
APPENDIX 4A: HEAD CG ACCELERATION-TIME HISTORY ....coiiiiiiiiiiiiiiieitiieiie s e s s e e s e ee s s e eeeeessssassassaaaaaas 96
APPENDIX 4B: UPPER NECK FZ-TIME HISTORY ..vvvtiitiietiiiieeeiiieeseeeeeeessssssssssssssssesessssssssssssssssssseesseesssssssssssnns 97
APPENDIX 4C: UPPER NECK My -TIME HISTORY .1uuuuiiiiiiiiiiiiiiiieeiieeeeetessettbaai s s s s s s s e e e s e e s e essseeassessssssssssananans 98
L = = N[0! =13 99

5. MODELING AND SIMULATING HUMAN FATALITY DUE TO QUADROTOR UASIMPACT..101
LT R N R =00 0 18 Lo [ N 102
5.2 REVIEW OF MAIN BACKGROUND ....cceiiieiiiiiiittitteeeeeeeeeeeeesssssssseseeesesssesssssssssssssssessassssssasssssssseeeeeeseees 103

521, RCC Fatality RiSK CUIVE .......oiitiiiieiieitie ettt ettt sttt sb e et e e sbeesae e s e e sbeesaee s 103

522, Blunt Criterion (BC) MOE ........ccccoiiiiiiiiee e e 104

5.2.3. MBSModelling and Smulation of DJI Phantom Il Impact of Human Head............................ 106
53 MBSSIMULATION-BASED ASSESSMENT OF HEAD, THORAX AND ABDOMEN INJURY CRITERIA........... 108

5.3.1.  DJI Phantom Hl UASIMPACt SCENAITOS.......cccueerieerieererenieeseesieesneeesteesseesessnseessesssessnsesssesssenas 108

5.3.2.  Head Injury Criteria and MBS Smulation RESUILS. .........c.coiiiiiiiiiiiie e 109

5.3.3. Thorax and Abdomen Impact Criteria and MBS Smulation ReSUItS...........cccccvevieererrieeieeninns 110
5.4 MAPPING INJURY CRITERIA TO PROBABILITY OF FATALITY wuuiiiiiiiiiiiiieceeeeeeeereeeerevn e 112

5.4.1. Probability of Fatality Curve for Head impact.............cooeiieiiiinieneneeeseee e 112

5.4.2. Probability of Fatality Curves for Thorax & Abdomen Impact..........ccccceevviveeniecieciecceeciene 113
55 COMPARISON OF FATALITY CURVES FROM DIFFERENT MODELS .....ccoooiiiiiiiiiiieeeveee e 114

5.5.1. Comparison of POF of Head IMPACL ..........ceeceiiieriiei et 114

5.5.2.  Comparison of POF Of ThOraxX IMPACL..........cocuerieiiiiriieieesiee sttt 115

55.3.  Comparison of POF of ADOMEN IMPACE..........ciiiiirieiiee e e 116
5.6 DISCUSSION OF RESULTS . uutuuutuuuiiiiieetiieeeieeteetttertessssssttssssssaateeeaessseestserreessrsstis 116
T A 0 N (@ I U1 T L 117
L = = N Tt =R 118

6. VARIATION IN HUMAN INJURY AND FATALITY FROM IMPACTSBY DIFFERENT UAS

TYPESOF SIMILAR WEIGHT ..ottt ettt e e e e e e e e e e s s eaa b e e aeeseeeeeeeeesnnes 123
(ST R E N =00 0 18 T [ N 124
6.2 SELECTION OF SMALL UASTYPESAND MBS MODELLING ...uuuiiiiieiiieiiiiieeeeeeeeeeeeeeiet e 125

6.2.1.  SAECHON Of UASTYPES. ... oiiitieitiicieieiteesteesteeeite e ste e st e s e e s te e steeste e e aeesbeesteeasaeaseesteesseesnseesteessenas 125

6.2.2.  UASMUItibOdy SyStemM MOEIS. ... ..ooiiiiiiiii ettt e e sre e 126

6.2.3.  Joint Types and Force/Moment CharaCteriStiCS........uvuiireerieereriieeseeseeseessee e e sseeesree e 129

(ST M 0 = o A O g P= T =1 (< K (0 TR 132

6.2.5. MBSMode of Human Body and Head INjUIY ... 132

6.2.6. Conversion to Probability Of Fatality...........cccceeiieiiiiiei i 134
6.3 |IMPACT SCENARIO SELECTION AND SIMULATION SETUP ..uvuuiiiiiee ettt e e 134

6.3.1. Controlled Horizontal Flight IMPact .........cccceiiieiiiii s 134

6.3.2.  Uncontrolled Vertical Drop IMPACE ........ccouiiiiiiiiiieee et e e sae s 135
6.4 MBSRESULTSFOR CONTROLLED HORIZONTAL FLIGHT IMPACT oot i iiieieeeeeeeeteeeeeeet s 137

6.4.1. Head INjury Criterion (HICH5) «..eoieieieiieii ettt n e saee s 137

6.4.2.  Probability Of Fatality (POF) ........ccoiiiiiiiieee et s 138

6.4.3. Head CG Accaleration-TimME HIStOrY .......ccouiiiieiiie et ecteestee sttt et e s ste et e st e ne e reesree s 139

B.4.4.  NECK INJUIY (Ni) +eeueerterteeiteiteeie sttt sttt sttt b e bbbt e b e beeaeennesreennenne e 140

6.4.5. Discussion of Controlled Horizontal Flight Impact RESUILS..........ccceveeviiiceviie e 140
6.5 MBSRESULTSFOR UNCONTROLLED VERTICAL DROPIMPACT ..coiiiiiiiiiieecieeeeeeeeveet e 143

6.5.1. Head Injury Criterion (HICys) & Probability of Fatality (POF) ........ccceviviiiiiniieere e 143

6.5.2. Head CG Accaleration-TimME HIStOrY .......ccouiiiieiiiieciiiecestee sttt e ste et e e ne e raesree s 144



6.5.3. Discussion of Uncontrolled Vertical Drop Impact RESUILS .........ccoceerireeienienieneseerie e 146

5.6  CONCLUSIONS.....ciiitiiitttrettttatis et ieatseeeteeaseattteeseesssssshsss s s aaassseeseasseesseesseessssssrbssssaasssiaesssessansses 147
APPENDIX 6A: MBS MODEL & IMPACT TEST COMPARISON .....ccoiiiiiiiiiiiiieieetiseesissesiiiessseessessssssseessssssssssees 149
REFERENCES ...utttuiieiieei i i et et e ee e ettt ettt eeeaeat bbb s s s e e e s e eeeeaaaeae e s e e e e e s s s s e st ba e bbb saaesaeeeeaaasassseessessssssssnnssannnnnnnnn 151
OO ] [0 I 1 0 OO 155
7.1 RESULTSOBTAINED FOR RESEARCH OBJIECTIVES.....cciiiiieeeeititteeeieeeeeeeseeeesssssssseessassessssnssssssseeeeessses 156
O o N 121U AT N 159
T U U =SV AY o = 161
REFERENCES ..ttttuiieiiit i it ettt e ee e ettt ettt eeeaaat bbb s s s e e e s e eeeeeaaeaee s e e e e e s s s s e s b b e e bbb saaesaeeeeaaaaassseessesssssssrnnsssnnnnnnnnn 163
CURRICULUM VT AE .. ittt et et e e e a e ettt e e e e e e s s e et bbb aaaeeeeaaassesssssabbbaaneeseesssssaasssnes 165
LIST OF PUBLICATIONS. ...oeeeeieieeeee ettt e et e e ettt ettt e e aes e st ssss bbb s e eeeeeeessseasasassbasaeeseeesssssssasssssreees 167

Xi



Xii



| ntroduction

This chapter provides an introduction to UAS operations, ground third party risk, UAS
collision consequence and impact modelling topics addressed in this thesis. It describes the
thesis goal and objectives, the problem, the UAS impact modelling approach, and the
applications. Furthermore, the thesis overview will be clarified by means of short chapter
descriptions which explain how each individual chapter islinked to the overall research.



1.2 UAS Operations

Unmanned aircraft systems (UAS) have been gaining momentum in recent years and
their extensive use has induced the quick growth of related research areas. The FAA [1]
predicts that, by 2023, recreational and commercial UASfleet size will reach 2 to 3 millionin
numbers. This quick growth in numbers will bring about a substantial rise in the expected
volume of operations. Many commercial applications have successfully used UAS to execute
missions, both in the military and in civil areas. Aeria photography has been the most popular
types of UAS operations that already see real-world implementation. Major events such as a
concert, or public event have used UAS for aerial shots. Parcel or food deliveries in remote
and urban areas using UAS promise a new operating venue for future businesses to connect to
customers excitingly and effectively. Parcel delivery using UAS aso has the potentia to
decongest urban road traffic [2]. Research and developments of UAS delivery have already
been started by main playersin the logistics business. DHL Express and Ehang entered into a
strategic partnership in Chinato develop and implement fully autonomous UAS loading and
offloading that will increase efficiency and cost-effectiveness with less energy consumption
[3]. In the third quarter of 2020, Amazon Prime Air which has been pushing forward UAS
delivery in urban areas received flight permission to begin conducting UAS delivery
operations by the Federal of Aviation Authority (FAA) [4].

To cope with this rising operational demand, rules, regulations, and concept of
operations have been established and devel oped by aviation authorities and research institutes.
The main goal is to integrate UAS into non-segregated airspace that would eventually allow
novel commercial operations in congested, urban environment. In Europe, three key
components addressed are rules and regulations, UTM ConOps and digitalized infrastructure.

Table 1.1. Overview of important UAS performance and operational requirements from EASA prototype rules and
regulations.

UASCategory Weight (kg) UASType Max Alt (ft) Horizontal Separation (m) Operation Type
A-0 025  MictoUAS 150 Not specified, but less than 100 m VLOS
away from operator
Micro UAS Not specified, but within VLOS
Open Al 25 Small UAS 150 range from operator VLOS
Micro UAS .
A-ll 25 Small UAS 150 50 m away from uninvolved person VLOS
Micro UAS 20 m away from uninvolved person
al 25 Small UAS 500 for rotorcraft, or 50 m otherwise VLOS EVLOS
- VLOS, EVLOS,
Specific BVLOS
Certified

For the first component, rules and regulations are developed by EASA [5]. Asthe risk
of operating UAS varies according to the type of operations and the characteristics of UAS,
different rules are applied to different categories based on risk-level that EASA has foreseen.
EASA proposed that, for the lower risk operations, regulations should have less-stringent
requirements. Open category isalower risk category for general public use, while the Specific
and Certified categories are for higher risk operations which require much stricter rules and
certification. In 2016, EASA [5] published the first prototype UAS regulatory framework
which define operational requirements of UAS in the Open and Specific Categories. Following
the prototype regulations, additional amendments were released by EASA [6,7] with specific
requirementsfor Certified category. EASA’sregulationsfor UASissummarizedin Table 1.1.



The table shows that for majority of UAS operations, maximum altitude is restricted to less
than 500 ft and Open category is subjected to Visual-line-of-sight (VLOS) operation only.
Extended-visual-line-of-sight (EVLOS) or Beyond-visual-line-of-sight (BVLOS) is possible
but mainly available for Specific and Certified category.

After the release of EASA prototype regulations, EUROCONTROL [8] proposed the
second key component which is the first draft of unmanned traffic management (UTM)
ConOps. This ConOps aimsto enable UAS operationsin manned airspace in conjunction with
EASA regulations. The concept is to integrate UAS into manned operations, without
disrupting or modifying the already existing manned air traffic system. Figure 1.1 illustrates
how different UAS classes specified by EUROCONTROL will be integrated into different
manned airspace classes. UAS operations are now categorized in Class. UAS Class| isinline
with EASA Open category Al-I11 whichisonly allowedin Class G airspace under 150 ft. UAS
Class I1-1V are designed in conjunction with EASA Specific and Certified category to
accommodate more advanced higher-risk BVLOS operationsin Class B, C, D, E airspace. The
planning of future use of UAS by EUROCONTROL extendsto even high atitude operations
in Class A and beyond through flight transition in lower airspace Classes. Such operations are
categorized asUAS ClassV-VII and areintended for advanced research or military operations.

Figure 1.1. The lines and dots show how various Eurocontrol [8] UAS classes operate through various ICAQO [9]
airspace classesin Europe. Theidea of this presentation is based on a figurein the I nstrument Flying Handbook [10].
For very low level (VLL) operation, UASclassl, |1 and |11 will only be allowed to operatein airspaceclassG and UAS
class |V will be allowed to operatein airspaceclassB, C, D and E.

The third key component is the digitalized infrastructure to accommodate high UAS
operational demands and UTM system complexity. Thisis called the U-Space concept which
was proposed by SESAR Joint Undertaking [11]. Theidea of U-Spaceisto provide digitalized
services and procedures for UAS operations in order to support safe, efficient and secure
access to airspace for high-density UAS traffic. It also provides an enabling framework to
support routine UAS operations with a clear and effective interface to manned aviation,
ATM/ANS service providers and authorities. Thisisalaid-out ground work for implementing
UAS operations in very-low-level (VLL) operations in urban airspace that is below 150 m.
With this digitalized infrastructure, it is expected that UAS operations will soon be allowed



integrated into rural and urban areas where the population density of human on the ground is
high.

In the US, similar development has been staking place as well. Starting in 2012,
research into small UAS management has been prompted by the Federal Aviation
Administration’s (FAA) under the Modernization and Reform Act [12]. Thishasled to severa
key devel opment of rulesand regulationsfor UAS operations by the FAA whichisnow known
as Part 107 to Title 14 of the Code of Federal Regulations (14CFR), or Part 107 in short [13].
This current version allows visual line of sight (VLOS) operations within both segregated and
unsegregated airspace. However, this regulation is not yet ready for large scale VLOS
operations nor autonomous beyond visual line of sight (BVLOS) operations. To enhance UAS
operations towards autonomous BVLOS and large scae multiple UASs operation, the
National Aeronautics and Space Administration (NASA) [14] has initiated the unmanned
traffic management (UTM) framework research and has successfully demonstrated the
concept of operations through trial operations. In early 2020, NASA has been released the
latest unmanned traffic management (UTM) concept of operations (ConOps) version 2 [15]
that providesadigitalized infrastructure that will support UAS operationsin VLL USairspace.
Thiswill enable UAS operations over an urban area.

It is clear that significant effort has been devoted to integrating UAS operations into
VLL airspace viathe introduction of UAS rules and regulations and UTM system. However,
it also presents novel challenges. One of the major challengesis to predict and subsequently
mitigate safety risk posed by UAS on other airspace users. Since mgjority of commercial UAS
operations in rural and urban airspace will be permitted under flight atitude of 150 ft and
segregated from manned aviation's based on the regulations proposed by EASA [7], this
makes human on the ground exposed to UAS collision risk if an accident occurs. Therefore,
for VLL UAS operations, collision risk on human third parties on the ground seems prominent.
Thisisalso called ground third-party risk. The adequate methods to predict ground third-party
risk isimportant for how VLL UAS operations should be designed or what appropriate rules
and regul ations should be put in place.

1.3 Ground Third-Party Risk for UAS Operations

Third-party risk (TPR) has long been an essential aspect in commercial aviation and
has been well defined by Eurocontrol [16]. There also exists first and second parties risks.
First-party isthe aviation personnel (who provide the air transportation service); second-party
are the passengers (for whom the air transportation is provided); third-party are the people
exposed for reasons unrelated to the flight, for instance people living in the airport vicinity
[17]. Assessment of TPR in commercial aviationiscommonly performed using indicatorssuch
as Individual Risk, Collective Risk and the FN curve [18,19].

For UAS operations, risks involving first, second and third parties are defined
differently from commercial aviation. Based on Clothier et al. [20], first-party risk refers to
people and property directly associated with the UAS operation such as UAS pilot or the UAS
vehicle. Second-party risk applies to people and property not associated with the UAS
operation, but directly derive benefit from the UAS operation such as infrastructure being
inspected or parce being delivered. Third-party risk applies to people and property not
associated with, nor deriving direct benefit from the UAS operation.

The ahility to predict TPR of UAS operations would enable operators, authorities and
stakeholders to make well informed decision on the deployment of UAS operations. If TPR
assessment shows the risk level exceeds beyond the acceptable risk level, then risk mitigation
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isnecessary. TPR assessment for UAS operationsis an essential component towards enabling
UAS operations, especialy in urban areas populated ground third-party.

Studies have been performed to assess the TPR of UAS flights using probabilistic or
stochastic modelling approaches. Primatesta et al. [21] developed a probabilistic ground risk
assessment approach for fixed-wing and quadcopter UASs by incorporating several layers,
such as population density, sheltering factor or obstacles. This method also considers various
descent modes of the UAS. La Cour-Harbo [22] proposed a stochastic model for quantifying
the ground fatalities probability from an uncontrolled descent of BVLOS fixed-wing UAS
flights. These maps are used to see if any current or future urban area is exposed to
unacceptable risk levels. Ancel et a. [23] developed the UTM Risk Assessment Framework
(URAF) which was developed to provide real-time safety evaluation and tracking capability
within the UTM concept. This framework allows a collision risk assessment of people on the
ground by calculating the potential impact area and the effects of the impact. Bertrand et al.
[24] proposed a ground third-party risk assessment approach for long-range fixed-wing UAS
that is based on the casualty risk analysis approach developed by Clothier et a. [25]. A Monte
Carlo approach for quantifying risk on the ground of a fixed-wing UAS is proposed by
Rudnick-Cohen et al. [26]. The approach incorporates kinetic energy for impact severity and
the probability distribution of impact locations to construct risk metrics. Melnyk et a. [27]
proposed using a Target Level of Safety approach and an event tree format, populated with
data from existing studies that share characteristics of UAS crashes to enable casualty
prediction for UAS operations. These works commonly measure the expected number of
fatalities due to UAS colliding on the ground per flight hour as the TPR indicator. Grimme
[28] proposed a Monte Carlo model using simplified quadcopter UAS dynamics model for
simulating individual risk which measures probability that an average unprotected person at
ground location would get killed from an accident during a given annum.

Models based on probabilistic approach for predicting ground third-party risk by UAS
operations proposed in [21-28] are commonly composed of 5 sub-models.

The first sub-model is for predicting UAS ground collision frequency. Various sub-
modelsfor predicting ground collision frequency have been devel oped for various event types.
Barr [29] developed this first sub-model using Bayesian Belief Net. Bertrand et a. [24] dso
proposed such sub-model using a Fault Tree model. In addition to this, probabilistic models
and Monte-Carlo simulation methods have been employed to develop thisfirst sub-model for
ground collision frequency prediction. Sub-model for UAS with fixed wing configuration has
been developedin[21,23,24,26,28]. Sub-modelsfor helicopter have been developedin [22,30]
and for quadcopter UAS have been developed in [21,31,32].

The second sub-model isadensity map of human population on the ground. To account
for population density, a uniform population density is used in [20,27,33-35].

The third sub-model is a shelter protection probability map of the operational area
considered. Thisiscommonly represented in aform of the probability that apersonis sheltered
against a crash of the UASflight.

The fourth model is the probability that an unprotected person at a given location is
being hit by a UAS crash. These sub-models have been developed and used in UAS TPR
assessment in [22,27,33-36].

The fifth sub-model is for the collison consequence model for predicting the
probability of fatality (PoF) in case of UAS impact of ahuman on the ground. The main model
used in[21,24,37] isthe Range Commanders Council (RCC) curves[38,39] and another main
model used in [22,40] isthe Blunt Criterion (BC) model [40].
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All of these sub-models are still under-studied and present opportunity for further
extension. However, because the fifth component asks for the combined discipline analysison
safety risk, impact modelling, human injury, and UAS design fundamentals, thisiswhy it is
chosen as the main focus for this thesis. This project largely benefits from a multidisciplinary
supervisory teams which combines expertise in the field of safety risk, structura impact
modelling, and UAS operations, therefore, the challenges presented in the fifth sub-model is
appropriate for thisthesis.

1.4 UAS Coallision Consequence Model on Human Body

Most of the UAS safety risk research that requires quantification of collision
consequence, or PoF, resort to existing collision consequence such as the RCC or the BC
models.

One of the well-known collision consequence model sthat isoften used for UAS impact
on the human body has been proposed by Range Commanders Council (RCC) [38]. It is
commonly known as the RCC curves and the curves are shown in Figure 1.2. This model
originally was developed for evaluation of missile explosion on ground persona using
explosive test data from the work of Feinstein et al. [41]. Feinstein assessed injury curves
based on alarge database of collision dynamics and effects of small, rigid, metallic fragments
on human body parts. This RCC model has seen it is used in several UAS safety risk studies
[21,24,37]. This RCC model was proposed as a common risk criterion where the S-shaped
curves of impact energy vs probability of fatality (PoF) were developed to quantify the
probability of fatality if a person isimpacted in either the head, thorax or abdomen.
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Figure 1.2. RCC log-normal fatality risk curvefor head, thorax and abdomen adapted from [38].

Another impact model of thorax and abdomen injury that iswidely used in UAS ground
risk analysis [22,40] is the Blunt Criterion (BC) model [40] shown in Figure 1.3. Developed
by Sturdivan [42,43], BC isan energy-based model that has been used by the U.S. Department
of Defense to assess vulnerability to blunt weapons and projectile impacts. The main data set
used for deriving the BC model is based on blunt impact injury data of human thorax [44]. By
integrating BC with the Abbreviated Injury Scaling (AlS), the BC can be transformed to PoF
which is a useful quantification of impact injury for safety risk assessment since PoF is an
essential input for safety risk quantification model. Unlike the RCC curves, the BC model is
developed purely for blunt impact force which does not inflict penetration or laceration-type
of injury.
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Figure 1.3. BC curves (left) adapted from [40] and the transformed PoF curves (right) for head, thorax and abdomen
impact asa function of kinetic energy.

Even though the RCC and BC models are aready widely used in UAS safety risk
studies, these models show a large discrepancy of predicted PoF. Both of these models are
developed to extended to be used for UAS impact, but the experimental data used to derive
the model are not directly from UAS impact. The RCC is derived from small-debris explosive
experimenta data, while the BC is derived from large-surface area blunt force experimental
data. This clearly showsthe need for further investigation on such discrepancy which requires
an investigation directly on UAS impact.

There is still a need to better understand and quantify the true consequence of UAS
collison on human body. To do this, the ASSURE Research Group conducted testing and
analysis of aDJl Phantom |1l UAS drop impacts on an anthropomorphic test dummy (ATD)
of a human [45,46]. The experiments provide useful insights into impact dynamics between
the UAS and the head and neck of the ATD. They also reveal that the RCC model predictsa
much higher head injury level than what is measured in the drop tests on the ATD of a human
[45]. Based on similar experimental impact test, Koh et a. [47,48] also conducted extensive
drop tests and computational crash ssmulations of different drone weight classes on a crash
dummy head. Besides, Campolettano et al. [49] performed aseriesof liveflight test and impact
drop test using three different UASweight classes on aninstrumented Hybrid I11 crash dummy.
The test aimed to estimate the range of injury risks to humans due to UAS impact.
Furthermore, a team at Ohio State University [50] performed impact tests of multiple UAS
types using post mortem human surrogates (PMHS). These findings of these live tests have
revealed that there is significant variation in levels of injury risks to humans due to UAS
impacts. Also, the test outcomes show that impact attitude of UAS on the human body part is
highly sensitive parametersfor injury severity.

Experimenta impact tests of UAS collison on human body parts provide valuable
insights into the dynamics of UAS impact on human and injury severity sustained by human
body. However, the data produced from these tests are not enough to establish a generalized
collision consequence model that allows a prediction of PoF of human due to UAS collision.
This is because these impact tests are both expensive and time-consuming, which limits the
range of impact scenariosto be explored. Therefore, thereisaneed for acollision consequence
model for predicting PoF that is applicable for UAS impact on human and can capture the
effect of variation in impact speed, attitude and location.



1.5 Impact Modelling & Analysis Approach for UAS

Collisions

With the deficiency in existing collision consequence modelsfor UAS collision on human,
several research focuses on experimental impact testing methods as outlined above. However,
the experimental impact testing method only allows limited runs due to high experimental cost,
making it difficult to cover large impact conditions (e.g. impact direction, attitude, or speed).

Such difficulty can often be overcome by using a computational model. Finite element
modelling (FEM) and simulation techniques are widely used for static and dynamic structural
modelling and analysis. This could be a potential option for solving the UAS collision
consequence problem. Nevertheless, FEM comes with high computational cost and modelling
complexity. This leads to long computational time for one impact simulation run. This long
computational timeisalso identified in the work of Koh et al. [47] who attempted to smulate
UAS collision on human head using FEM. This limited the amount of simulation runs that
Koh et al. [47] could perform, and thus, limited the amount of impact data generated. FEM is
most effective when the modelling problem requires a high-fidelity model that can capture
materials non-linear local deformation and breakage.

However, UAS to human collision does not require such level of detail to approximate
injury level sustained from a collision. Typically, overall kinematics of the human body (e.g.,
head acceleration or neck force/moment) is needed to approximate, for example, head or neck
injury level through variousinjury criteria

A more applicable model ling technique that comes with the much lower computational
cost isthe multibody system (MBS) modelling. This modelling approach is aphysical model -
based numerical modelling technique that is widely adopted in automotive crashworthiness
studies and well-suited for biomechanicsinjury analysis in a high-speed collision scenario.

In the work of Vadlamudi et al. [51], the MBS approach was implemented to evaluate
occupant protection systems in a military helicopter under the crash scenario. This work
involves the MBS model of helicopter structural deformation that interacts with a human
occupant body during a collision. In high g-loading impact scenario, Guidaet al. [52] used an
MBS approach to ssimulate a 16g frontal impact a seat of acommercial aircraft to assessinjury
sustained by human occupant. In a similar aircraft occupant survivability analysis, Hamid et
al. [53] developed an MBS model of aircraft bulkhead and coupled with human body model
to measure optimal values for the bulkhead compliance and displacement requirements that
minimize occupant injury. MBS approach is also widely used in automotive crashworthiness.
It is often used to evaluate and optimize automotive structural compliance that minimizes
collision injury on either occupant or bystander [54-56].

When compared to FEM, MBS modelling technique is more applicable for UAS blunt
force analysis on two aspects which are computational cost, and model extensibility.

First, even though FEM comes with higher model fidelity, FEM technique has higher
computational cost than MBS model which substantially limits the amount of impact scenario
to be simulated. With cheap computational cost of the MBS model, wide range of sensitivity
analysis can be performed to investigate the injury effect of, for example, UAS impact energy,
impact position offset, or impact angle.

Second, MBS has a strong advantage over FEM particularly on model scalability and
extensibility. Since the MBS model is a simplified lumped-mass system, extending the
baseline UAS model to other UAStypes can be donerelatively easy compared to FEM. Inertial
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characteristics of UAS can be obtained experimentally and an update can be made from the
baseline MBS UAS model. Onacontrary, FEM requiresacompletely new model development
of other UAS types with precise model geometrical representation and accurate materials
properties.

The MBS is a promising modelling approach for blunt-force collisions that has the
potential to overcome the above-outlined limitations of the existing impact models and the
expensive experimental impact test. Since the MBS approach offers fast computational time
with the ability to predict accurate human injury, it can be used to simulate large variation of
impact scenarios and necessary sensitivity analysis, to establish an applicable PoF curve for
UAS impact on human. Therefore, this thesis aims to develop a collision consequence model
of UAS callision on human body using the MBS modelling approach.

1.6 Problem Statement & Thesis Overview

In the beginning of thisPhD research, there was aneed to devel op aquantitativemodel -
based safety risk analysis approach for very low level UAS operations. The approach would
form an essential part of safety management part of UAS operations. Such modelling approach
requiresan in-depth and well elaborated of likelihood and consequence models. Thelikelihood
model would involve a prediction of probability of a UAS hitting a person on the ground,
while the consequence model would involve a prediction of probability of fatality when UAS
hits a human on the ground. The combination of the two models would allow an eval uation of
risk level of UAS operations which would alow an identification of safety requirement or
bottleneck through sensitivity analysis. The identification of UAS safety criteria can be
performed with such safety risk model and would serve as a very useful into further
development of UAS concept of operations.

At the initial phase of this research, it was found that the consequence modelling of
UAS collision on human was understudied and largely missing. There was an immediate need
for such studies to be performed in order to have a better understanding of UAS collision
consequences on human. Such studies would need to allow an establishment of probability of
fatality threshold of UAS collisions on human body before a full safety risk analysis of UAS
operations can be performed.

With the initial study done on modelling of quadcopter collision on human body, it
was realized that there were further needs of a more in-depth analysis for such collisions. It
was found that various UAS impact parameters and conditions play significant roles in the
resulting fatality rate of the human body. This shows that there are more questions that need
answers for UAS to human collisions. Therefore, the main aim of thisthesisis;

To develop a quantitative, physical model-based collision consequence model for
UASimpact on human body.

To achieve the main am, multiple related objectives are defined in logica sequences and
addressin each chapter as described in the following:

Objective 1: To characterize callison consequence types due to UAS oper ations
within very low-level air space under the novel UTM concept

The unmanned traffic management system (UTM) was introduced by NASA
[14] in The United States and EUROCONTROL [8] in Europe. This innovative idea
brought excitement, as well as, underlying challenges because, under this concept,
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UAS will be expected to operate within highly congested urban area. Understanding
the complexity of the UTM concept and its operational environment isessential. UTM
is an innovation concept design to accommodate UAS operations both in rural and
urban area. What follows are the set of rulesand regulations. All of thesefactorsdictate
the nature of UAS operations, and what possible safety issues may arise fromit. Since
UAS operations will happen among other airborne vehicles, ground vehicles,
infrastructure, as well as, human on the ground. This widens the scope of collision
consequence analysis of UAS operations. An approach is needed to help characterize
collision types of UAS under such novel UTM concept.

The work addressed Objective 1 is presented in Chapter 2 where a step-wise
approach for identifying the varioustypesof collision consequence under anovel UTM
concept, focusing on the VLL UAS operations, is proposed. The approach addresses
the analysis of the UTM ConOps, rules, and infrastructure considered, and the
identification of types of objects and UASs that will operatein the VLL UTM system.
It also characterizesimpact materias by applying zone of impact analysis. The overall
aim is to systematically identify and characterize the types of collision consequences
as well as applicable impact materials and conditions that will form the basis for
follow-on research.

Objective 2: To develop a parameterized impact model for blunt force injury
assessment of UAS impact on human body.

As this thesis started during the time in which the UTM concept was
introduced, it was apparent that the knowledge on UAS collision on aircraft or human
were not matured yet. It was also known that UAS operations would be designed in
segregation from manned aircraft. This directs research attention towards UAS
collison on human, since human on the ground would be most exposed to UAS
operations. Thus, there is an immediate need to develop a realistic impact modelling
approach that would allow human injury evaluation dueto UAS collision. Such impact
model would be a crucial element in safety risk analysis of UAS operations.

Objective 2 is addressed in Chapter 3 where impact model between a
guadcopter UAS and human body is developed by employing a multibody system
modelling (MBS) technique. MBS technique would alow a fast computational time
and parameterization of various impact conditions. DJI Phantom |11 quadcopter UAS
is chosen for modelling because data from experimental drop tests on a crash dummy
is available. This allows the validation of the multibody system model of UAS
impacting a crash dummy versus experimental data. Once the model is validated,
impact of DJI Phantom 11l UAS on 50" percentile male human body is performed.
Head and neck injury are then eval uated.

Objective 3: Toinvestigate differencesin head and neck injury levelson aHybrid
Il dummy and on a human body dueto UAS callisions.

Based on the finding in Chapter 3, it was found that there are differencesin
injury prediction between human body and Hybrid 111 crash dummy that iswidely used
in impact UAS collision tests. Because of the limitations in biofidelity of a crash
dummy, head injury level for a crash dummy impact may differ from the human body
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impact. The discrepancy may leave alarge error if impact data from crash dummy is
used in safety risk analysis of UAS operations.

An in-depth analysis to address Objective 3 is performed in Chapter 4 where
investigation of the differences in head and neck injuries subject to UAS collision
between an often-used Hybrid Ill crash dummy and a human body are evaluated.
Multibody system (MBS) impact model is used to ssimulate UAS impacts on validated
models of the Hybrid Il crash dummy and the human body at various impact
conditions. Head and neck injury are then evaluated and compared.

Objective 4: To investigate the differences between the MBS model, the RCC
curves, and the BC curves for DJI Phantom |11 impact of human head, thorax,
and abdomen.

In Chapter 5, human head/neck injury dueto UAS impact on human head was
evaluated. However, this evaluation on head impact alone is not sufficient to establish
meaningful human injury threshold from UAS impact. Other body parts such as thorax
and abdomen are also important and present even larger surface area than the head. In
this Chapter, the multibody system (MBS) impact model for DJ Phantom 11l is
extended to assess PoF of human from UAS impact on thorax and abdomen. Methods
for transforming injury criterion to probability of fatality (PoF) for head, thorax and
abdomen impact are proposed, so that injuries from three impact areas can become
comparable. In addition, the PoFs obtained from MBS models for head, thorax and
abdomen are compared against the RCC and Blunt Criteria models.

Objective 5: Toinvestigate the effect of variationsin UAStypeson human injury
and fatality.

The findings in Chapter 2 show that large variation of actors are involved in
UAS operations, either directly or indirectly, especially the types of UAS
configurations available to be employ. There is large variation of UAS types with
different in mass, design configuration, or materials. The effect of this variations on
impact injury are largely unknown. There is a need for a completed impact injury
threshold of various UAS by considering variations in UAS types. By leveraging the
strength in fast-computational time and easy model extension of the MBS modelling
technique, the DJ Phantom Il MBS model (baseline model) are extended to
investigate other UAS types with different mass, design configuration or materials.

Presented in Chapter 6, the objective is to extend the MBS modelling and
assessment approach of collision with human head to four other UAS types than the
DJ Phantom I11. UAS mass, maximum speed, airframe material and airframe design
are the variables taken in to account when selecting other UAS types. In addition to
four true UAS types, a hypothetically simplified UAS version of the DJI Phantom I11
is defined. It isincluded with a purpose to neutralize the effect of airframe design on
head injury severity and PoF. For these selected UAS types, MBS models have been
developed and integrated with the MBS model of the human. Subsequently, impact
simulations with a human head are performed and the PoF results are analyzed.

Figure 1.4 shows the recommended reading paths for this thesis. Each chapter can be
read on its own and each are published articles with fully written story line. However, it is
recommended to read Chapters 1, 2 and 3 in consecutive order before continuing on to
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Chapters 4 and 5. Chapter 3 is the introduction to impact modelling of UAS using MBS
modelling technique and also contain al technical detail of model development, calibration
and validation which are essential to the understanding of Chapters 4, 5 and 6. Lastly, Chapter
7 isthe conclusion which tiesup all major findings, novel contributions, limitations and future

work.
Chapter 2
Chapter 3

Chapter 4 | | Chapter 5 |

Figure 1.4. Therecommended reading paths for thisthesis.
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Characterizing UAS Coallision
Conseguencesin Future UTM

UASwill be integrated into the airspace in the near future, but the risk of
UAS collision is not well understood which hampers the devel opment of adequate
regulations and standards. As risk has two constituents. frequency and
consequence, collision risk analysis of UAS operations in future UTM asks for a
guantitative assessment of various types of frequency and consequence. However,
prior to studying such quantitative assessment, it is a prerequisite to identify the
various types of collisions and consequences. Doing the latter is the objective of
this paper. This paper follows a step-wise approach in identifying the varioustypes
of collision consequence under a given UTM ConOps, focusing on the very-low-
level UAS operations. The first steps address the analysis of the UTM ConOps,
rules, and infrastructure considered, and the identification of types of objects and
UASs that will operate in the very-low-level UTM system. The follow-up steps are
to characterize impact materials by applying zone of impact analysis, followed by
analyzing the types of collison consequence. The result is a systematic
identification and characterization of types of collision consequences as well as
applicable impact materials and conditions that will form the basis for safety risk
analysisin follow-on research.

This chapter has been published as “B. Rattanagraikanakorn, A. Sharpanskykh, M. Schuurman, D.
Gransden, H.A.P. Blom, C. De Wagter, Characterizing UAS collision consequences in future UTM,
Proc. 18th AIAA Aviation Technology, Integration, and Operations Conference (AT102018), 25-29th
June 2018, Atlanta, Georgia.”
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2.1 Introduction

2.1.1. Safety of UAS Traffic Management (UTM)

The idea of integrating unmanned aircraft systems (or UAS) into the airspace system
and having this technology as part of daily operations is getting closer to a reality as the
immense effort has been put into devel oping the unmanned aircraft system traffic management
(UTM), rules, regulations and supporting infrastructure that are crucia to a safe operation.
Several safety organizations and research institutes, such as the National Aeronautics and
Space Administration (NASA) [1] and EUROCONTROL [2] are currently designingthe UTM
system to support a large-scale implementation of UAS technology into manned airspace.
Federal Aviation Agency (FAA) [3] or European Aviation Safety and Agency (EASA) [4] are
also currently devising prototype rules and regulations to ensure safety for both airborne and
ground personnel. At the very same time, much effort has been made to understand the safety
risk posed by UAS to other airspace users, ground vehicles, ground personnel and
infrastructure within the UTM. This is a crucia process in the design of the UTM system
which ensures that the high-level of safety standard in aviation can be retained, as well asto
ensure the harmonization of the integration process of the system.

Many safety risk assessment methods have been proposed by many research groupsin
which both aqualitative and quantitative risk analysis approach, and probabilistic model-based
approach have been employed. Burdett et a. [5] proposed the implementation of the functional
hazard assessment (FHA) method to understand the risk of UAS operations via the derivation
of hazards and an analysis of the consequence of such hazards. Belcastro et a. [6] also
identified current and future hazards from UAS in the future UTM based on a collection of
UAS mishaps data and UAS safety cases — such analysis formed an essential basis for further
safety risk analysis. Building on the identified hazards by Belcastro et al. [6], preliminary risk
assessment of UAS operations was done by Barr et al. [7] using both a standard qualitative
risk analysis approach and a probabilistic model-based approach based on the Bayesian Belief
Networks (BBNs) model. Clothier [8] developed a bow-tie model [9,10] for structuring a
safety case for UAS operations, including mid-air collision scenarios. Clothier et al. [11] also
extended this bow-tie model to ground collisions for UAS operations near populous areas to
support the devel opment of regulations and safety cases.

For a quantitative approach to determine frequency or probability of UAS collision,
Tyagi and Zhang [12] proposed a system-wide UAS safety analysis model for estimating the
probabilities of safety occurrences such as near-miss and mid-air collision (MAC). The model
was coupled with Bayesian Belief Network based analysis tool to determine the most likely
root causes and the most effective mitigation strategies of such collisions. Ground collision
frequency wasinvestigated by Lum et al. [13], who proposed amethod for estimating anumber
of pedestrian collisons per flight hour using satellite imagery and census information.
Complementary to thisfrequency directed studies of UAS collisions, there is an obvious need
to study the large spectrum of possible collision consequences.

2.1.2. Consequence of UAS Coallision

In recent years, significant research has been directed to understanding the effect of
UAS collisions with various types of objects, including manned aircraft and human on the
ground. Through the collision task force research group, EASA [14] identified important
impact consequence research directions that remain to be addressed. To improve an
understanding of impact severity, the Alliance of System Safety of UAS through Research
Excellence (ASSURE) [15], investigated the consequence of UAS ground and airborne
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collisions. The research group employed both numerical analysis and experimental techniques
to determine impact severity on the human body due to UAS collision at various impact
conditions. In addition, a biomedical research team at Virginia Polytechnic institute and State
University (Virginia Tech) [16] investigated injury risk to human due to UAS collision by
using liveflight test and drop impact test on a human dummy. Regarding UAS collision impact
on aircraft, an analysis model of UAS ingestion into high-bypass engines was developed by
Crash Lab at Virginia Tech [17,18]; the results showed that UAS can pose a serious threat to
commercial aircraft jet engines. Also, a particular interest was paid to impact analysisof UAS
collison on small aircraft and rotorcraft by the UK Department of Transport [19] in
collaboration with industry which pointed out that even a small UAS can inflict a critica
damage to rotorcraft tail rotors and non-impact-certified windscreen.

With the introduction of the new operational paradigm, such as the beyond-line-of-
sight (BVLOS) operation with increasing use of autonomous systems, UA S operationsbecome
more complex. Moreover, UAS operations tend to be operated among other airborne vehicles,
ground vehicles, infrastructure, as well as a human on the ground. This widens the scope of
the collision consequence analysis of UAS operation. Therefore, the am of this paper is to
address this wider scope of collision consequence modeling and analysis.

2.2 Modeling and analysis of UAS collision consequences

For a systematic modeling and analysis of consequences of UAS collisions with other
objects, primary and secondary collisions are differentiated. A primary collision refers to the
first contact between a UAS and another object. A secondary collision refers to a subsequent
collision with another object that happens as aresult of aprimary collision. To limit its scope,
the current paper addresses primary collisons only. In order to capture the large spectrum of
potential types of primary collisons and consequences, the modeling and analysis are
organized along the following sequence of systematic steps:

UTM Dimension Analysis

Object Identification and Classification
Zone of Impact Analysis

Materias Identification and Classification
Collision Consegquence Analysis

agrwbdE

The first step aims to conduct an analysis of the UTM ConOps, rules and regulations.
The second step aims to identify and classify the various objects that are exposed to UAS
collision risk. The third step analyzes the possible zones of impact for each of the object
classes. The fourth step identifies the relevant materials for each type of impact zone. The last
step characterizes the types of collision consequence for each impact zone. The el aboration of
this systematic modeling and analysis of UAS collision consequences is expected to provide
a useful framework for the collection and organization of consequence modeling, simulation,
and experimentation of primary collision of UAS with another object.

2.2.1. Organization of the Research

This paper is organized as follows. Section Il provides an analysis of the UTM
dimensions. Section Il presentsthe identification of UAS and the objects that are exposed to
UAS collision risk. Section 1V presents an analysis of the Zone of Impact of a UAS collision
with focus on the various types of general aviation aircraft and rotorcraft. Section V presents
an identification and classification of the materials for different zones of impact of selected

21



objects. Section VI presents the results of the collison consequence analysis for different
zones of impact of the selected objects. Section V11 presents conclusions.

2.3 UTM Dimension Analysis

Thissection analyzesthe UTM concept of operations, rules, and regulations, which form
the legal basis of what type of UAS will be allowed to operate in different airspace classes.
Currently, both in the USA and in Europe, the future UTM concept of operations (ConOps) is
in development, along with new rules and regulations. This section presents an outline and a
dimension analysisof UTM currently in development in Europe and in the USA.

2.3.1. UTM in Europe

In Europe, UTM is being developed by several collaborating organizations. To fully
understand the whole UTM architecture, each component needs to be analyzed separately,
namely; UTM ConOps, rules and regulations, and supporting infrastructure. First, the
prototype rules and regulations proposed by EASA [20] are analyzed. Rules and regulations
significantly dictate the operationa requirements of UTM. They aso specify performance
requirements and operational limitations of UAS in the airspace. Next, the UTM ConOps that
is under development proposed by EUROCONTROL [2] is investigated. Furthermore, the
support infrastructure that is proposed by SESAR [21] called “U-Space’ is examined. This
digitalized infrastructure is aimed to enable complex drone operations with a high degree of
automation to take place in al types of operational environments, including urban areas.
Finally, the important dimension of European UTM is summarized in the table at the end of
this section.

EASA UAS Prototype Rules and Regulations

To ensure safe operations of UAS, EASA [5] has published the prototype rules and
regulations for UAS operations in the Open and Specific categories. Another category is the
Certified category which has not been fully proposed yet during the write up of this paper. As
the risk of operating UAS varies according to the type of operations and the characteristics of
UAS, different rules are applied to different categories based on risk-level that EASA has
foreseen. EASA proposed that, for the lower risk operations, regulations should have less-
stringent requirements. Open category isalower risk category, whilethe Specific and Certified
categories are for higher risk operations which require much stricter rules and certification.
Detailed elaborations of each category are presented below.

Open Category:

For the Open category, there are 4 sub-categories which are A0, Al, All, and Alll
category. Open AO appliesto micro UAS with a maximum weight of less than 0.25 kg. Open
Al and All apply to both micro and small UAS with a maximum weight of 25 kg and a
maximum altitude of 150 ft. Open Alll has the same weight threshold as Al and All but with
a higher operational altitude of up to 500 ft.

Specific Category:

Furthermore, the Specific category is designed for more advanced commercial UAS
operations, such as infrastructure monitoring, aerial photography in urban areas, or operation
in the vicinity of airports. However, to operate in the Specific category, the operation must
comply with the ‘ standard scenario’ requirements specified by EASA.
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Certified Category:

For the Certified category, there is no information available during the write-up of this
paper, however, this category is expected to be applied to specialized high-risk operations.
Different sub-categories have different UAS requirements and the important requirements are
summarized in Table 2.1.

Table 2.1. Overview of important UAS performance and operational requirements from EASA prototype rules and
regulations. The UAS Open category appliesto recreational, buy-and-fly UAStype which only allows operation below

500 ft. The Specific category is for commercial UAS operation in VLL airspace. The Certified category is for UAS
oper ations that may pose higher risk to other objects.

UAS Category  Weight (kg) UAS Type Max Alt (ft) Horizontal Separation (m) Operation Type
A0 0.25 Micro UAS 150 Not specified, but less than 100 m VLOS
away from operator
A 25 Micro UAS 150 Not specified, but within VLOS VLOS
Small UAS range from operator
Open Micro UAS
A-II 25 Small UAS 150 50 m away from uninvolved person VLOS
Micro UAS 20 m away from uninvolved person
Al 25 Small UAS 500 for rotorcraft, or 50 m otherwise VLOS, EVLOS
Specific VLOS, EVLOS,
P BVLOS
Certified -

EUROCONTROL UTM System ConOps

Recently EUROCONTROL [2] proposed the first draft of UTM ConOps that aims to
enable UAS operations in manned airspace. The concept is to integrate UAS into manned
operations, without disrupting or modifying the already existing manned air traffic system.
Figure 2.1 illustrates how different UAS classes specified by EUROCONTROL will be
integrated into different manned airspace classes. The main idea is to differentiate UAS
operations based on traffic classes without segregating UAS categories. According to
EUROCONTROL [2], atraffic classisaset of flying rules, operational procedures and system
capabilities applicable to the UAS and to the operator when operating the UAS in a portion of
the airspace. Each traffic classaready, inits own description, specifieswhat type of operations
are alowed. Traffic class| to 1V fall within VLL airspace below 500 ft while traffic class V
to VI belong to IFR/VFR airspace. Lastly, traffic class VII belongs to the very high-altitude
airspace. Each UAS traffic classis elaborated below.

UASClassl - IV

For VLL airspace, UAS class | is designed for recreational use without any structured
route for UASto follow, and the maximum height isonly 150 ft above ground level. Thisclass
is allowed to operate in airspace class G and fallsinto EASA Open category. UAS class |l is
designed for commercial operations that do not need or cannot follow a structured route, such
as survey or search and rescue. UAS class Il is designed to accommodate complex
commercia operations such as parcel delivery by using a structured route approach where a
route structure can follow ariver or railway. Both UAS class |1 and |11 are allowed to operate
inairspace class G but need to follow EASA Specific and Certified category rules. Thisalready
widens the scope of objects that will be involved with UAS operations, such as, trains or
maritime vehicles. Moreover, UAS class |V isdesigned for special operationsin urban areas,
airports, and other restricted airspace. This UAS class is allowed to operate in airspace class
B, C, D and E, and must comply with EASA Specific and Certified category rules.
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UASClassV - VI

For IFR/VFR operations that are higher than 500 ft, the UAS operation fallsunder UAS
classV and VI. UASin these classes are required to comply with the airspace requirements as
set for IFR/VFR manned aviation. Operations from this class can include airport operations,
terminal maneuvering area (TMA) or enroute. Therefore, rules and regulations for these
classeswill not follow EASA rulesfor UAS but will follow airspace rulesfor manned aviation.

UAS Class VI

Lastly, UASclass VIl isdesigned to accommodate very high atitude UAS at flight level
above 60,000 ft. Even though the operation will take place above IFR/VFR flight corridor,
UAS in thisclassis expected to comply with IFR/VER flight rules since the transition hasto
passthrough this corridor. Therefore, IFR/VFR requirements need to be met by thisUASclass.
Operations that are envisioned to operate in this class are, for example, long-endurance UAS
operation for relaying communication across the globe, or suborbital UAS operations.

Figure 2.1. The lines and dots show how various Eurocontrol [2] UAS classes operate through various |CAO [22]
airspace classes in Europe. Theidea of this presentation is based on a figurein the I nstrument Flying Handbook [23].
For VLL operation, UASclassl, Il and |11 will only be allowed to operatein airspace class G and UAS class |V will be
allowed to operatein airspaceclassB, C, D and E.

The analysis shows that the complexity and interdependencies of the ConOps, rule,

and regulations lead to an intricate multi-dimension problem. Therefore, it is necessary to
identify relevant dimensions that can be analyzed in alogical manner.

SESAR U-Space Concept

In order to accommodate high UAS operational demandsand UTM system complexity,
SESAR Joint Undertaking proposed the concept of U-Space in 2016 [21]. U-Space provides
complete services and procedures designed to support safe, efficient and secure access to
airgpace for high-density UAS traffic. This aims to enable complex drone operations that will
take placein all types of operationa environment (including urban area) with a high degree of
automation. U1 is the first phase of implementing U-Space system. E-registration, E-
identification, and static geofencing will be available to help control UAS from entering the
segregated airspace. In the next phase, U2, flight planning management system will be
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introduced. Dynamic airspace information, such as dynamic geofencing will be employed to
protect a certain type of manned aircraft operations that could take place without prior notice,
for example, search and rescue operations. U3 phase introduces capacity management and
assistance for conflict detection. This phase relies on the availability of automated ‘ detect and
avoid’ system that allows UAS to operate in dense traffic area or urban area. The last phaseis
the U4 phase which aims to assist the full integration of UAS operations to manned airspace
by providing infrastructure for information sharing and connectivity between UASs and
manned aviation. In short, the U-Space system will provide the necessary support
infrastructure that will allow UASsto operate fully with manned aviation, even in densetraffic
areas or urban aress.

2.3.2. UTM intheUSA

UTM in the USA is also under development and has many similarities to UTM
development in Europe. This subsection examinesthe UTM ConOps, rules and regulations for
UAS operation in the US. To enable safe integration of UAS into airspace, NASA, working in
collaboration with the FAA, is developing UTM while into account the legacy of air traffic
management (ATM) for manned aviation. FAA oversees the prototyping of appropriate rules
and regulations for UAS operations to ensure that such operations will not interfere or pose
any harm to the current air traffic activity or human on the ground. In this subsection, first, the
rules and regulations posed by the FAA are investigated and summarized. Then, the UTM
ConOps proposed by NASA is examined.

FAA UAS Rules and Regulations

Rules and regulations for UAS operating in the US airspace are specified by the FAA,
under the Title 14 of Code of Federal Regulations Part 107 [24,25]. Unlike EASA rules and
regulations, the FAA version does not categorize UAS into different categories. The
regulations mainly enforce that UAS must weigh less than 25 kg and must be operated within
visual line of sight (VLOS) not higher than 400 ft above ground level. Operation above people
who are not involved with the operationisal so prohibited. Airspace class G isthe only airspace
that UAS can operate in without the need to have any certification by the FAA or clearance by
ATC. Operations in controlled airspace class B, C, D, and E are not allowed and the ATC
permission is also required before an operation can be commenced. Nevertheless, the FAA
offers UAS operators the option to apply for a waiver certification, which allows certain
restrictions to be removed. Night time operation, beyond-visual-line of sight operation, the
operation of multiple UAS, operation over people, operation in controlled airspace or
operation of UAS exceeding specified operating limits; these are possible through the waiver
certification system.

Rules and regulations specified by the FAA are very smilar to the EASA rules and
regulations in combination with EUROCONTROL ConOps. The differences are non-
significant, such as the maximum height of 400 ft for the US and 500 ft for Europe. Both in
Europe and in the USA, UAS operations are allowed automatically in airspace class G, while
accessing controlled airspace class B, C, D or E are only possible after a special request to the
authority.

NASA UTM ConOps

Due to the heterogeneous mix of UAS types in combination with a wide range of
existing manned aircraft, there is aneed to develop a system that can enable safe and efficient
low-altitude airspace operations. NASA UTM ConOps[26] isdesigned with an aim to provide
a comprehensive digitalized service, such as, airspace design and dynamic configuration,
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dynamic geo-fencing, congestion management, route planning and re-routing, separation
management, sequencing and spacing, and contingency management. To achieve such aims,
a cloud-based platform is developed to provide a wide range of services that seamlessy
connect a UAS operator to other UAS operators, UAS service suppliers, and air navigation
service providers. The services are, for example, registration of UAS, flight plan submission,
dynamics geofencing setup or controlled-airspace access management. This NASA UTM
ConOpsis similar to the U-Space concept in Europe, which focuses on providing a digitalized
supporting infrastructure to accommodate UAS operations.

2.3.3. Dimensionsof UTM

From the analysis of UTM ConOps, rules, regulations and supporting infrastructure,
important dimensions of UTM are identified and summarized in Table 2.2. Each row in this
table presents for one specific dimension the spectrum of possible values. The full spectrum
of all potential UTM possibilitiesis defined by combining values for each of the dimensions.
For instance, a UAS of dimension Eurocontrol UAS Class I, can fly in ICAO airspace class
G. To continuethe dimension valuesfor thisexample, the main UAS category that will operate
within VLL airspace is the Open category (AO-Alll) and all UAS in this category will not
weigh more than 25 kg, falling into micro and small UAStypes. Furthermore, several types of
micro and small UAS exist, namely; fixed-wing, multi-copter, tiltrotor, hybrid or blimp UAS.
ThisUAS example typically fliesin unstructured airspace, without authorization level, under
VLOS, RLOS and may encounter static geofencing.

Table 2.2. Overview of UTM dimensions

Dimension Variables within Dimension
EuroControl UAS Class VHL
Very Low Level (GND - 500 ft.) IFR/VEFR 500 ft. - FL600 (Above
FL600)
Class I Class II Class III Class IV Class V Class VI Class VII
ICAO Airspace Class A B C D E F G
EASA Category of UAS Open . .
G Al ATl AT Specific Certified
Type of Operation . Land . Infrastructure | Commercial
Recreation Agriculture o
Survey Monitoring Transport
Law Forest . Search and
Enforcement | Monitoring Border Patrol | Surveillance Rescue
UAS Type Fixedwing | [ Multi<copter | Tiltotor Hybrid | Blimp
Weight Class <=0.25kg 0.25 - 25kg >=25kg
Flight Rules VER IFR
Airspace Structured Unstructured | Structured
Operation Authorisation Level None Declaration | Authorisation Spe<':1al'
Authorisation
Range Scheme VLOS EVLOS BVLOS
UAS C2 Link RLOS BRLOS
Geofencing Static Dynamics

The above UAS examplein using the UTM dimensionsfrom Table 2.2 applies to most
buy-and-fly UAS operations. Because commercial aircraft do not operate within class G
airspace, this means that for this UAS example, an encounter with a commercial aircraft will
be less likely comparing to an encounter with general aviation aircraft. The difference in
vehicle types affects the collison speed and impact materials. Moreover, UAS airspace
structure also defines what objectswill be affected by UAS operations. Also, a certain type of
UAS operations may follow ground structures, such as a river or train track; this means that
train or boat needsto be incorporated in collision consequence analysis as well.

To summarize this section, the European UTM ConOps along with rules, regulations
and supporting infrastructure are investigated and decomposed into main dimensionsas shown
inTable2.2. UTM in the USA is shown to bein line with the European UTM and is therefore
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not specifically addressed further in thiswork. The analysis of the UTM ConOps and EASA
prototype regulations clearly show what types of UAS will be allowed to operate in different
airspace classes. Thisenablesthe next analysis step which istheidentification of typesof UAS
and other objects.

2.4 ldentification & Classification of Objects Exposed to
Coallision Risk

This section describes an identification process of the objects within the VLL part of
UTM that are exposed to UAS collision risk. The goal of object identification isto identify, as
many as necessary, the various objects within the UAS operational airspace. Objects are
divided into two main types: (i) ground objectsand (ii) airborne objects. In addition, different
types of UAS that will be allowed to operate within VLL airspace are identified as well. To
set the analysis scope, an operationa areain the Netherlandsis selected as arepresentative site
for European UTM. The following sections describe the identification of ground objects,
airborne objects, and UAS types.

2.4.1. ldentification of Ground Objects

Since UAS operational airspace can cover large different areas across the country,
scoping of the investigated area is necessary. Three representative areas based on NASA [7]
definition of operational areasis selected for investigation. These areas are the suburban area,
the urban area, and the congested area. Each area is characterized by the population density,
ranging from low to high population density. For the suburban area, the area North of
Nijmegen (with a population density of 600 per sg. km) [27] in the east of the Netherlandsis
selected as it is a potentia site for severa applications, such as parcel delivery, precision
agriculture, infrastructure monitoring and etc. The city of Rotterdam (with apopulation density
of 3060 per sq. km) [27] is selected for the urban operational area as it contains several
landscape features suitable for operation such as urban parcel delivery, aerial photography,
traffic monitoring, or law-enforcement. Lastly, for the congested operational area, the city
center of Amsterdam (with a population density of 6200 per sg. km) [27] is chosen. Thisisa
possible operating site for operations such as event photography and security, law enforcement
or emergency response. Ground object identification is performed by employing map analysis
based on different map types, such as satellite map, airspace class map, land-use map, and
land/building elevation map. A satellite map isused to point out different objects on the ground
within the operationa area—thisis done by visual observation. To narrow down the analysis
domain, an airspace class map is superimposed to cut out any irrelevant areathat UAS cannot
operate in. In addition, land use map is employed to help to categorize different areas. Object
identification isthen donefor each land use area. Lastly, aland/building elevation map is used
to determine the amount of small buildings and tall buildings within the area. Figure 2 shows
the layers of the different map types that are used in the analysis for the three different
operational areas, namely; the suburban, urban and congested areas.
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Figure2.2. Map analysis of different operational arearanging from low population density to high population density;
(i) rural area (the area around Nijmegen), (ii) urban area (city of Rotterdam) and (iii) congested area (city center of
Amsterdam). Different map types such as satdlite maps, airspace class maps, land-use maps, and land/building
elevation maps are used.

From the map analysis, 10 categories of land use types (including the percentage of
area) are identified and shown in Figure 2.3. The suburban area consists largely of an
agricultural area of approximately 42% of the overal land area and approximately 17% of
forest, park meadow and open, pedestrian areas. The composition of the low-rise buildingsis
9.5% while the amount of high-rise buildingsin the suburban areais considerably lower with
only 0.5% of the total land area. In an urban area, around 31% of the area consists of low-rise
building and almost 21% of the area is river and canal. Forest, park, meadow and open,
pedestrian areas are 18% and 15% of the total area respectively. It can be observed that, for
the congested area, a large amount of area is covered with high-rise buildings (23%) and low-
rise buildings (22%). Open/pedestrian areas are quite significant as well in congested airspace
as these open areas are often used for public events where alarge crowd is expected.

Figure 2.3. Land-use type per centage of three operational areas (suburban, urban and congested operational areas)

For each land-use type, ground objects are identified using the land-use database and
satellite map analysis. The land-use database comes with data fields which describe the type
of object, while satellite map offers visual evidence of the actual objects in the area. Severad
objects that are deemed irrelevant or insignificant to the safety of human are excluded, for
example, light poles, signs, small roadside structures, grass, trees or animals on the ground.
The am isto identify as many relevant objects as possible without classifying them yet, then
the classification of these objectsis donein alater stage. The results of the identification are
shownin Table 2.3.
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Table 2.3. Variation of ground objects over land-use types

Land-use Type Objectswithin the land-use type
1. Forest, Park, Meadow Human (pedestrian, hiker, camper)
2. Agricultura area Glasshouse, Small house, Car, Truck, Tractor, Human (pedestrian, farmer, worker)
3. Low-rise building area House, Retail store, Apartment, Condominium, Other low-level building
4. High-rise building area High-level condominium, Other high-level building
5. Open, Pedestrian area Human (pedestrian), Cyclist, Car (dow-speed, parking), Scooter
6. Cycling area Cyclist, Motorcyclist (Motorbike, scooter)
7. Railway Train, Worker
8. Tram Tram, Worker
9. Motorway, road, small road Car (Sedan, van, truck), Coach, Lorry, Human inside vehicle, Motorcyclist
10. River, canal Small boat, Medium boat, Sail, Y acht, Ship

The estimated land use type area percentages in Figure 2.3 together with the types of
objects per land use type in Table 2.3 provide valuable qualitative insight. These estimations
illustrate what types of objects are highly expected in the operational area. However, to
transform this information into quantitative estimates of frequencies of collision requires
significant complementary analysis, which falls outside the scope of this paper.

2.4.2. Airborne Objects | dentification

Within VLL, several typesof UASand non-UAS airborne objects are expected to share
the airspace with UAS. Based on pilot and aviation expert opinion, and rules of air specified
by EASA [28], 6 main types of airborne objects are identified. Firstly, commercia aviation
such as commercia airliner or business jet is expected to share airspace with few UAS
operations, such as UAS class |V that can operatein airport areas. Nevertheless, it is expected
that an encounter with commercial aviation will be minimal since UAS class |V is reserved
for specialized operations. Furthermore, general aviation aircraft are certainly expected to
share airspace with UAS since thistype of aircraft often operates at low altitude in aregulated
but uncontrolled airspace. Flight training, leisure flight, commercial flight, or agricultural
operation are normal operations that are performed by general aviation aircraft. Rotary wing
aircraft are also largely used by the military, law enforcement, emergency services, news, and
media, which often operate at very low level. It was already witnessed before when a small
drone (DJI Phantom 4) collided with the US army UH-60M helicopter while operating under
visual flight rules within Class G airspace about 300 ft above sealevel. [29] Next, the lighter-
than-air vehicletype, such as blimps, balloons or lanterns, isidentified as one of the types that
is susceptible to UAS collision risk. Collisions with a manned airborne vehicle can lead to
direct injury or fatality to any human on-board. Furthermore, collisions between UAS are also
considered. Lastly, birds are also considered as a relevant collision thread. UAS to UAS or
UASTto bird collisions could potentially lead to damage on the ground due to fallen debris.

Table2.4. List of identified non-UAS airbor ne objects

Type of Object Object Instantiations

1. Commercia Aviation Commercid airliner, business jet

2. General Aviation (GA) GA (light &lc, light sports a/c, trainer a/c, cargo alc, ultrdight alc, glider a/c)
3. Rotary Wing Small size helicopter, Medium size helicopter, Military helicopter

4. Lighter-Then-Air Blimp, Balloon, Lantern

5. Remotely-Filoted Micro UAS (Fixed wing, Rotary wing, Multi-copter),

Aircraft System (UAYS) Small UAS (Fixed-wing, Rotary wing, Multi-copter, Blimp)

6. Other Bird
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2.4.3. Non-UAS Object Classification

In Figure 2.4, the relevant objects within VLL airspace are classified into appropriate
categories. The first distinction is between static objects and dynamics objects. Static objects
consist of permanent infrastructure and non-permanent infrastructure while the dynamics
objects consist of liveware and hardware. Liveware refers to human and animal, either in the
air or on the ground, while hardware refers to aircraft, automobiles, trains or marine vessels.
Similar objects, such as houses, retail stores or apartments, are grouped together into the low-
rise structure type for example. This classification builds an overall picture of what types of
objectsare expected to share an airspace with UAS. For the follow-on work inthelater section,
only genera aviation and rotary wing will be further elaborated. Thisfocusis selected in order
to alow detail elaboration on these objects.

High-rise structure

Low-rise structure
House/apartment

Permanent
Infrastructure

Non-permanent
Infrastructure

Construction structure

Pedestrian/RPAS
operator

Cyclist
Human inside structure

Human inside/on
ground vehicles

Manned aircraft pilot
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elements

Elements Inside very Commercial aircraft
ovieniopeniont B s
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Airborne vehicle Elements addressed
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analysis and materials
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Hardware Small size helicopter

Medium size helicopter

Military helicopter

Ground vehice
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Figure 2.4. Object classification flowchart, combining both ground and airborne objects. For airborne objects (GA
aircraft and rotorcraft) this paper elaborates the remaining stepsin consequence analysis.

2.4.4. UASobject classification

A Largevariety of UAS even further complicates several aspectsin termsof regul atory
arrangement as well as safety risk assessment. The identification process of UAS isimportant
as different UAS weight classes consist of different design attributes, fabrication materials,
and flight performance, which significantly affect collision consequence severity. Within VLL
airspace, only traffic class| to IV are allowed. Traffic class| only allows UAS Open category
A0 to Alll (0.25 kg for AO and 25 kg for Al-Alll of maximum take-off gross weight). AO
category fallsinto amicro UAS category that is specified by the United States Department of
Defense [30]. Open category A1-A3, which refer to UAS of maximum take-off gross weight
of between 0.25 kg to 25 kg, fallsinto the small UAS category. For UASclassll, I11, and IV,
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similar take-off weight threshold of 25 kg is expected. In summary, it is expected that only
micro UAS and small UAS can operatein VLL airspace. The identification and classification
flowchart of UASin VLL operationisillustrated in Figure 5. It is worth mentioning that for
the outside of VLL airspace, UASs are required to comply with IFR/VFR requirements same
as manned aircraft. Most of the tactical UASs and some of the military-grade UAS are
equipped with necessary technology to operate in IFR/VFR airspace. Medium Altitude-Long
Endurance (MALE) UAS aso operate in IFR/VFR airspace. However, due to performance
limitations of the MALE category, MALE UAS are not likely able to reach the very high-level
operational airspace. This fina traffic class VII only accommodates high altitude-long
endurance (HALE) UAS. UAS class V to VII are not addressed in the follow-on analysis of
this paper. Only small fixed-wing UAS and small multi-copter UAS are further elaborated in
this paper since these are the most used types of UAS.

Micro Fixed Wing UAS

Micro UAS Micro Rotary Wing UAS

Micro Multi-copter UAS
WO <=0.25 kg

Inside very low
level operational
airspace

Class |- IV

Elements addressed in

Small Fixed Wing UAS
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Figure 2.5. UAS identification and classification flowchart. Only small fixed-wing UAS and small multi-copter UAS
arefurther elaborated in later sections since these two typesarethe most used types of UAS.

2.5 Zone of Impact Analysis

Having identified and classified the objects within VLL airspace, the zone of impact
analysisaimsto characterize impact materials. The main purpose of thisanalysisisto identify
zones that are susceptible to primary impact so that representative materials and collision
consequence of those zones can be identified and categorized. The zones of impact are
presented in term of area percentage, allowing for future quantitative analysis. First, the frontal
diagrams of different objects are collected, and the silhouette areas are projected onto the
diagram. Then, the percentage of each area is estimated. This section describes the
decomposition and analysis of zone of impact of two types of objects: Non-UAS airborne
objects of types general aviation and rotorcraft and subsequently UAS objects.

2.5.1. Zoneof Impact Analysisfor General Aviation and Rotor cr aft

Different types of general aviation (GA) aircraft are analyzed for the zone of impact.
GA cargo aircraft, GA trainer aircraft, GA light aircraft and GA light sports aircraft share
similarities in terms of configuration, size, and engine placement. Therefore, these types of
GA are considered together. These GA aircraft are divided into single-engine and twin-
engines. GA ultralight and GA glider are included in this analysis as well. The representative
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models of these aircraft are selected based on their popularity and number of shipmentsin the
past years [31]. The list of representative aircraft under consideration is shown in Table 2.5.
Frontal impact analysisis performed, and the results are presented in this section.

Examples of the object diagrams and overlay silhouette areas are shown in Figure 2.6.
The analysis is done for every representative aircraft example and then averaged over these
examples. The average values of the composition of different zones of impact are shown in
Figure 2.7. The results show that, for single-engine GA, the largest part isthe propeller which
is about 52% of the entire aircraft frontal area and second largest part is the wing which is
36%. It should be noted that the windshield of single-engine aircraft seems to be obstructed
by the front propeller, however, some UAS or UAS debris can potentially dip pass the
propeller. This makes windshield become one of the primary impact points. Propeller areais
even larger for twin engines general aviation aircraft with takes up aimost 57% of the entire
area. The main wing also takes a large portion of the area with about 18% of the entire area.
Ultralight, on the other hands, has 41% of wing area and 25% of the propeller. Thisisdueto
the typical rear-engine placement of the ultralight. The majority of ultralight analyzed in this
paper shows the absence of awindshield, exposes human pilot which takes up to 12% of the
whole area. Due to the high aspect ratio of ultralight, the wing portion is considerably large
compared to other types of airborne objects and take up 76% of the area. Windshield and
fuselage skin covers 7% each. For medium to large rotorcrafts, main rotor blade and fuselage
skin cover 58% and 21% of the entire area. Due to large field-of-view required in rotorcraft
design, aimost 14% is covered with a windshield which is significantly larger compared to
other types of aircraft.

Table 2.5. Representative GA and rotor craft examples selected for the zone of impact analysis.

Aircraft Type Representative examples
GA Cargo Aircraft, Single Cirrus SR22, Cessna Skyhawk 172S, Pilatus PC-12, DA20-C1,
GA Trainer Aircraft, Engine Daher TBM930, Air Tractor AT-802A
GA Light Aircraft, Twin Beechcraft King Air, Beechcraft Baron, Diamond DA42, Piper
GA Light Sport Aircraft Engines PA44
GA Glider Pipistrd Taurus M, ASH 30 Mi, DG-1001 Club Neo,
GA Ultraight Quick Silver, Pegasus Quantum 145-912, Huntair Pathfinder Mark 1

Robinson R44 Raven, Sikorsky UH-60 Black Hawk, Airbus

Rotorcraft H145 Airbus H125,Bell 407GXP
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Figure 2.6. Zone of impact analysis diagrams of aircraft typesin Table 2.5.
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Figure 2.7. Pie-charts showing the composition of the different zone of impact of (a.) single engine general aviation,
(b.) twin engines general aviation, (c.) glider, (d.) ultralight and (e.) rotor craft



2.5.2. Zoneof Impact Analysisfor UAS

For small fixed-wing and multi-rotors UAS representative examples with various
masses are selected for the zone of impact analysis; thisisshown in Table 2.6. Smilar to GA,
frontal impact areas are analyzed and estimated in order to determine area composition of each
model. Figure 2.8 showsthe exampl e of the zone of impact analysis of the representative UAS
models where the red linesillustrate the different collision zones on the vehicle.

Table 2.6. Representative UAS examples selected for the zone of impact analysis

UASType Weight Class Representative Examples

Parrot Disco (0.75 kg), Precision Hawk Lancaster (3.55 kg),
Fixed-Wing Small UAS AeroVironment Puma (6.3 kg), Insitu Scan Eagle (18 kg), UAV

Factory Penguin B (21.5 kg)

Parrot Bebop 2 (0.5 kg), DJI Phantom 3 (1.39 kg), DJl Matrice
Multi-rotors Small UAS 200 (3.8 kg), Y uneec Tornado H920 (4.99 kg), DJI Matrice 500

Pro (15.5 kg)

Figure 2.8. Zone of impact analysis diagramsfor the types of UASin Table 2.6.

Figure 2.9. Composition of zones of impact of (a.) fixed-wing UAS and (b.) multi-copters UAS.
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The area composition of fixed-wing UAS and multi-rotors UAS, which can be seen in
Figure 2.9, are quite different due to distinct design. For fixed-wing UAS, about 47% of the
whole frontal areaisthe wing area. The fuselage and propeller also cover a significant frontal
areawith percentages of 25% and 22% respectively. It should be noted that UAS models that
are selected in thisanalysis only use propeller-driven propulsion systems, and not jet-engines.
The vertical stabilizer is 5% of the overall area while horizontal stabilizer covers only 1% of
the frontal area. Not all fixed-wing UASs are installed with gimbal which makes the averaged
gimbal areafor fixed-wing approximately equal to 1%.

2.6 Materialsldentification and Classification

Next, commonly used materials for different zones of impact are identified and
classified. The main aim of this characterization istwofold. Firstly, based on the identification
of materials, the future analysis of collision consequence on particular materials type can then
be used to speculate the possible outcomes of UAS collision on a particular zone of impact of
certain objects. The prediction can also be done for each zone of impact by deducing from
historical data or knowledge from other research on collision severity between materials.
Secondly, the list of common materials will serve as a basis for any future investigation of
UAS collision consequence severity analysis.

For general aviation and rotorcraft, the knowledge of the materialsused isfrom literature
studies [32,33]. Table 2.7 shows the list of common materials used in single-engine genera
aviation. As can be seen from the tables, many zones of impact use similar materials, and
aluminum type is largely used for most parts. Based on this identification of materials, the
future analysis of collision consequences on particular materials type can then be used to
speculate on the possible outcomes of a UAS collision on a particular zone of impact of a
certain object. See Appendix 2A for lists of common materials for the other four non-UAS
objects (twin-engine GA, glider, ultralight, and rotorcraft).

Table2.7. List of common materials of single-engine GA. See Appendix 2A for other objects.

Zone of Impact Percentage = Common Materials
Propeller 51.5 Wood (cherry, mahogany, black walnut, oak, and birch), Aluminum,
Fiber reinforced polymer (FRP) with foam core
Wing 35.5 Aluminum 2000 Series, Aluminum 7000 Series, Fiber reinforced polymer (FRP)
Horizontal Stabilizer  5.41 Aluminum 2000 Series, Fiber reinforced polymer (FRP)
Landing Gear 3.26 Steel, Titanium alloy, Rubber (for tire)
Vertical Stabilizer 2.10 Aluminum 2000 Series, Fiber reinforced polymer (FRP)
Shock Strut 1.11 Steel, Titanium alloy
Wing Strut 0.89 Aluminum 2000 Series
Fuselage 0.13 Aluminum 2000 Series, Aluminum 7000 Series, Fiber reinforced polymer (FRP)

Similarly, the common materials are identified for small fixed-wing and small multi-
copter UAS as well. Table 2.8 and Table 2.9 show the list of common materials for small
fixed-wing UAS and small multi-copter UAS respectively. The types of materials used in the
construction of small UAS are more diverse than in larger aircraft since these small UAS can
often be made from light-weight, low strength structures. Polystyrene, wood, and plastic are
widely used in small fixed-wing UAS for the ease of manufacturing, while FRP can be found
in alarger size of small fixed-wing and multi-copter UAS.
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Table2.8. List of common materialsfor small fixed-wing UAS

Zone of Impact Percentage  Common Materials
. Polystyrene, Balsawood, Light plywood, Plastic, Fiber reinforced polymer,
Wing 46.5 .
Aluminum
Fusdlage 248 Pol ygyrme, Balsawood, Light plywood, Plastic, Fiber reinforced polymer,
Aluminum
Propeller 21.6 Wood, Plastic, Fiber reinforced polymer (FRP)
Vertical Stabilizer 4.80 PonsFyrene, Balsawood, Light plywood, Plastic, Fiber reinforced polymer,
Aluminum
Gimbal 1.23 Plastic, Fiber reinforced polymer (FRP), Aluminum
Horizontal Polystyrene, Balsawood, Light plywood, Plastic, Fiber reinforced polymer,
- 0.94 X
Stabilizer Aluminum
Motor 0.11 Aluminum

Table2.9. List of common materialsfor small multi-copter UAS

Zone of Impact Percentage Common Materials

Motor Arm 36.7 Plastic, Fiber reinforced polymer, Aluminum
Fuselage 195 Plastic, Fiber reinforced polymer, Aluminum
Propeller 115 Wood, Plagtic, Fiber reinforced polymer (FRP)
Landing Gear 111 Plastic, Fiber reinforced polymer, Aluminum
Gimbal 10.0 Plastic, Fiber reinforced polymer (FRP), Aluminum
Camera 8.24 Plastic, Fiber reinforced polymer (FRP), Aluminum

2.7 Collison Consequence Analysis

Next collision consequences due to UAS impact on each collision zone are identified.
This stage aims to build a risk picture of the possible consequence and impact due to UAS
collisions. In this paper, “consequence” describes the undesirable events (usually accidents or
safety-related events) [34]. However, severity, on the other hands, is the description of the
level of loss or damage of a particular consequence. This paper considers only three levels of
consequence severity; which are “damaged”, “substantially damaged” and “destroyed”. No
damage and partially damaged severity levels are not addressed since they are not expected to
directly lead to injuries. For human-related accidents, three injury levels are defined, namely;
“minor injury”, “serious injury” and “fatal”. These severity and injury levels are based on
ICAO Annex 13 severity definition [35].

Identification of collision consequence of UAS collision is done based on literature
[15,16,19,36,37] on UAS collision analysis and the important findings are presented in this
section. Thisliterature addresses the collision effect on ageneral aviation aircraft, commercia
aircraft, and human, inflicted by different UAS types with various weights, using both crash
modeling and experimentation. Mid-air collision effect of small UAS on windshields and
helicopter tail rotors are examined by the MAA [19] in collaboration with BALPA and UK’s
Department of Transport. It is found that non-birdstrike certified helicopter windshields
proved to have alow resistance to drones collision and penetration through the windshield is
very likely — the tests are done using 0.4, 1.2 and 4 kg classes of drone. These findings can
also be applied to GA windshields since GA windshields do not have a requirement for
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birdstrike certification. The birdstrike certified helicopter windshield, however, shows better
UAS collision resistance but penetration is still possible if aircraft fly at cruising speed. If the
helicopter is stationary, both multi-copters UAS and fixed-wing UAS have less tendency to
penetrate through certified windshields. The helicopter tail rotor is examined aswell, and it is
found that tail rotors are vulnerable to all types of drones due to the very high rotor rotating
speed. Damage can be easily amplified if rotors become unbalanced resulting in uncontrolled
rotor vibration which could jeopardize the wholetail structural integrity. Similar deduction for
GA propeller impact severity can be done based on such study. Furthermore, the ASSURE
research group [37] aso conducted a series of impact severity analysis tests with multi-copters
and fixed-wing UAS on business jet and commercial aircraft using both computational
modelling and experimentation. It isfound that 1.2 kg quadcopters UAS and 1.8 kg fixed-wing
UAS at 250 knots can inflict various damage levels on different parts of commercial aircraft
and business jet. Horizontal and vertical stabilizers can sustain medium-high damage severity
levelswhich includes skin fracture, penetration into airframe and failure of parts of the primary
structure. UAS can also leave permanent deformation on surface and structure, skin fracture
and penetration into the airframe. Commercial aircraft windshields, however, shows
permanent deformation, some fracture, but no penetration. These findings can be used to
deduce the possible callision consequence outcomes of UASto GA aircraft dueto the fact that
many parts of GA aircraft use similar materials on commercial aircraft and business aircraft,
such as, leading edge or fuselage skin. In addition, the severity of jet engine ingesting UASis
investigated through computational modelling [38]. For typical turbofan engines on
commercia aircraft, fan blades can be partially destroyed due to the hard components from
the UAS such as the motor or the camera. The UAS can inflict even more damage asit moves
closer to nosecone (or center) of the engine. In such case, both inner and outer blades are
severely damaged and thereisalarger chance for UAS debristo enter core engine which leads
to a system shutdown.

Using the aforementioned understandings towards the effect of UAS collisions on
different types of objects, collison consequences and subsequent event types have been
identified for each zone of impact (or pass) for each of the non-UAS objects addressed in
Section V; these results are shown in Appendix 2B.

2.8 Conclusion

In order to safely integrate UAS operations into the airspace, UAS collision risks need
to be well understood. For such a complex problem, there is a need to develop a systematic
approach to characterize both frequency and consequence of various UAS collisions. This
paper presented and followed a step-wise method for characterizing UAS collision
consequences in future UTM system, focusing on only the VLL UAS operations which are
below 500 ft. The proposed method first addressed the analysis of UTM dimensions by
investigating the UTM ConOps, rules and regulations, and support infrastructure under
consideration. These were analyzed and decomposed into severa dimensions. The second step
was the identification of the relevant objects within the airspace that was susceptible to UAS
collisonrisk. Since UASwill operate very closeto the ground, the objects sharing the airspace
with the UAS then consist of both ground and airborne objects. For ground objects, different
kinds of maps, such as land-use map, satellite map or land elevation map, were used in the
identification process. Airborne objects were identified based on rules of the air which
specified what types of aircraft were allowed to operate within the airspace. Additionaly,
opinions from aviation experts were incorporated during the identification of airborne objects
aswell. Next, the third step was to analyze the zones of impact for the identified objects. This
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was demonstrated for general aviation and rotorcraft. The aim of the zone of impact analysis
was to decompose the overall area of an object into different impact zones that were exposed
totherisk of collidingwithaUAS. The areas of each zone were a so estimated and represented
in the form of percentages, which significantly influenced the collision probability of each
impact zone. The fourth step was the materials identification and classification with the aim
to characterize common materials for each zone of impact. Materials characterization is
important for future research where impact analysis will be conducted for different materials.
Lastly, collision consequence of the selected objects was done by identifying the possible
collision outcomes for each zone of impact of each object. The collision consequence was
identified based on literature which involved impact testing and simulation. Such analysis
aimed to build arisk picture of the possible consequence and impact of acollisionwithaUAS.

The key added value of the approach developed in this paper is that the intermediate
relations between the initiating events and the collision consequence outcomes are established
through a systematic analysis and characterization process. Follow-up research can take
advantage of thislogical and well-structured decomposition that helps organizing the detailed
guantitative modeling and analysis of collision consequences. Complementary follow-up
research is to extend the step-wise approach proposed in this paper to a consequence analysis
of primary collisionsto secondary callisions, i.e., collisions that happen as a consequence of a
primary collision.

39



Appendix 2A: Additional M aterials | dentification Results

M aterials | dentification Results— Twin-Engine General Aviation

Zone of Impact Per centage Common Materials

Propeller 56.6 Wood (cherry, mahogany, black walnut, oak, and birch), Aluminum, Fiber
reinforced polymer (FRP) with foam core

Wing 18.4 Aluminum 2000 Series, Aluminum 7000 Series, Fiber reinforced polymer
(FRP)

Fuselage 8.96 Aluminum 2000 Series, Aluminum 7000 Series, Fiber reinforced polymer
(FRP)

Nosecone Radome 4.46 Fiber reinforced polymer (FRP)

Windshield 3.87 Acrylics, Polycarbonate

Horizontal Stabilizer 371 Aluminum 2000 Series, Fiber reinforced polymer (FRP)

Vertical Stabilizer 1.86 Aluminum 2000 Series, Fiber reinforced polymer (FRP)

Landing Gear 1.73 Steel, Titanium aloy, Rubber (for tire)

Shock Strut 0.38 Steel, Titanium alloy

M aterials | dentification Results— Glider

Zone of Impact Per centage Common Materials

Wing 76.5 Aluminum 2000 Series, Aluminum 7000 Series, Fiber reinforced polymer
(FRP)

Fuselage Skin 7.07 Aluminum 2000 Series, Aluminum 7000 Series, Fiber reinforced polymer
(FRP)

Windshield 6.65 Acrylics, Polycarbonate

Horizonta Stabilizer 5.63 Aluminum 2000 Series, Fiber reinforced polymer (FRP)

Vertical Stabilizer 3.30 Aluminum 2000 Series, Fiber reinforced polymer (FRP)

Landing Gear 0.89 Steel, Titanium alloy, Rubber (for tire)

Materials I dentification Results— Ultralight

Zone of Impact Per centage Common Materials

Wing 37.2 Aluminum 2000 Series, Aluminum 7000 Series, Fiber reinforced polymer
(FRP)

Propeller 22.8 Wood (cherry, mahogany, black walnut, oak, and birch), Aluminum, Fiber
reinforced polymer (FRP) with foam core

Frame 121 Aluminum 2000 Series, Fiber reinforced polymer (FRP)

Human Pilot 104 Human flesh and skin

Horizonta 342 Aluminum 2000 Series, Fiber reinforced polymer (FRP)

Stabilizer

Landing Gear 3.18 Steel, Titanium alloy, Rubber (for tire)

Wing Strut 2.76 Aluminum 2000 Series

Vertical Stabilizer 2.32 Aluminum 2000 Series, Fiber reinforced polymer (FRP)

Fuselage Skin 1.77 Aluminum 2000 Series, Aluminum 7000 Series, Fiber reinforced polymer
(FRP)

Shock Strut 1.21 Steel, Titanium alloy
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M aterials | dentification Results — Rotor cr aft

Zoneof Impact  Percentage Common Materials

Main Rotor Blade 57.9 Aluminum 2000 Series, Titanium, Fiber reinforced polymer (FRP)

Fuselage Skin 21.2 Aluminum 2000 Series, Aluminum 7000 Series, Fiber reinforced
polymer (FRP)

Windshield 13.9 Acrylics, Polycarbonate

Engine Inlet 1.76 Aluminum, Titanium

Shock Strut 1.61 Steel, Titanium alloy

Vertical Stabilizer 1.40 Aluminum 2000 Series, Fiber reinforced polymer (FRP)

Horizontal 1.20 Aluminum 2000 Series, Fiber reinforced polymer (FRP)

Stabilizer

Tail Rotor 0.35 Aluminum 2000 Series, Titanium, Fiber reinforced polymer (FRP)

Rotor Mast 0.35 Steel, Titanium
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Appendix 2B: Primary Consequences of UAS Collision with non-
UAS Objectsfrom Section V

Consequence Char acterization of UAS Coallision with Single-engine General Aviation

Impact/Pass
Zone

Primary Consequence(s)

Near Miss

- Pilot distracted, critical during high-workload takeoff/landing phases

Propeller

- Propeller damaged with minor permanent deformation, UAS debris damage windshield, pilot
distracted

- Propéller substantially damaged with partia structura failure, risk of unbalanced propeller rotation
leading to uncontrolled propeller vibration, debris of UAS collide onto windshield

- Propeller destroyed, instance loss of thrust and risk of unbalaced propeller rotation leading to
uncontrolled propeller vibration, debris of UAS collide onto windshield- UAS pass through propel ler,
collide and bounce off windshield, windshield damaged with minor fracture, leading to pilot distraction
- UAS pass through propeller, collide and damage windshield, leading to pilot distraction and reduced
visibility

- UAS pass through propeller and penetrate through windshield, leading to injury/fataity of human pilot

Wing

- Wing damaged with minor permanent deformation

- Wing substantially damaged with structura penetration, reduced structural integrity of primary
structure, risk of structural failure

- Wing destroyed, primary structure failed, leading to uncontrolled flight and injury/fatality of human
onboard

Horizontal
Stabilizer

- Horizontal stabilizer damaged with minor permanent deformation

- Horizontal stabilizer substantially damaged with structural penetration, reduced structural integrity of
primary structure, risk of structural failure, reduced control surface movement

- Horizontal stabilizer destroyed, primary structure failed, leading to uncontrolled flight and
injury/fatality of human onboard

Vertical
Stabilizer

- Vertica stabilizer damaged with minor permanent deformation

- Verticd stabilizer substantialy damaged with structural penetration, reduced structura integrity of
primary structure, risk of structural failure, reduced control surface movement and pilot distracted

- Verticd stabilizer destroyed, permanent structure failed, leading to uncontrolled flight and
injury/fatality of human onboard

Shock Strut

- Shock strut damaged with minor permanent deformation

- Shock strut substantially damaged with partial structural failure, risk of structurd failure during
landing

- Shock strut destroyed, risk of uncontrolled touch down leading to runway skid-off, resulting in
damaged to aircraft and injury/fatality of human onboard

Wing Strut

- Wing strut damaged with minor permanent deformation

- Wing strut substantially damaged with partia structura failure, reduced structura integrity and risked
of structural failure, leading to unsupported main wing

- Wing strut destroyed |eading to unsupported wing, risk of main wing structura failure, leading to
uncontrolled flight and injury/fatality of human onboard

Fuselage
Skin

- Fuselage skin damaged with minor permanent deformation

- Fuselage skin substantially damaged, UAS penetrates fuselage, leading to injury of onboard personas
and immediate termination of flight

- Fuselage skin destroyed, UAS penetrates fusel age and injuring onboard personnd, risk of fuselage
structural failure, leading to uncontrolled flight and injury/fatality of human onboard

Landing
Gears

- Landing gears damaged with minor permanent deformation

- Landing gears substantidly, risk of landing gears structurd failure during landing, risk of uncontrolled
touch down leading to runway skid-off, resulting in damaged to aircraft and injury/fatality of human
onboard

- Landing gears destroyed, risk of uncontrolled touch down leading to runway skid-off, resulting in
damaged to aircraft and injury/fatality of human onboard
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Consegquence Characterization of UAS Collision with Twin-Engine General Aviation

I mpact/Pass -

Zone Collision Consequence
Near Miss - Pilot distracted, critical during high-workload takeoff/landing phases
Propeller - Propeller damaged with minor permanent deformation

- Propeller substantially damaged with partia structura failure, risk of unbaanced propeller rotation,
leading to uncontrolled propeller vibration

- Propeller destroyed, instance loss of thrust and risk of unbalanced propeller rotation, leading to
uncontrolled propeller vibration

Windshield - Windshield damaged with minor fracture, pilot distracted
- Windshield substantially damaged, UAS partially penetrate through, leading to pilot distraction and
reduced visibility, risk of onboard injury
- Windshield destroyed, UAS completely penetrate through, leading to pilot distraction and onboard
injury/fatality

Wing - Wing damaged with minor permanent deformation
- Wing substantially damaged with structurd penetration, reduced structural integrity of primary
structure, risk of structural failure
- Wing destroyed, primary structure failed, leading to uncontrolled flight and injury/fatality of human

onboard
Horizontal - Horizontal stabilizer damaged with minor permanent deformation
Stabilizer - Horizontal stabilizer substantially damaged with structural penetration, reduced structural integrity of

primary structure, risk of structurd failure, reduced control surface movement
- Horizontal stabilizer destroyed, primary structure failed, leading to uncontrolled flight and
injury/fatality of human onboard

Vertica - Vertical stabilizer damaged with minor permanent deformation

Stabilizer - Vertica stabilizer substantially damaged with structura penetration, reduced structura integrity of
primary structure, risk of structurd failure, reduced control surface movement and pilot distracted
- Vertical stabilizer destroyed, primary structure failed, leading to uncontrolled flight and injury/fataity
of human onboard

Shock Strut - Shock strut damaged with minor permanent deformation
- Shock strut substantially damaged with partial structural failure, risk of structurd failure during
landing
- Shock strut destroyed, risk of uncontrolled touch down leading to runway skid-off, resulting in
damaged to aircraft and injury/fatality of human onboard

Fuselage - Fusel age skin damaged with minor permanent deformation

Skin - Fuselage skin substantially damaged, UAS penetrates fuselage, leading to injury of onboard personds
and immediate termination of flight
- Fuselage skin destroyed, UAS penetrates fuselage and injuring onboard personnel, risk of fuselage
structural failure, leading to uncontrolled flight and injury/fatality of human onboard

Nosecone/ - Nosecone/Radome damaged with minor permanent deformation

Radome - Nosecone/Radome substantially damaged, UAS penetrates skin, radar component damaged
- Nosecone/Radome destroyed, UAS penetrates skin, radar component and primary structure
substantialy damaged, risk of structura failure

Landing - Landing gears damaged with minor permanent deformation

Gears - Landing gears substantialy, risk of landing gears structura failure during landing, risk of uncontrolled
touch down leading to runway skid-off, resulting in damaged to aircraft and injury/fatality of human
onboard

- Landing gears destroyed, risk of uncontrolled touch down leading to runway skid-off, resulting in
damaged to aircraft and injury/fatality of human onboard




Consequence Char acterization of UAS Collision with Glider

I mpact/Pass -

Zone Collision Consequence
Near Miss - Pilot distracted, critical during high-workload takeoff/landing phases
Wing - Wing damaged minor permanent deformation

- Wing substantially damaged with structural penetration, reduced structural integrity of primary
structure, risk of structural failure

- Wing destroyed, primary structure failed, leading to uncontrolled flight and injury/fatality of human
onboard

Windshield - Windshield damaged with minor fracture, pilot distracted
- Windshield substantially damaged, UAS partially penetrate through, leading to pilot distraction and
reduced visibility, risk of onboard injury
- Windshield destroyed, UAS completely penetrate through, leading to pilot distraction and onboard
injury/fatality

Horizonta - Horizontal stabilizer damaged with minor permanent deformation

Stabilizer - Horizontal stabilizer substantially damaged with structural penetration, reduced structural integrity of
primary structure, risk of structura failure, reduced control surface movement
- Horizontal stabilizer destroyed, primary structure failed, leading to uncontrolled flight and
injury/fatality of human onboard

Vertica - Vertica stabilizer damaged with minor permanent deformation

Stabilizer - Vertica stabilizer substantially damaged with structura penetration, reduced structura integrity of
primary structure, risk of structura failure, reduced control surface movement and pilot distracted
- Vertica stabilizer destroyed, primary structure failed, leading to uncontrolled flight and injury/fatdity
of human onboard

Fuselage - Fuselage skin damaged with minor permanent deformation

Skin - Fuselage skin substantialy damaged, UAS penetrates fuselage, leading to injury of onboard personds
and immediate termination of flight
- Fuselage skin destroyed, UAS penetrates fuselage and injuring onboard personnel, risk of fuselage
structural failure, leading to uncontrolled flight and injury/fatality of human onboard

Landing - Landing gears damaged with minor permanent deformation

Gears - Landing gears substantialy damaged, risk of landing gears structural failure during landing, risk of

uncontrolled touch down leading to runway skid-off, resulting in damage to aircraft and injury/fatdity
of human onboard

- Landing gears destroyed, risk of uncontrolled touchdown, leading to runway skid-off, resulting in
damage to aircraft and injury/fatality of human onboard




Consequence Char acterization of UAS Collision with Ultralight

I mpact/Pass -

Zone Collision Consequence
Near Miss - Pilot distracted, critical during high-workload takeoff/landing phases
Propeller - Propeller damaged minor with permanent deformation

- Propeller substantially damaged with partia structura failure, risk of unbaanced propeller rotation,
leading to uncontrolled propeller vibration

- Propeller destroyed, instance loss of thrust and risk of unbalanced propeller rotation, leading to
uncontrolled propeller vibration

Wing - Wing damaged with minor permanent deformation
- Wing substantially damaged with structura penetration, reduced structural integrity of primary
structure, risk of structurd failure
- Wing destroyed, primary structure failed, |eading to uncontrolled flight and injury/fatality of human
onboard

Human Pilot - Human pilot minorly injured, pilot distracted and reduced physical ability
- Human pilot seriously injured, reduced physica ability to control aircraft, risk of uncontrolled aircraft
- Human pilot fatally injured, resulting in uncontrolled aircraft

Windshield - Windshield damaged with minor fracture, pilot distracted
- Windshield substantially damaged, UAS partially penetrate through, leading to pilot distraction and
reduced visibility, risk of onboard injury
- Windshield destroyed, UAS completely penetrate through, leading to pilot distraction and onboard
injury/fatality

Frame - Frame damaged with minor permanent deformation
- Frame substantially damaged with partia structural failure, reduced structural integrity and risked of
structural failure
- Frame destroyed |eading to unsupported wing, risk of structurd failure, leading to uncontrolled flight
and injury/fataity of human onboard

Horizontal - Horizontal stabilizer damaged with minor permanent deformation

Stabilizer - Horizontal stabilizer substantially damaged, reduced structural integrity of primary structure, risk of
structural failure, reduced control surface movement
- Horizontal stabilizer destroyed, primary structure failed, leading to uncontrolled flight and
injury/fatality of human onboard

Vertica - Vertica stabilizer damaged with minor permanent deformation

Stabilizer - Vertica stabilizer substantially damaged with structura penetration, reduced structura integrity of
primary structure, risk of structura failure, reduced control surface movement and pilot distracted
- Vertica stabilizer destroyed, primary structure failed, leading to uncontrolled flight and injury/fataity
of human onboard

Shock Strut - Shock strut damaged with minor permanent deformation
- Shock strut substantially damaged with partial structural failure, risk of structurd failure during
landing
- Shock strut destroyed, risk of uncontrolled touchdown, leading to runway skid-off, resulting in damage
to aircraft and injury/fatality of human onboard

Wing Strut - Wing strut damaged with minor permanent deformation
- Wing strut substantially damaged with partia structura failure, reduced structural integrity and risked
of structural failure, leading to unsupported main wing
- Wing strut destroyed leading to unsupported wing, risk of main wing structural failure, leading to
uncontrolled flight and injury/fatality of human onboard

Fuselage - Fusel age skin damaged with minor permanent deformation

Skin - Fusel age skin substantialy damaged, UAS penetrates fuselage, leading to injury of onboard personds
and immediate termination of flight
- Fuselage skin destroyed, UAS penetrates fusel age and injuring onboard personnd, risk of fuselage
structural failure, leading to uncontrolled flight and injury/fatality of human onboard

Landing - Landing gears damaged with minor permanent deformation

Gears - Landing gears substantially damaged, risk of landing gears structural failure during touch down

leading to runway skid-off, resulting in damage to aircraft and injury/fatality of human onboard
- Landing gears destroyed, risk of uncontrolled touch down leading to runway skid-off, resulting in
damaged to aircraft and injury/fatality of human onboard
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Consequence Char acterization of UAS Collision with Rotor craft

I mpact/Pass
Zone

Collision Consequence

Near Miss

- Pilot distracted, critical during high-workload takeoff/landing phases

Main Rotor
Blade

- Rotor blade damaged with minor permanent deformation

- Rotor blade substantidly damaged with partid structural failure, risk of unbaanced propeler rotation
leading to uncontrolled vibration

- Rotor blade destroyed, instance loss of thrust and risk of uncontrolled vibration, leading to
uncontrolled flight and onboard injury/fataity

Rotor
Mast/Control
Rod

- Rotor mast or control rod damaged with minor permanent deformation or surface damage

- Rotor mast or control rod substantially damaged with partia structural failure, risk asymmetric
rotation of rotor blades or loss of control over rotors

- Rotor mast or control rod destroyed, loss of rotors and instance loss of thrust, leading to uncontrolled
flight and onboard injury/fatality

Windshield

- Windshield damaged with minor fracture, pilot distracted

- Windshield substantialy damaged, UAS partially penetrate through, leading to pilot distraction and
reduced visibility, risk of onboard injury

- Windshield destroyed, UAS completely penetrate through, leading to pilot distraction and onboard
injury/fatality

Tail Rotor

- Tail rotor damaged with minor permanent deformation

- Tail rotor substantially damaged with partial structura failure, risk of unbaanced propeller rotation,
leading to uncontrolled vibration and unstable/uncontrollable vehicle

- Tail rotor destroyed, instance | oss of stabilized thrust and risk of unbalanced propeller rotation,
leading to uncontrollable vehicle which results in injury/fatality of human onboard

Engine Inlet

- Engine damaged, engine disrupted with significant reduction in power

- Engine substantially damaged with complete | oss of power, leading to vehicle uncontrolled descent,
leading to uncontrolled flight and injury/fatality of human onboard

- Engine destroyed with compl ete loss of power, engine catches on fire, risk of fire and explosion,
leading to uncontrolled flight and injury/fatality of human onboard

Horizontd
Stabilizer

- Horizontal stabilizer damaged minor permanent deformation

- Horizontal stabilizer substantially damaged with structural penetration, reduced structural integrity of
primary structure, risk of structurd failure, reduced control surface movement

- Horizontal stabilizer destroyed, permanent structure failed, leading to uncontrolled flight and
injury/fatality of human onboard

Vertical
Stabilizer

- Vertica stabilizer damaged with minor permanent deformation

- Vertica stabilizer substantially damaged with structura penetration, reduced structura integrity of
primary structure, risk of structural failure, reduced control surface movement and pilot distracted

- Vertica stabilizer destroyed, permanent structure failed, leading to uncontrolled flight and
injury/fatality of human onboard

Shock Strut

- Shock strut damaged with minor permanent deformation

- Shock strut substantially damaged with partial structura failure, risk of structurd failure during
landing

- Shock strut destroyed, risk of uncontrolled touch down leading to runway skid-off, resulting in
damage to aircraft and injury/fatality of human onboard

Fuselage
Skin

- Fusel age skin damaged with minor permanent deformation

- Fuselage skin substantialy damaged, UAS penetrates fuselage, leading to injury of onboard personds
and immediate termination of flight

- Fuselage skin destroyed, UAS penetrates fusel age and injuring onboard personnd, risk of fuselage
structural failure, leading to uncontrolled flight and injury/fatality of human onboard

Landing
Gears

- Landing gears damaged with minor permanent deformation

- Landing gears substantialy damaged, risk of landing gears structural failure during landing, risk of
uncontrolled touch down leading to runway skid-off, resulting in damage to aircraft and injury/fatality
of human onboard

- Landing gears destroyed, risk of uncontrolled touch down leading to runway skid-off, resulting in
damaged to aircraft and injury/fatality of human onboard
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Multibody System Modeling of UAS
Collisions with the Human Head

Understanding the impact severity of UAS collisions with the human body
remains a challenge and is essential to the development of safe UAS operations.
Complementary to performing experiments of UAS collisions with a crash dummy,
a computational impact model is needed in order to capture the large variety of
UAS types and impact scenarios. This paper presents the development of a
multibody system model of a collision of one specific UAS type with the human
body aswell with a crash dummy. This specific UAStype has been chosen because
data from experimental drop tests on a crash dummy is available. This allows the
validation of the multibody system model of UASimpacting a crash dummy versus
experimental data. The validation shows that the multibody system model closely
matches experimental UAS drop tests on a crash dummy. Subsequently, the
validated UAS multibody system model is applied to predict human body injury
using a biomechanical human body model. Head and neck injury from the frontal,
side and rear impact on the human head are predicted at various elevation angles
and impact velocities. The results show that neck injury is not a concern for this

specific UAStype, but a serious head injury is probable.

This chapter has been published as “Rattanagraikanakorn, B., Gransden, D. |., Schuurman, M., De
Wagter, C., Happee, R., Sharpanskykh, A., and Blom, H. A. P., “Multibody System Modelling Of
Unmanned Aircraft System Collisons With The Human Head,” Internationa Journa of

Crashworthiness, vol. 0, 2019, pp. 1-19.”
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3.1 Introduction

UAS (or unmanned aircraft system) operations have received much attention in the past
few yearsand will soon becomeacritical part in aviation. Low-level UASoperationswill likely
be operated in an urban environment where population density is high. While this type of
operations may pose a serious collision risk to people on the ground, the level of severity of
UAS collisionson ahuman is not yet fully understood. Thislack of understanding affectsrules
and regulations, as well as any necessary mitigative measures, to be established in order to
prevent fatal accidents. EASA [1] has published prototype rules and regulations for UAS
operations, nevertheless, additional scientific results are still required to support UAS
requirements. As stated by EASA [2], thereis still an urgent need to investigate UAS collision
risks using experimentation and validated analytical models.

Several research groups have investigated the effect of UAS collisions on different actors
on the ground. Civil Aviation Safety Authority and Monash University [3] proposed a
simplified injury prediction model for the impact of small UAS on a person on the ground to
determine a non-lethal UAS mass. The model predicted the severity level from blunt force
trauma injuries based on the impacting projectile’s kinetic energy and impact diameter.
Another modeling approach was proposed by Magister [4] to assess small UAS injury
biomechanics resulting from blunt ballistic impact. Neverthel ess, such ssmplified energy-based
models were not sufficient to provide physical insights into how UAS collision may inflict
injury. To better understand UAS collision consequences, ASSURE conducted a series of
impact drop test using DJI Phantom 111 on FAA Hybrid Il crash dummy at various impact
attitude and speed [5—7]. Koh et al. [8,9] also conducted extensive drop tests and computational
crash simulations of different drone weight classes on a crash dummy head. In addition,
Campol ettano et al. [10] performed a series of live flight test and impact drop test using three
different UAS weight classes on an instrumented Hybrid I11 crash dummy. The aim of the test
was to estimate the range of injury risks to humans due to UAS impact.

The relatively high costs of live impact testing make it difficult to cover various impact
conditions (e.g. impact direction, attitude, or speed) and to conduct sensitivity analysis. Such
difficulties can be overcome by using a computational model. For modeling and analysis of
crashworthiness of aircraft parts, the finite element modeling (FEM) approach is typically
adopted. However, for modeling and assessment of human injury in automotive and aerospace
crashworthiness, not FEM but multibody system (MBS) modeling iswidely used [11-14]. An
MBS model consists of masses, springs, and dampers. SOMLA [15] and MADYMO [16] are
examples of a multibody system based computer codes widely used for occupant impact
simulation. In spite of the physiological simplifications of MBS relative to FEM, research has
shown that for human injury modeling MBS can offer similar results compared to FEM. FEM
is most effective when the modeling problem requires a high-fidelity model that can capture
non-linear material (tissue) local deformation and damage. However, UAS to human collision
does not require such level of detail in order to approximate injury level sustained from a
collision. Typically, overall kinematics of the human body (e.g. head acceleration) is needed
to approximate, for example, head or neck injury level through variousinjury criterions.

Therefore, the aim of this paper isto develop an MBS model of atypica UAS that can
be used for crash simulation against a crash dummy or the human body. This paper is organized
asfollows. Section |1 describesthe modeling process of the UAS MBS model, and adescription
of the human body and crash dummy models used in the simulation. Section |11 presents the
validation of the MBS model. Section IV describes a crash simulation of the MBS model on
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the human body and the injury severity of the human body. Section V and VI present the
discussion of the results and the conclusion, respectively.

3.2 Multibody System Models

3.2.1. UASMultibody System Modeling

The specific UAS considered is the DJ Phantom I11, shown in Figure 3.1(a). For this
UAS, a multibody system (MBS) model was developed, which is shown in Figure 3.1(b). In
order to develop the model, impact footage from ASSURE [17] was investigated to identify a
necessary number of body and joint, aswell asjoint type. The model is developed based on an
assumption that there is no breakage of DJI Phantom |1l parts. The MBS model of the DJI
Phantom 111 comprises of 7 rigid bodies, that are connected by restraint joints and dampers.
The main body which includes the mainframe, avionic system and battery were lumped into
Body 3. Four motors at the end of each arm were lumped into 4 bodies, which are Body 4, 5,
6 and 7. Body 2 was a lumped mass of the damp plate and avionic system for gimbal/camera
control. Lastly, Body 1 was alumped mass of the camera body and the gimbal.

The élipsoid surface was used to model external surfaces of the DJI Phantom |11 drone
and for contact detection and calculation. Ellipsoid surface uses force-penetration contact
model to account for an interaction between the surfaces which allows the UAS model to
interact with a crash dummy or the human body models in MADYMO. Kinematic joints
connect bodies together while fixing the specific degrees of freedom for each body. Figure 3.2
illustrates rigid masses and dimensions of each segment as well asjoint positions. Three types
of joints were used in this model, namely trandational-revolute for Joint 1, trandational for
Joint 2 and universal for joint 3 to 6. At each joint, Kelvin restraints (trandational spring
parallel with a damper) or Cardan restraints (torsional spring parallel with a damper) were
implemented to account for force deflections from structural deformations.

@ (b)

Figure 3.1. DJI Phantom |11 UAS considered for impact modeling: (a) real-world system and (b) multibody system
(MBS) model. Notice that the two landing skids are not modeled because these are not in contact with the human head
under theimpact casesthat areinvestigated.
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Figure 3.2. Skeletons of the MBS modd of a DJI Phantom 111 UAS showing rigid masses, joints, and restraints. (a)
illustrates rigid masses, and dimensions of each segment and (b) shows joint positions and local referential locations.

Table 3.1. Kinematic joint descriptions for UAS multibody system model

Joint Type Description
1 Trandational-Revolute Damp plate - Camera gimbal
2 Trandational Mainframe - Damp plate
3-6 Universal Mainframe - Motor arm

Notice that the landing gear is not included in this DJl Phantom 11 MBS model. The
footage analysis shows large lateral deflection of the landing gears (or skids) upon impact with
the dummy head. In the collinear impact case considered, the gap between two landing gears
is larger than the width of the head, resulting in no direct contact of the landing gears to the
head. Also, based on preliminary stiffness tests on different components, the landing gears are
made of thin ABS plastic structure which is softer than other components on the DJI Phantom
1l UAS. An analysis of a simplified lumped-parameter mass (LPM) model shows that the
impact force on the head due to landing gear as a point of contact is non-prominent and smaller
than frontal body or gimbal contacts. Therefore, the landing gears are excluded from this
specific DJI Phantom 111 UAS model.

3.2.2. UASVehicle Parameters

Important UAS vehicle parameters, which are mass, the moment of inertia and
geometrical dimensions of the UAS were obtained experimentally using the real UAS. Masses
of rigid bodies were measured directly on a weight scale and bifilar tests were performed to
estimate the moment of inertia of each body. Geometrical dimensions were obtained directly
from physical measurements of a DJI Phantom Il11. Table 3.2 shows the summary of UAS
masses and moment of inertias and Table 3.3 shows the summary of geometrical dimensions
of the UAS.

Table 3.2. Summary of UAS vehicle parameter s which wer e obtained experimentally.

Body Mass [kg] Moment of Inertia [kg m?]
1 0.101 Ly =1.8% 1077, Iyy = 1.2 x 1077, I, = 1.8 x 1077
2 0.056 Ly = 23% 1076, I,y = 23X 1076, I,, = 1.9 x 10710
3 0.839 Ly =49 %1073, Iyy = 53%x 1073, I, =9.4 x 1073
4,5,6,7 0.055 Ly =44 %1077, Iyy = 44%x 1077, I,; = 6.0 x 1078

Table 3.3. Summary geometrical dimensions of the UAS

Segment Length [m] Segment Length [m]
I 0.044 ls 0.030
I, 0.020 lg 0.014
I3 0.023 l; 0.165
ly 0.016




3.2.3. Calibration of UAS M ultibody System M odel

To model a UAS during an impact event, deformation of the structural components
during impact is required and should be representative of the real system. Such deformation
can be measured for aDJl Phantom I11 model in aform of joint displacement with arestraining
force which is represented by a force-displacement curve (or moment-angular displacement
curve for rotational joint) as shown in Figure 3.4.

Figure 3.3. Examples of the experimental setup for compressive static test on UAS structural member s to determine
joint restraint characteristics curvesfor joint 1 (Ieft) and joint 3 (right).

To implement these restraint characteristics in the MBS model of DJI Phantom I11, the
obtained curves are divided into 3 curves, namely, loading, hysteresis and unloading curves.
These restraint characteristics were obtained from compressive quasi-static tests on the real
system, as shown in Figure 3.3. Structural membersthat represent each joint were loaded (at 5
mm/sloading speed) until the structure failed or the maximum structural strength was reached.
Then, the structure was unloaded at the same rate to obtain unloading characteristics.

Figure 3.4. Example of restraints characteristics measured during experiments (black dotted line) and approximated
curvesfor loading, hysteresisand unloading for joint 1-3. Simplified loading, hysteresisand unloading curves are used
in the MBS model of the DJI Phantom |11 UAS.

Based on the sensitivity analysis, damping coefficient of Kelvin restraint of Joint 1 and
Cardan restraint of joint 3-6 hasa significant effect on energy transfer of the system. Structural

55



damping coefficient, c, of the kelvin restraint can be approximated using the equation:
c =4nfim (3.1

The natural frequency of a structure was obtained from a ground vibration test (GVT) on
specificjoints, having the value of 631.7 Hz and 84.5 Hz for Joint 1 and joint 3-6, respectively.
The structure of the camera gimbal is made from aluminum with multiple joints and has a
damping ratio of 0.07 based on literature [18]. For the motor arm, ABS plastic material was
used and the typical damping ratio of 0.05 was used. The calculated damping for joint 1 and
joint 3-6 are 85 N's/m and 0.23 N'm-s/rad, respectively.

3.2.4. Multibody System Models of Human Body and Crash
Dummy

Figure 3.5(a) showsthe human body model that isavailablein MADY MO and sel ected
to simulate a crash test with the MBS model of the DJI Phantom 111 UAS. The human body
model was distributed with MADYMO 7.7 (filename: h_occ50fc, verson 5.2) and was
published by Happee et al. [19,20]. This facet occupant model is a representative model to the
real mid-sized (50" Percentile) male human body [21]. This human body model produces a
more similar response to the real human body because it has a higher bio-fidelity and better
compliance with a real human body than the Hybrid I11 crash dummy model that is shown in
Figure 3.5(b).

For validation purposes, the Hybrid Il crash dummy model, shown in Figure 3.5(b),
was also integrated with the MBS model of the DJI Phantom 111 UAS. This Hybrid I11 crash
dummy was also distributed with MADYMO 7.7 (filename: d_hyb350el_Q, version 2.0) [22].

Figure 3.5. MBS models of human body and crash dummy (a) Human body model from MADYMO 7.7and (b) Hybrid
111 crash dummy mode from MADYMO 7.7.

3.2.5. Contact Modd

Contact between the crash dummy and the UAS was model ed based on a non-smooth,
force-penetration contact model in which the contact force is a function of the penetration and
velocity of penetration [14]. Contacts compliance characteristics between a UAS model and
the crash dummy was approximated using an el astic-perfectly plastic contact model based on
Hertz eastic contact model proposed by Brake [23]. Materias property of UAS (e.g. ABS
plastic, and Aluminium) was obtained from an online source, MATBASE [24]. For a crash
dummy, the head contact surface was assumed to have characteristics of a human head scalp
and the materials property was obtained from the experiment presented by L ozano-Minguez et
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al. [25]. Since the materials properties come in ranges of values, the contact curves derived
then consist of an upper and lower bound curve, corresponding to the lower and upper values
of the materials properties. Additionally, the friction coefficient was introduced to contact
models between the UAS and the dummy head. The friction coefficient of 0.3 was used for
UAS front contact and camera bottom surface contact. To account for the dig-in effect of the
camera frontal contact which has a small contact area, the friction coefficient of 1.2 was used.

In addition to the contact with the human head, two contacts between interna parts of
the UAS are also accounted for. The first contact is between a damp plate and the main UAS
body and the second contact is between the lower and upper parts of the camera gimbal. All
contact points are presented in Figure 3.6. The contact compliance curves for UAS to human
head contact and UAS internal parts contacts implemented in MADYMO is shown in Figure
3.7.

UAS front /

contact -

-

Camera front

mntact\ L % s

Camera bottom = —
contact

| b —

—

Figure 3.6. [llustration of contact areas between UAS and crash dummy head (red) and contact areas of UAS inter nal
parts (blue).

Figure 3.7. Contact compliance curvesfor (a) UAV —human head contactsand (b) UASinternal parts contactsderived
using an elastic-perfectly plastic contact model based on Hertz contact proposed by Brake [23].

3.3 Validation of Multibody System M odel

The MBS model of the DJI Phantom |11 UAS was implemented and integrated with the
human body and crash dummy modelsin MADY MO 7.7. Subsequently, thisintegrated model
was validated using experimenta data from a full-scale crash test between a DJI Phantom 111
UAS and the FAA Hybrid Il crash dummy performed by ASSURE [6]. The tests measured
the head center of gravity (CG) accelerations, neck forces and moments of the crash dummy at
various impact angles and vel ocities to estimate head and neck injuries.

To ensure that the UAS model has arealistic impact force transfer to the head, head CG
resultant acceleration and upper neck force of the crash dummy were validated. A simulation,
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which consisted of the UAS model and the Hybrid I11 crash dummy model, was set up in a
similar manner to the ASSURE’ s impact tests as shown in Figure 3.8. The crash dummy was
seated on arigid seat with full back support and the UAS impact velocity vector was aligned
toward the head center of gravity to smulate CG-CG impact. UAS angle of attack was set at
zero, aligning with the horizonta axis. Elevation angle, 6, and impact velocity, Vimpact, Of the
UAS model was set to simulate equivalent testing conditions to the ASSURE experiments.
Three impact cases that were validated were vertical, angle and horizontal impact cases, which
corresponding to ¢ of 90°, 58°, 65° and 0°, respectively. The ssimulation was run on a 2.6 GHz
processor, resulting in a computational time for each ssmulation of approximately 120 s.

Figure 3.8. Setup for integrated mode validation in MADYMO. The MBS model of the Hybrid 111 50th percentile
(male) crash dummy that was used in ASSURE impact drop testing [6]. For the model, the dummy is assumed to be
seated on arigid seat and the UASimpact velocity isaligned with the CG of the crash dummy.

3.3.1. Vertical Impact Validation

For vertical impact case (¢ of 90°) in which the UAS model fell vertically on the crash
dummy, validation was performed at two impact velocity: 9.9 m/s and 15.1 m/s. Figure 3.9
shows a comparison of time sequences between the model and the test of the vertical impact
event at 15.1 m/s impact velocity. The kinematic of the UAS model corresponds well with the
experiment, showing similar full compression phase of the UAS at approximately 7 ms, and
similar rebound and rotational characteristics.

0ms 7 ms 14 ms 21 ms 28 ms 35 ms

(b)

Figure 3.9. Comparison of (a) MBS model versus (b) ASSURE experiment from [17] at 90° elevation angle and 11.2
m/simpact velocity.

58



Figure 3.10 shows a comparison of head CG resultant acceleration in the time domain
of the vertical impact case a 9.9 m/s and 15.1 m/s between the model and ASSURE's
experiment. For impact velocity of 9.9 m/s, the simulated results show a good correlation with
Experiment 2 but show dight discrepancy with Experiment 1 and 3. Despite the differencesin
experimental results, it is obvious that the simulated model can produce avery similar trend to
the real-world system. For 15.1 m/s, the acceleration from the model agrees well with the
experimental results for the first 5 ms. In the figure, the first peak represents the contact force
from the contact initiation between the two bodies. The second peak occurs when the whole
UAS body transfers impact energy to the dummy head, while the third peak shows the UAS
bouncing off the dummy head. The primary first and second peak corresponds well with the
real system, while the third peak shows a significant difference. In the third peak region, the
head acceleration from the model damps out at a lower rate comparing to the experimental
results. It isinfluenced by two main factors: rebound characteristics of the UAS model and the
dummy model neck response.

Figure 3.10. Comparison of the resultant acceleration-time history of head CG between MBS model and ASSURE
experimental resultsat 9.9 m/sand 15.1 m/simpact velocity and 90° impact angle.

59



The accuracy of the model of such a complex system typically deteriorates over time,
as more components are interacting and influencing one another. In addition, such discrepancy
between the model and experiments may come from the lack of damping introduced in the
model —these parameters are difficult to measure and model accurately. Nevertheless, for such
impact case, the first two peaks are most important to the determination of the head injury
criteria, such asthe HICgs.

Upper neck force in x and z-directions were validated for vertical impact at 9.9 m/s
and 15.1 m/s impact velocity as shown in Figure 3.11. For the upper neck force in the x-
direction, the model over predicts the maximum peak force by approximately 60% and 33%
for 9.9 m/s and 15.1 m/s, respectively. Despite the large percentage differences, the force
differences, which islessthan 100 N, are not large enough to significantly affect neck injury
prediction. Furthermore, upper neck forcein the z-direction for both velocities from the model
show good agreement with the experiments with approximately 13% and 6% differences in
peak force values for 9.9 m/s and 15.1 nV/s, respectively.

Figure 3.11. Comparison of force-time history from the upper neck load cell in x- and z-dir ections between MBS model
and ASSURE experimental results at impact velocities of 9.9 m/sand 15.1 m/s and at 90° elevation angle.
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3.3.2. Angled Impact Validation

0 ms 7 ms 14 ms 21 ms 28 ms 35 ms

Figure 3.12. Comparison of (a) MBS model versus (b) ASSURE experiment from [17] at 65° elevation angle and 11.3
m/simpact veocity.

Head CG accelerations and upper neck forces were validated at impact angles of 59°
and 65°. Figure 3.12 shows a comparison of time sequences between the model and experiment
of 65° impact event at 11.3 m/s impact velocity. The overall kinematics of the UAS model is
different from the experiment. Such differences can be explained by the differencesinthe UAS
model fidelity. In this angle impact, camera-gimbal which isthe contact point is modeled as a
singlelumped masswith only atrand ational and revolutejoint. Such asimplified model differs
from the real UAS which consists of multiple revolute joints and free-rotating parts, thus
leading to the differences in the timing of parts interaction. In addition, the camera points

forward in the model, while in the experiment, the camera pointed downward — resulting in
different moment arm lengths.
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Figure 3.13. Comparison of resultant head CG acceleration-time history between the MBS model and ASSURE
experimental results. Impact velocities of 11.3 m/sand 14.0 m/s at 65° and 58° impact angle respectively.

In Figure 3.13, the model produces similar trends for head CG accel erations comparing
to the tests. The contact force and its damping characteristics of the model produces an over-
estimated head acceleration as can be seen in the variations of the first peak. One of the
influencing factorsis contact damping, which is not introduced in the contact model. In the real
system, skin damping is expected as the crash dummy skin is made of vinyl which is highly
damped. In addition, the full compression phase of the UAS in the test (represented by the
second peak of the head acceleration) occurs approximately 2 ms after the contact phase. Such
lagging is different from the model because the model does not take include the effect of free
rotating parts and has alower number of joints.

For upper neck forcesin x and z-directions, the model corresponds well with the tests
but with a dlight overestimation of the contact forces, which are shown at approximately 1.5
ms in Figure 3.14. The peak force differences for 14 m/s at 58° impact case is less than 10%.
For 11.2 m/sat 65° impact case, the peak force differences are within 15%, which iswithin an
acceptable limit of 20%.
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Figure3.14. Comparison of thefor ce-timehistory of angle-impact casesof theupper neck load cell in x- and z-directions
between MBSmodel and ASSURE experimental results. Impact velocitiesof 11.3m/sand 14.0 m/sat 65° and 58° impact
anglerespectively.

3.3.3. Horizontal Impact Validation

The horizontal impact was the last validation case, in which head CG accel erations and
upper neck forceswere validated. Figure 3.15 shows the comparison for head CG accel erations
between the model and the tests. The modeling result correspondswell with Experiment 2 (with
4% difference in peak acceleration) but shows a significant difference to Experiment 1 and 3.
Nevertheless, there is a large discrepancy between the experimental results. In horizontal
impact case, a full-body collison occurs, meaning that only a center mass of the UAS
mainframe contacted the dummy head. No other components, such as camera gimbal, in
between to delay impact time. Thus, only asingle peak of head C.G acceleration is observed.
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Figure 3.15. Comparison of resultant head CG acceleration-time history between the MBS model and ASSURE
experimental results. Impact veocity of 5.3 m/s at 0°impact angle.

For upper neck forcesshown in Figure 3.16, the model produces similar trends compare
to the tests for both x and z-directions but with different peak force magnitude. For the force
in the x-direction, the model peak force difference comparing to Experiment 2 was almost 58%.
The model peak force difference reached almost 74% for the force in the z-direction comparing
to Experiment 2. In the experimental results, upper neck force in z-direction almost doubled
the force in the x-direction, which is the opposite to the modeling results where the force in x-
direction doubled the force in the z-direction. The differences may stem from the contact point
which may differ between the model and the tests, and MADY MO crash dummy’s ssimplified
facia detailswhich were represented by only a smooth ellipsoid without a nose. Additionally,
the gravitational effect was not included in the model, which may give adownward velocity to
the UAS upon impact.

Figure 3.16. Comparison of thefor ce-timehistory of angle-impact cases of theupper neck load cell in x- and z-directions
between MBS model and ASSURE experimental results. Impact velocity of 5.3 m/sat 0° impact angle.



3.3.4. Head Injury Criteria (HIC) Levels

Based on the validated head CG accel eration and neck forces'moments results from the
model, the head injury criteria (HIC) and neck injury criteria (N;) were computed and
compared against the experimental results. For the HIC injury criteria, HICys5 was implemented
asit issuitable for short duration impact (The value 15 refersto the 15 ms time period starting
from the moment of impact). Functionally, the HIC represents the peak average power
delivered to the head [26]. Based on Federal Motor Vehicle Safety Standards (FMVSS), a
HICis value of 700 is considered to be a minimum safety standard for non-fatal impact [27].
The equationsfor the HIC is:

25
1 %
HIC(‘27t1) = Toﬁrpi)i& {(tz - tl) I:tz _ t1 ;[a(t)dt} } (3.2)

Proposed by the National Highway Traffic Safety Administration (NHTSA), the Njj is
a neck injury criterion which considers the upper neck force and moment [28]. The “ij”
representsindicesfor the 4 injury mechanisms; namely Ny, Ntr, Ncg, and Ncr. The first index
represents the actual load (tension or compression) while the second represent sagittal plane
bending moment (neck flexion or extension). The current performance limit of the N;; is 1
which represents a 22% risk of greater than the Abbreviated Injury Scale (AIS) level 3 [29].

The equation for the N is:
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where F, isthe axial load, F;,; isthe corresponding critical intercept value of load, My isthe
flexion/extension bending moment computed at the occipital condyles (OC), and Min is the
corresponding critical intercept value for moment [27]. Using the equations above, the values
for HIC1s and Nij from the model were cal culated and compared against the experimental results
asshownin Table 3.4.

Table 3.4. Comparison of HICss and Njj between MADYMO simulation (average values) and experimental results.
Colour scale shows per centage difference leve, ranging from per centage difference interval of 0-10% (light grey), 10-
20% (grey), 20-30% (dark grey), and =30% (black).
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Based on the comparison in Table 3.4, the HICys from the model correlates well
(differences less than 10%) with the experimental results, except for 90° impact case at 15.1
m/s (difference of 20-30%). For the Nj; injuries prediction, the model estimated comparable
values to the experimental results. Even though the upper neck force influences the N; levels,
the upper neck moment is aso critical. Upper neck moment is sensitive to impact positions,
seating postures of the dummy, as well as dummy’s neck positions and angles. Therefore, the
upper neck moment is one of the contributing factors to this discrepancy. It should also be
noted that the Njj levels that exceeded 30% difference from the experimental data are mostly
of low valuesthat are not significant. Despite dlight discrepancies, the comparison that the UAS
model ssimulating a similar impact response and can produce arealistic head and neck injuries.

3.4 UASImpact on the Human Body

Applications of UAS operations may pose ground collisions risks to human. With the
validated UAS multi-body system models, impact severity on the human body due to UAS
collision can be simulated and analyzed. Figure 3.17 shows an impact simulation setup between
the UAS model and the human body model in MADY MO. The objective of the simulation is
to determine the head (HICis) and neck (N;) injuries of the human body due to UAS collisions.

The smulation was performed on frontal, side and rear impact (corresponding to the
impact angle, a, of 0°, 90° and 180°, respectively) at various elevation angles, 6. Impact
velocities, Vimpact, Were varied from 0 to 18 m/s with an increment of 2 m/s. The human body
model was seated on anon-smooth rigid seat with contact definition predefined by MADYMO.
An impact velocity vector from the UAS CG was aligned towards human body head CG in
order to simulate CG to CG impact conditions. The UAS angle of attack was fixed to 0° from
the horizon axis for all impact case. By solving the model on a 2.6 GHz processor, the
computational time for each simulation took approximately 30-40 s.

Figure 3.17. UAS to human body model impact setup in MADYMO. a istheimpact angle on the transverse planein
which 0°, 90°, 180° correspondsto frontal, side and rear impacts, respectively. @ isthe elevation anglein which 0°, 45°
and 90° corresponds to horizontal, angle, and vertical impacts, respectively.

3.4.1. Head Injury Criteria (HIC)

From the simulations, the HICs for frontal, side and rear impact were calculated and
plotted in Figure 3.18. The maximum operational speed for the DJI Phantom 11 is 16 m/s and
is overlaid in the figure to specify the limit. From the figure, the value of HICys rises non-
linearly asimpact velocity increases, while the slope increases as the elevation angle increases
for frontal, side and rear impact.
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Figure 3.18. Calculated head injury criteria (HI Cis) from the UAS-human body mode simulation at different impact
velocities and speedsfor frontal, sdeand rear impact cases. Thevalue of 700 isthelimitsfor HI Cisin which no critical
head injury occurs.
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For frontal impact (o = 0°), the HICis exceeds the specified limit of 700 at
approximately 14.8 m/s at 0° elevation angle which corresponds to the horizontal impact. At
the UAS maximum speed of 16 m/s, the HIC1s already passes the value of 903, in which arisk
of serious head injury is probable. The eevation angle of more than 20° results in the HICs
level of lessthan 700. For side impact, the HICys val ue exceeds 700 at approximately 15.5m/s
for the elevation angles of 0°, 10° and 20°. At the maximum speed of 16 m/s, the maximum
HIC15 value reaches 797 for 20° elevation angle. As for rear impact (a = 0°), the HIC1s value
passes 700 at 14 m/s and 14.5 m/s for the elevation angles of 0° and 10° respectively. For 0°
elevation angle at rear impact, as the UAS reaches maximum speed, the HIC15 exceeds the
value of 1000.

It is evident that the HICys value decreases as the elevation angle increases. For al 3
impact angles, severe head injury is less probable as the elevation angle goes beyond 30°. For
all impact angles, the elevation angle of 90° (vertical impact) results in less than 200 of the
HICys value at the maximum UAS velocity.

3.4.2. Neck Injury Criteria (Nj)

The N;j results from the ssimulations are plotted in Figure 3.19 and Figure 3.21. For all
impact angles (frontal, side and rear), Nrte and Ntr values are relatively low comparing to Nce
and Ncr since the applied load often results in compression and rotation of the human neck.
For all impact angles, the Nce and Ncr values increase as the impact velocity increases and the
dope of the curvesrises asthe elevation angle increases. Higher elevation angle meansthat the
load direction of the UAS on the head becomes more vertical, resulting in alarger compressive
force in the neck. It is evident that serious neck injury due to the DJI Phantom 111 UAS (Wo =
1.2 kg) collision isimprobable to occur to the human body, asthe N;; values are less than 1 for
all impact and elevation angles.

For frontal impact case, the neck injury is most likely to occur under vertical and angle
load cases # < 60° due to a higher compressive load in the neck. Horizontal impact case (0 =
0°) islesslikely to inflict any neck injury which isin contrary to the head injury. Like the side
impact case in which compressive load is more prominent than the flexion/extenson upper
neck moment, the neck injury is also low for horizontal impact case. The Nj; results for side
impact case is shown in Figure 3.20.

Rear impact, which is quite different from the frontal impact case, shows that neck
injury is most likely to occur at elevation angle, 8, of 60°. As shown in the Nce plot in Figure
3.21, the Nce value reaches approximately 0.52 at the maximum UAS operational speed of 16
m/s. Since there is no frontal support for the thorax, the head, neck and upper body moved
forward freely, resulting in a hyperextenson of the neck. The result is a lower compressive
force, but alarger extension moment in the upper neck.
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Figure 3.19. Calculated neck injury criteria (Njj) from the UAS-human body model impact smulation at different
impact velocities and elevation angles for sideimpact case.

Figure3.20. Neck injury criteria (Nj;) from the UAS-human body model impact simulation at different impact velocities
and elevation angles for sideimpact case.
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Figure3.21. Neck injury criteria (Nj;) from the UAS-human body model impact simulation at different impact velocities
and elevation anglesfor rear impact case.

In addition, Figure 3.22 shows the comparison of the overall trends between the Nj; and
the HICys at different elevation angles at UAS maximum velocity of 16 m/s. Asthe elevation
angle increases, the Njj values (such as Nce and Ncr) increases while the HICys decreases. This
shows that the loading direction plays a significant role in determining the injury mechanism.
Vertica load on the human head inflicts higher neck injury more than the head injury, while
horizontal load inflicts head injury more. In horizontal impact where the elevation angle is a
0°, the neck system has minimal effect in absorbing impact energy, resulting in higher head
CG acceleration. As the elevation angle increases, the impact force starts to transfer directly
into the neck system, lowering and increasing the chance of head and neck injury, respectively.
The neck injury is highest when the elevation angle is roughly 60°-70° due to the high
compressive force in the upper neck that is coupled with neck extensive/flexion moments.
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Figure 3.22. Analysis of elevation angle effect on the Nij and HICys overall trends for frontal, sideand rear impact at
UAS maximum velocity of 16 m/s.

3.5 Discussion

3.5.1. Discussion on UAS MBS Modeling and Validation Results

The developed UAS MBS model shows a good correlation to the real impact
experiments and can be used to simulate the ground impact on the Hybrid I11 crash dummy.
This modeling technique allows afast computational time when comparing to FEM modeling,
which is preferable if various impact cases are being investigated. A single lumped mass with
asingle Kelvin and Cardan springs/dampers representing a gimbal system produces resultsin
vertical impact case similar to the experiments. However, in an angle impact case, such
simplified lumped mass can only produce a similar trend of impact force transfer but need
further refinement in order to better match the experimental results. Improving it could result
in a better impact response, but with a trade-off on mode simplicity and computational time.
Further investigation is still needed to see the value of such improvement.
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The contact force characteristics derived using analytical equation gives a good
response as shown in the validation results. However, contact damping was not included which
israther unrealistic since there are no materials without internal damping. The lack of damping
resulted in an over-predicted contact force which is shown in Figure 3.13 and Figure 3.14. For
joint restraint characteristics, by obtaining force-deflection curves experimentally enable the
non-linear effect of the real system to be captured, which can aso include internal parts
breakage as shown in Figure 3.4(b). This approach produces good results in all impact cases
and resulted in realistic kinematics of the UAS.

Furthermore, the estimation of the damping coefficient for joint restraints proved to be
rather difficult. No smple analytical method was appropriate to use and, thus, a ground
vibration test was performed for critical joint restraints to determine the natural frequencies.
Using Equation 3.1, the damping coefficient was approximated and implemented in the model.
This method resulted in good results. However, a better approximation can be done by
performing a parameter estimation based on a set of calibration data. The optimization
algorithm, such as a genetic algorithm, can be employed to automatically search and estimate
damping coefficients for all joint restraints. Thiswill be considered in future work.

3.5.2. Discussion on Human Body Injury, Limitations and Future
Work

According to the presented results in section 3.4 , a UAS poses serious harm to the
human head when a full body collision (collision without gimbal in between the UAS and the
human head) is expected. Such collision is seen in horizontal impact cases where elevation
angle, 9, isat 0°. A gimbal system underneath the UAS significantly lessen the head/neck
impact severity by absorbing the impact energy of the UAS. In vertical impact, the UAS was
assumed to fall with a constant angle of attack horizontally to the ground, resulting in the
gimbal hitting the human head first. Practically, it is unlikely that such a perfect collision may
occur. On the other hands, a UAS would often lose balance and spin down with uncontrolled
attitude. Thismay result in a full body collision where the main fuselage of the UAS collides
on the human head and serious head/neck injury could be expected. This impact attitude
variation will be further investigated in the future work to determine the worst impact attitude.

Furthermore, both the HIC1s and N plots show that rear impact, which resulted in the
head moving forward, inflicted higher injury than frontal and side impacts. One possible
explanation is the back seat which does not support the human body in forward motion.
Without such support, the head can accelerate forward easier without a significant restraining
force from the neck system. This shows that for an analysis of UAS collision on pedestrian
where thereisno seating support, amore elaborated simulation and analysisis needed. A future
work should also include a simulation setup where the pedestrian isin a standing position and
walking velocity should be incorporated.

There is also quite a significant difference in HIC1s and Njj values between a crash
dummy and the human body which is expected. Even though crash dummies are based on the
human body, road vehicle crashworthiness analysis shows that limitationsin biofidelity of the
dummies can result in different biomechanical head and neck responses comparing to the real
human [30]. Based on Sances and Kumaresan [31], an experimental work comparing between
the Hybrid 111 crash dummy and human cadaver under an inverted drop showed that the dummy
neck was two to four times stiffer than human cadavers. Additionaly, a follow-on an
experiment by Sances et al. [32] indicated that the crash dummy system transmits about 70-
75% of the applied force from the head or upper neck to the lower neck area. On the other
hands, only about 20-30% of the applied force was transmitted from the head to the lower neck
in the study on a human cadaver. Future work will elaborate on such difference to understand
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if an appropriate UAS weight threshold can be made based on a crash dummy.

In this paper, only afew injury criterions were used to investigate injury on the human
body, namely; head injury criterion (HICis) and neck injury criterion (Nj). HICss is quite
suitable for the problem investigated but other head injury criterions should a so be employed,
such as, braininjury criterion (BrlC) which considers head rotationa acceleration [33]. Nij was
implemented in this work to investigate neck injury, but this criterion is mainly designed for
whiplash injury analysis which only considers injury in flexion/extension directions. Thus, N;;
is not appropriate for side impact analysis and other neck injury criterions will be further
investigated in future works, namely; Nim, NIC, LNL or ND criterions. For example, Nkm
considers the side force in the upper neck, making it more appropriate for side impact case.
Therefore, the neck injury analysis in this work needs further elaboration before a sound
conclusion can be made on the human neck injury level dueto UAS collision.

Lastly, one of the main advantages of employing a multibody system approach to model
such collision scenarios is the scalability of the model. With a simplified model construct, this
allows the UAS model to be scaled up or down in terms of size and mass. Scaling factors will
need to be determined experimentally for each joint restraint characteristics, damping
coefficients, and mass/inertia properties. Thisscalability of the mode will beincluded infuture
work.

3.6 Conclusions

In this paper, amultibody system (MBS) model of aDJl Phantom |11 UAS was devel oped
and integrated with a validated human body and crash dummy models that are available in
MADYMO. The DJ Phantom |1l represents a small UAS weight class (Wo = 1.2 kg). The
developed MBS consists of multiple lumped masses which are connected via restraint joints.
Each joint is restraint using Kelvin spring and damper, and force-deflection characteristics of
each joint were obtai ned experimentally. Force penetration contact model, derived analytically,
was implemented to model impact interaction between the UAS and a crash dummy (or the
human body), as well as interactions between the UAS internal parts.

The integrated model of DJI Phantom [l UAS contacting and impacting the crash
dummy has been validated by comparing model simulation resultswith ASSURE experimental
results of DJI Phantom II1 UAS drop tests on a Hybrid 111 crash dummy. This comparison
shows that the smulated impact events and impact forces are similar to those measured in the
real-world impact tests of ASSURE, at various impact velocities and el evation angles.

Using the validated UAS model, impact smulation of the UAS collision on the human
body was performed. The aim was to determine the impact severity of the UAS on the human
body. Frontal, side and rear impacts were investigated, and the elevation angles were varied to
simulate horizontal, angle and vertical impact cases. Based on the head injury criterion (HICss),
the results show that UAS horizontal impact can inflict HICs1s of more than 700. This means
that serious head injury, such as skull fracture or brain damage, is probable. For neck injury,
the prediction Nj; criterion shows that there is alow chance of neck injury and vertical impact
tends to inflict higher neck injury, but still with in the Nij performance limits of 1. Therefore,
based on the analysis in this paper, it can be concluded that the UAS with a mass of
approximately 1.2 kg caninflict serious head injury on the human body.

Follow-up research will be to extend the MBS model development and integration with
human body modelsin MADY MO for other UAStypes and for other human body modelsthan
the 50% male one. With the extension to other UAS types, the effect of landing gears will be
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included for offset impact analysis on the human head.
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Appendix 3A: Effect of Component Stiffness on Head Force

Thispreliminary study isto determine the difference in impact force on the human head
due to UAS collison at different point of contact on the DJ Phantom |1l UAS. Head
acceleration resulted from UAS collision from three different contact points (Frontal contact,
camera gimbal, and landing gear) are modelled and compared using a smplified lumped
parameter mass (LPM) model. Each point of contact has different stiffness which affects the
impact force between a UAS and the human head.

Figure 3.24 shows the force-deformation curves of a different point of contact. Frontal
contact force-deformation curve was approximated using modified Hertz contact [23]. Camera
gimbal and landing gear force-deformation curves were measured experimentally using static
compressive test. Frontal contact (main fuselage body) is the stiffest point of contact with a
stiffness value of approximately 83000 N/m. Camera gimbal has a stiffness of approximately
35000 N/m. The landing gear is the softest component with the stiffness of 15625 N/m.

Figure 3.23. Static compressive test to determine the for ce-deformation curve of each component.
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Figure 3.24. For ce-deformation curve of three different points of contact.

To assess head-accel eration, the simplified LPM UAS-human head model was devel oped.
The human head/neck LPM model is from Wei and Griffin [34]. UAS is lumped into one
lumped mass with a spring representing the components (frontal contact, camera gimbal and
landing gear). Stick assumption was applied, meaning that the UAS is attached to the head after
the collision. The model wasrun for 0.016 sat UASimpact velocity of 18 m/s (maximum UAS
speed). The modeling results are shown in Figure 3.26. The figure shows that frontal contact
resultsin the highest head force with apeak force of more than 17700 N. Gimbal contact results
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in the peak force of approximately 9000 N. Landing gear, which is the softest component,
resultsin the head force of less than 4300 N.

M Xuas

kUAS

Xhead
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Figure 3.25. Simplified UAS-head lumped parameters model. Head/neck mass and stiffnessis
from Wel [34]
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Figure 3.26. Force-time history of the human head at head CG dueto UASimpactswith
different point of contacts at impact velocity of 18 m/s.
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Modelling Head Injury dueto
Unmanned Aircraft Systems Collision:
Crash Dummy vs Human Body

Recent devel opmentsin the concept of UAS operationsin urban areas have
led to risk concerns of UAS collision with human. To better understand this risk,
head and neck injuries due to UAS collisions have been investigated by different
research teams using crash dummies. Because of the limitations in biofidelity of a
crash dummy, head injury level for a crash dummy impact may differ from the
human body impact. Therefore, the aim of this paper is to investigate differences
in head and neck injuries subject to UAS collision between an often-used Hybrid
[l crash dummy and a human body. To perform such investigation, multibody
system (MBS) impact model s have been used to simulate UASimpacts on validated
models of the Hybrid IIl crash dummy and the human body at various impact
conditions. The findings show that the Hybrid Il predicts similar head and neck
injury compared to the human body when UAS collides horizontally from front and
rear. However, the Hybrid 11l over-predicts head injury due to horizontal side
impact. Moreover, under vertical drop and 45 degree elevated impact of UAS the
Hybrid 11 under-predicts head injury, and over-predicts neck injury.

This chapter has been published as “Rattanagraikanakorn, B., Schuurman, M., Gransden, D. 1.,
Happee, R., De Wagter, C., Sharpanskykh, A., and Blom, H. A. P., “Modelling Head Injury due to
Unmanned Aircraft Systems Collision: Crash Dummy vs Human Body,” International Journal of
Crashworthiness, 2020, pp. 1-14.”
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4.1 Introduction

Unmanned aircraft systems (UAS) are expected to operate in low-level airspace in an
urban environment where population density is high. The risk from such implementation has
given rise to the question of the safety of people on the ground. This motivates efforts to
understand the impact severity of UAS collision on human through analytical or experimental
approaches. In impact experiments, an anthropomorphic test device (ATD), i.e. the Hybrid I11
crash dummy, is widely used as a representative substitution of a real human body.
Campolettano et al. [1] performed a series of live flight test and impact drop test using three
different UAS weight classes on an instrumented Hybrid I11. The Alliance of System Safety
of UAS through Research Excellence (ASSURE) research group also conducted a series of
controlled impact drop test using DJI Phantom Il UAS on the Hybrid Il crash dummy at
various UAS impact attitudes and speeds [2-4]. These tests provide valuable insightsinto head
and neck injury from UAS collision. The aim of the test was to estimate the range of head
injury risks to humans due to UAS impact.

Even though Hybrid 111 isbased on the human body, for road accidentsit has been shown
that limitationsin biofidelity of a crash dummy can result in different biomechanical head and
neck responses compared to the real human [5]. The human body neck complex is the spine
which isabiomechanical structure composed of bony vertebrae, ligaments, and intervertebral
discs[6]. It isaflexible structure with a primary function to protect the spinal cord and nerve
roots while carrying loads and perform the physical motion. The Hybrid 111 neck is designed
to represent the cervical human spine by connecting the head and torso through a rigid
attachment. The neck itself isaone-piece column made of rubber separated by aluminum discs
and thereis no inherent curvature to the Hybrid 111 neck column [6].

Based on experimental work by Sances et al. [7], a comparison of inverted drops on the
Hybrid 111 and human cadavers showed that the dummy neck was two to four times stiffer than
human cadavers. Additionally, an experiment by Sances et al. [8] indicated that the Hybrid I11
crash dummy transmits about 70-75% of the applied force from the head or upper neck to the
lower neck area. On the other hand, only about 20-30% of the applied force was transmitted
from the head to the lower neck in the study on a human cadaver. Such differences can lead to
a discrepancy in head injury level on a human body and a Hybrid 111 crash dummy used in
testing.

In any investigation to determine the impact severity of a particular vehicle, it is vita
that the measuring instrument is appropriate to serve the investigation objective. In this case,
it isimportant to know whether aHybrid I11 dummy is a suitable measuring instrument for an
investigation on UAS collision severity and can redlistically represent a human body. If the
discrepancy between the Hybrid 111 dummy and a real human body is significant, then it is
important to address the scale of such difference. Therefore, the primary aim of this paper is
to investigate differences in head and neck injury levels on a Hybrid Il dummy and on a
human body due to UAS collisions by using validated Multi-body system (MBS) models of
the Hybrid 111 dummy, human body, and UAS.

This paper is organized as follows. Section 4.2 describes the modelling and analysis
methods including the models used in the ssmulation. Section 4.3 presents the comparative
results from the models developed and simulated in MADYMO. Section 4.4 and 4.5 present
the discussion of the results and the conclusion, respectively.

The current paper forms a significantly extended version of the paper presented at the
2019 AIAA Aviation Forum conference [9].
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4.2 Modelling and Simulation Approach
4.2.1. UAS, Hybrid Il and Human Body Models

For a comparison of injuries due to UAS collision with a Hybrid [l crash dummy
versus a human body, validated numerical simulation models are implemented in the software
package called MADY MO [10] and are subsequently utilized. The UAS chosen for this study
was the DJI Phantom 111 with a take-off weight (W,) of 1.28 kg. For this specific UAS, a
multibody system (MBS) model shown in Figure 4.1 has been developed and validated in
previous research [11]. For the validation, the smulation results obtained from this MBS
model of a DJI Phantom |11 colliding with a Hybrid 1111 dummy have been compared to the
crash test data obtained by the ASSURE research group [4]. Impact data from the ASSURE
research group was chosen for validation of this impact model because of its large range of
controlled impact cases and precise measuring data.

To smulateinjury levelswithin MADY MO, the UAS MBS model that was previoudy
coupled with a 50" percentile MBS model of a Hybrid 111 dummy is now also coupled with a
50" percentile MBS model of a human body, as shown in Figure 4.2. “50" percentile” refers
to the size of the human body which is equivalent to the average North American male. An
MBS model of this 50" percentile Hybrid |11 has been validated against a real Hybrid |11 at
various load conditions [12,13] which is distributed with MADYMO (filename:
d_hyb350el_Q, version 2.0). A 50" percentile model of a human body is also distributed with
MADYMO (filename: h_occ50fc, version 5.2) and was originally published by Happee
[14,15]. This human body model is also an MBS with a passive muscle model and the skinis
modelled using a facet surface which is a mesh of shell-type massless contact elements. The
skeleton of this human body model consists of chains of rigid bodies connected by kinematic
joints. The biomechanical data including joint characteristics and mechanical properties are
based on biomechanical dataand are validated using vol unteer and post mortem human subject
(PMHS) [16].

Z

|
(@) (b)

Figure 4.1. DJI Phantom Il UAS used in impact modelling: (a) real-world system and (b) multibody system (MBS)
model developed in MADYMO [11]. Thetwo landing skids ar e neglected in the MBS model sincethey are such flexible
that their impact effect is negligible [11].

4.2.2. Simulation Setup

Because the head is the most vulnerable part of the human body, this paper focuses on
MBS simulation of impact of DJI Phantom 111 collision with the head of the Hybrid 111 dummy
versus the head of the human body. In the smulation set up, the Hybrid 111 dummy and the
human body are seated on non-smooth rigid seats with full back support. The velocity vector
of the UAS is aligned with the head centre of gravity (CG) of the Hybrid I11 and the human
body. The UAS angle of attack was fixed at 0° from the horizontal axis for all impact case.
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Impact simulations were performed by varying three main parameters; impact vel ocity
(V), impact elevation (), and impact direction () (see Figure 4.2). Impact velocity (V) is
varied from 0 to 18 m/swith an increment of 2 m/s. Note that impact velocity is converted and
presented in a form of impact energy, varying from O to 196 Jwhich is equivalent to O to 18
m/sfor the DJI Phantom I11. Impact elevation (0) is set to 0° (horizontal impact), 45° (elevated
impact) and 90° (vertical drop). The horizontal and elevated impact cases represent a loss of
control failure mode in which the UAS flies directly onto the head. The vertical drop case
represents afailure modein whichaUASfallsto the ground dueto the compl ete loss of power.
Lastly, impact direction (y) is set to O° (frontal), 90° (side), and 180° (rear). The simulation
was run on a 2.6 GHz processor, resulting in computational time of approximately 60 s and
120 sfor the human body and the Hybrid [11 dummy, respectively.

To assess the risk of serious head injuries such as traumatic brain injury or skull
fracture, the head injury criterion (HIC) was used [17,18]. Functionally, the HIC represents
the peak average power delivered to the head [19]. It measures the likelihood of head injury
due to impact by integrating head CG accel eration over time, and the formulais,

25
1 %
HIC,, ) = max {(t2 —tl)L iy ! a(t)dt} } (4.1)

2

Where a(t) is the head CG acceleration curve, t; is the initial impact time and t2 is the fina
impact time. There are two time-range limitswhich are 15 ms and 36 ms. In this paper, the 15
ms time range limit is chosen as it is more appropriate for a short-duration impact study. The
HIC with 15 mstime range limit is referred to as HICis which is the term used in the rest of
the paper. Based on FMV SS and NCAP, the HIC value of 700 is considered to be a minimum
safety standard where the probability for skull fracture (AIS> 2) for the mid-sized maleis 31%
[20]. To measure head acceleration, both the Hybrid Il and the human body models are
instrumented with 3 single-axis accel erometers positioned at the CG of the heads. A low-pass
filter with a channel frequency class (CFC) 1000 is applied to linear acceleration curves from
the head CG accelerometers.

Figure 4.2. Smulation setup in MADYMO of UAS callisions on (a) the Hybrid I11 model and (b) the human body
mode.

Furthermore, the N;; is a neck injury criterion that considers the upper neck force and
moment proposed by the Nationa Highway Traffic Safety Administration (NHTSA) [21]. The
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“i)” represents indices for the 4 injury mechanisms; namely Nte, Ntr, Nce and Ncr. The first
index j representsthe actual load (Tension or Compression) while the second index j represent
sagittal plane bending moment (neck Flexion or Extension). The current performance limit of
the Njj is 1 which represents a 22% risk of AlSlevel 3 [22]. The equation for the Njj is:

FZ,i
F

int,i

M

Y.i

M

N. =

1)

(4.2)

int, j

where F; is the upper neck force in Z-axis, Fint,i is the threshold force, My is the upper neck
moment about Y -axis and Mint; is the threshold moment.

4.3 Modelling Resultsfor Hybrid 111 Dummy vs. Human
Body
4.3.1. UASImpact Injuries

Overall Kinematic of Head/Neck System

From the ssmulation, the overall kinematics of the head and neck of the Hybrid I11 and
the human body is presented in Figure 4.3 to Figure 4.5. The impact sequences shown in the
figures captured the kinematic of the head and neck of the Hybrid I11 and the human body at
every 6 ms starting from contact initiation between the UAS and the head. The comparisonis
done by comparing the trajectory and displacement of the CG of the Hybrid I1l and human
body heads.

Firstly, Figure 4.3 shows the impact sequences for = 0° (horizontal impact) of UAS
impacting the heads for w equal to 0°, 90° and 180° (corresponding to frontal, side, and rear
impact, respectively). For w = 0° (frontal impact), as shown in Figure 4.3(a), the Hybrid 11
head and neck complex can redlistically mimic the movement of the human body head and
neck with ssimilar head trandational and rotational displacements. The motion observed in this
impact case is mostly head rotational motion head in an extension direction (backward) about
the lower neck. Figure 4.3(b) shows a comparable head CG displacement between the Hybrid
[11 and the human body. However, the head rotation about the body Z-axis is more significant
in the human body in this case. For y=180° (rear impact) as shownin Figure 4.3(c), the Hybrid
I11 head kinematics is comparable to the human body in which the neck section shows good
bending curvature comparable to the human body neck.

Significant differences start to be observable when the impact elevation () increases
toward the vertical direction. Figure 4.4 shows the impact case of 0 = 45° (elevated impact) of
UAS hitting the heads from y of 0°, 90°, and 180°. In this case, where UAS impact elevation
isat 45°, the downward deformation of the crash dummy neck is small when compared to the
human body. The human body head rotational direction when y equal to 0°, 90°, and 180° is
different from the Hybrid I11. In Figure 4.4(a), for w = 0° (frontal impact), the human body
head rotates in flexion direction and vice versain the Hybrid I11. Also, in Figure 4.4(c) where
the human body head rotates in extension direction but the Hybrid 11 rotates in flexion
direction. Since the Hybrid I11 isdesigned primarily for frontal impact analysis, the head/neck
construction holds anatomical difference compared to the human body head and neck
construction which is more compliance in all load directions.
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Lastly, theimpact casesfor 6 = 90° (vertical drop) is shown in Figure 4.5. Even though
the orientation of the UAS differs by 90° in each case, hitting locations are similar which
resultsin similar head and neck kinematic in cases where y equals 0°, 90°, and 180°. All three
cases presented in Figure 4.5(a) to Figure 4.5(c) show that the human body neck deforms more
than the Hybrid I11 neck inavertical direction. This shows an effect of the stiff Hybrid 11 neck
system compared to the human body neck system. Trajectory comparison shows the human
head travels further down and over alonger period of time, while the Hybrid 111 head vertical
displacement is small and with a faster rebound. In addition, the human head also rotates in
extension direction when full vertical neck compression is reached, while such rotation is
minimal in the Hybrid 111 head.

(a)@=0°
y=0°
(Frontal Impact)
Hybrid III

Human Body

b)o=0°
w=90"
(Side Impact)

Hybrid III

Human Body

©8=0°
y=180°
(Rear Impact)

Hybrid 111

Human Body -
Oms 6ms

Figure 4.3. Comparison of impact sequences between the Hybrid 111 and thehuman body for 8= 0° (horizontal impact)
at w=10°90° and 180° at 196 J impact energy (equivalent to 18 m/s impact velocity).
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(a) 0=45°
y=0
(Frontal Impact)

Hybrid 111
Human Body
(b) 8 =45°
w=90°
(Side Impact)
Hybrid 111
Human Body
0Oms 6 ms 12 ms 18 ms 24 ms
(c) 0 =45° <
W =180° %L
(Rear Impact) = =
Hybrid 111
o
Human Body

0ms 6 ms 12 ms 18 ms 24 ms

Figure4.4. Comparison of impact sequences between the Hybrid |11 and the human body for 8 =45° (elevated impact)
and v =0°,90° and 180° at 196 J impact energy (equivalent to 18 m/s impact velocity).
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(a) 0=90°
y=0°

Hybrid M1

Human Body

(b) 6 =90°
W =90

Hybrid 1T

Human Body

(c) @=90°
w=180°
Hybrid 111
Human Body

0ms 24 ms

Figure4.5. Comparison of impact sequences between theHybrid 11 and the human body for #=90° (vertical drop) and
w=0°,90° and 180° at 196 J impact energy (equivalent to 18 m/s impact velocity).
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Head I njury

Head injury criteriaor HICys is an integral of head CG acceleration of a crash dummy
or the human body heads. Before any difference in HIC1s can be realized, the difference in
head CG acceleration between the Hybrid Il and the human body has to be addressed.
Appendix 4A shows a comparison of head CG acceleration between the Hybrid 111 and the
human body models at various 8 and , and at 196 J impact energy (equivaent to an impact
velocity of 18 m/sfor the DJI Phantom 111 model).

As shown in Appendix 4A(a), for 8 = 0° (horizontal impact), head CG acceleration
signals produced from the Hybrid |11 and the human body model s match well with one another,
especialy when w = 0° (frontal impact). The phase of each signal also corresponds well
between the model. However, the Hybrid 111 produces a higher acceleration peak than the
human body when w = 90° (side impact). For w = 180° (rear impact), head CG acceleration
matches well between the two models.

For impact cases where 6§ = 45° (elevated impact), significant differences in head CG
accel eration can be observed as shown in Appendix 4A(b). For y of 0°, 90°, and 180°, the first
head CG acceleration peak which represents the contact force match well. Since both the
Hybrid 111 and human skin share similar surface stiffness, these contact forces are smilar in
magnitude. The second peak, however, is higher for the human body compared to the Hybrid
Il for y of 0°, 90°, and 180°. The second peak occurs when the entire UAS fully compresses
and impact energy is fully transferred to the head. Overall, the area under the curves for the
human body model is larger, showing the higher amount of impact energy being transferred
to the head and resultsin higher head kinetic energy. In addition, the human body neck system
damps out the impact force more than the Hybrid I11 since the observable third peak of the
human body curve in Appendix 4A(b) dissipates out with alonger period.

Appendix 4A(c) shows impact cases when 6§ = 90° (vertical drop). Both models share
similar trends with three observable peaks for i = 0°, 90°, and 180°. The phases of the first
two peaks match well between the two models. Nevertheless, noted that the head CG of the
human body accelerate faster as presented in the second peak. This shows that the human body
neck complex is more compliant than the Hybrid I11’s. As for the rebound phase, the third
peaks are 2.5 ms out of phase with one another. The last peak of the vertical impact case also
shows a similar result to the elevated impact case where the neck of the human body rebound
less and slower compared to the crash dummy. Furthermore, the differencesin HICys between
the two models tend to reach stable values as the energy increases beyond 100 J of impact
energy.

By integrating the head CG acceleration-time history curve shows in Appendix 4A
over the 15 ms time period, the HICys can be determined. Figure 4.6 shows a comparison of
the HIC1s between the Hybrid [11 and the human body (upper plot) as well as the percentage
difference of the HICgs between the two models (lower plot). For every impact case in Figure
4.6, the HICss increases non-linearly as impact energy increases. The difference of the HICis
between the two models vary differently for each impact case. The percentage plot shows a
sharp drop from very low energy to approximately 20 J. This high percentage difference at
very low impact energy can be neglected since the HICys values are near zero and have no
practical injury significance.

For 8 = 0° (horizontal impact) and w = 0° (frontal impact), as shown in Figure 4.6(a),
the Hybrid I11 produces similar results compared to the human body at with less than 7%
difference at 196 J impact energy. For = 90° or 180° (side and rear impact), however, the
human body produces higher HICys values compared to the Hybrid 111 by 23% and 47%,
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respectively at 196 J impact energy. This agrees with the head CG accel eration-time history
in Figure 4.3 which shows larger head acceleration for the human body. Furthermore, the
percentage differencesfor = 0°, 90°, and 180° reduce as the impact energy increases.

For 0 equal to 45° (elevated impact), large discrepancies in HICys values can be
observed in Figure 4.6(b). For v = 0° (frontal) results in the smallest HIC1s difference of 53%
at 196 J impact energy. Side (¥ = 90°) and rear (v = 180°) impacts, however, results in
significantly large HICys differences of 75% and 77%, respectively. These findings confirm
the impact sequences shown in Figure 4.3 to Figure 4.5, which is observed that the amount of
head displacement and the direction of head rotation differ between the Hybrid 111 and the
human body. The Hybrid 111 head displacement is rather small and head rotation is in the
opposite direction compared to the human body. This shows that more of the impact energy is
transferred to the thorax through the tiff neck and results in less head acceleration for the
Hybrid I11. Furthermore, the percentage difference for = 0° and y = 90° tend to reach stable
values after the impact energy of 100 J at 50% and 80%, respectively. Impact case for v =
180° also shows a tendency to reach a stable value of percentage difference, nevertheless,
further analysis beyond 200 Jis still required.

For 0 =90° (vertical impact), the HICy5values for the Hybrid I11 and the human body
aresimilarinall impact case (y=0°,90°, and 180°). The HIC1s percentage differences between
the Hybrid I11 and the human body are approximately 33% for all three cases at 196 Jimpact
energy. Since only impact direction (i) was varied, the UAS impact attitude and point of
contact are similar in all three cases, only the facing direction of the UAS is changed by 90°
in each case. The HICys percentage difference plot a so showsthe sametrend for al three cases
in vertical impact cases. The difference reduces as the impact energy increase, and the
percentage difference reaches stable values at approximately 30% after 100 Jimpact energy.

Besides, it is observed in Figure 4.6 that HICys values are significantly higher at 0 =
0° (horizontal impact) when compared to 8 =45° and 90°. The explanation lies in the different
points of contact between these impact cases. For § = 0°, UAS flies horizontally onto the head
and has afront fuselage as the main point of contact. Other the other hand, for =45 and 90°,
UAS collides onto the head with camera gimbal as the first point of contact. In comparison,
front fuselage is considered to be structurally more rigid than the camera gimbal which acts as
a spring-damper system that damps out impact energy. This results in significantly lower
impact energy transferred to the head when UAS drops vertically.
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Figure 4.6. Comparison of HIC5 between the Hybrid Il and the human body models (upper figures) and the
percentagein HICys of Hybrid 111 dummy relative to the 100% for the human body (lower figures) at different impact
energy, 6, and y.

Neck Injury

Neck responses between the Hybrid 111 and the human body are different due to the
difference in neck biofidelic. In the Hybrid 111, the neck complex is a ssgmented rubber and
aluminum construction [23]. Thisresultsin the dummy neck to be less compliant compared to
the human neck in avertical direction. The difference can be seen in force/moment transferred
to the neck system from the head. Appendix 4B and Appendix 4C show the differencein upper
neck force in Z-direction (Fz;) and upper neck moment about the Y -axis (My ;) between the
Hybrid 111 and the human body.

Upper neck force Fz; produced by the Hybrid 111 peak upper neck force Fz; is
significantly higher than that in the human body. The area under the curve is smaller for the
human body compared to the Hybrid 111 which shows that the amount of force transfers to the
neck system over the first 16 ms period is much larger in the Hybrid 111. The human body
upper neck Fz; curve also shows a longer energy transfer period over time. In the model, the
head of both the Hybrid |11 and the human body models are modelled as arigid sphere without
any internal deformation such as the skull or brain deformation. This means that the force
transfers from the head to the neck system in the Hybrid |11 are substantially higher than in the
human body.

Furthermore, upper neck moment My j in the dummy is significantly higher than the
human body especially when 6 = 0° (horizontal impact). Since the human body neck is made
of small vertebrae, it alows more initial trandational motion between inter-vertebral disc
along the horizontal line before rotation when compared to the Hybrid 111. The Hybrid 11 neck,
on the other hand, is made of rubber and aluminum discs that allow rotation. This does not
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permit any trandation between discs in the neck system. Therefore, the upper neck moment
My, of aHybrid Il is larger than the human body. Moreover, the rotational direction of the
head affects the measured upper neck moment My j in both magnitude and sign. It isshownin
Appendix 4C that for ¥ = 0° and 180° impact cases, magnitude difference was observed but
the measured moments al have the same sign. Thisis not the case when y = 90°(side impact)
and 0 = 0°, 45°, and 90° (corresponding to horizontal, elevated, or vertical impact cases
respectively). As clearly shown quantitatively in Figure 4.3(b), Figure 4.4(b) and Figure
4.5(b), the impact sequences illustrate the different head trandationa and rotational
movements between the Hybrid 111 and the human body models. This difference, however, is
less severe for § = 0° (horizontal impact).

Figure4.7. Comparison of Njj between the Hybrid |11 and the human body models (upper figures) and the percentage
in Njj of Hybrid Il dummy relativeto the 100% for the human body (lower figures) at different impact energy, 6, and

w.
A neck injury in the Hybrid 111 dummy and the human body is assessed using the neck
injury criterion, N, and the results are shown in Figure 4.7. Nj criterion consists of four
values, namely Nre, Ntr, Ncg, and Ncr. The Njj results presented here are the maximum of all
four values combined for each different impact case. The impact case for & = 0° (horizontal
impact) shown in Figure 4.7(a) shows no significant difference between the Hybrid 111 and the
human body for frontal, side, and rear impact cases. The percentage difference plot (lower
figure of Figure 4.7(a)) aso shows the 7% difference at 196 Jimpact energy for = 0°, 90°,
and 180° (corresponding to frontal, side, and rear impact cases, respectively). The peak
percentage difference near 10 J impact energy can be neglected since the Nj; at that energy
level has no significant neck injury level. In addition, the percentage difference starts to
converge on a stable value of 7% percentage difference after 100 J of impact energy.
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However, the differences become apparent for & = 45° and 90° impact cases. For 6 =
45° shown in Figure 4.7(b), the resultsfor = 0" and = 90° are approximately 51% and 75%
difference in the Nj; value at 196 Jimpact energy between the two models, respectively. For
the impact case with 8 = 45° even a higher difference results between the N;; 's for the Hybrid
[11 and the human body: 93% difference at 196 Jimpact energy. To illustrate the effect of such
differencein injury severity, in an elevated impact case with UAS approaching from the rear,
the Hybrid I11 has 21% chance of broken neck while the human body has 14% chance of
broken neck. Thisis based on the AISinjury level analysis, however, detail discussion of this
injury level analysisis beyond the scope of this paper.

Similarly, for theimpact cases of € =90° (vertical impact), the differences are 45%, 72%
and 82% at 196 Jimpact energy at v = 0°, 90°, and 180°, respectively. Even though the upper
neck force in Z-direction is comparable for v = 0°, 90°, and 180°, the neck moments vary
between these cases dueto adlight shift inimpact location of the UAS on the head. Thisresults
in achangein induced upper neck moment My. This shows that neck moment has a significant
impact on the neck injury.

4.4 Discussion

The previous Section assessed differences in injury levels of the Hybrid 111 dummy
relative to the human body dueto various DJI Phantom I11 UAS collisions. To accomplish this
validated multibody system (MBS) models of DJI Phantom 111 UAS collisions with a Hybrid
1l dummy and with a human body have been implemented in MADYMO [11]. The MBS
modelling technique allows fast simulation time with accurate results and can capture
accurately the overall kinematics of the system. By varying impact elevation (6) and impact
direction (), atotal of 9 impact cases were simulated in the previous Section both for MBS
models of human body and Hybrid 111 dummy. Table 4.1 summarizes the results obtained for
these 9 impact casesin terms of head/neck injury differences of the Hybrid I11 dummy relative
to the human body.

Table4.1. Summary of injury level resultsfrom Section 3 for Hybrid 111 dummy relative to human body

Injury of Hybrid 111 relative to human body

Impact 0 w
Case (Impact Elevation) (Impact Direction) Head Injury Neck Injury

1 0° (Frontal) Similar Similar
0° o Qs . -

2 (Horizontal) 90° (Side) Higher Similar

3 180° (Rear) Similar Similar

4 0° (Frontal) Lower Higher
45° o .

5 (Elevated) 90° (Side) Lower Higher

6 180° (Rear) Lower Higher

7 0° (Frontal) Lower Higher
90° o ra .

8 (Vertical Drop) 90° (Side) Lower Higher

9 180° (Rear) Lower Higher

Table 4.1 shows that, for horizontal impact with UAS approaching from the front
(impact case 1) and rear (impact case 3), the dummy produces similar response and similar
head/neck injuries as the human body. For horizontal UAS impact from side direction (impact
case 2), the Hybrid 111 predicts similar neck injury, but higher head injury than the human
body.
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Table 4.1 adso shows that for the other impact cases 4 through 9 (i.e. 45° elevated and
vertical drop) the Hybrid I11 under-predicts head injury and over-predicts neck injury relative
to the human body.

To understand these systematic differences, the MBS models of the Hybrid I11 and the
human body were compared anatomically. These MBS modelsdiffer for the neck, though they
are amost identical for the head. The heads of both MBS models are represented by arigid
body with the same contact force model and without any internal deformation. This meansthat
the differencesin head and neck injuries found in Section 3 stem from the differences in neck
complexes of the two models which affect neck deformation and resistance to head
acceleration.

The neck systeminthe Hybrid I11 dummy is constructed by a straight column in which
a higher impact force from the head is transferred to when compared to the human head. The
more compliance human body neck system is modelled realistically to represent the vertebrae
structure with passive muscle force. This allows the head to travel faster in a downward
direction with lessresisting upward force, resulting in larger head acceleration and lower neck
force. Asshown in the qualitative analysis of the impact sequencesin Figure 4.3 to Figure 4.5,
head displacement and neck deformation in the human body is larger than the Hybrid I11. A
lack of biofidelity in the Hybrid I11 neck is attributed to high resistance to compressive force
and bending of the neck and torso [6], leading to the tendency to over-estimate axia
compressive force. Thisis confirmed by the neck injury analysis using the Nj; criterion which
showsthe Hybrid |11 over-predicts Njj values compared to the human body.

It should be noted that the human neck stiffness and |oad-bearing characteristics change
dramatically when spinal curvature isincluded [24]. Such curvature shiftsthe load path of the
centre of the thoracic spine by more than 1 cm, resulting in less force transferred directly
towards the thorax. Without neck curvature under vertical load condition, the Hybrid I11 neck
becomes dtiffer than the human spine, and load is transferred more directly to the thorax. In
addition, with small vertebrae in the human body, trandational motion between inter-vertebral
disc is possible and allow neck compliance in all direction. The effect of this can be seen in
elevated impact (impact cases 4, 5, and 6) where the human body head has a combination of
both rotational and trandational motions. A related effect is found when the UAS flies
horizontally and approaches the head from the side (impact case 2). The head trandationa
motions are different as well as the direction of head rotation about the Z-axis. Thisresultsin
the estimation of neck moments to have an opposite sign between the two models.

45 Conclusions

When conducting impact testing research, it isimportant to account for the type of crash
dummy used and recognize the accuracy limitation relative to a real human body. To better
understand thisdifference, this paper investigatesthe differencesin head and neck injury levels
between a 50" percentile Hybrid 111 crash dummy and a 50" percentile human body subjected
to UAS collisions. To simulate such collision, avaidated UAS MBS model was employed in
impact simulation against validated Hybrid I11 dummy and human body modelsin MADY MO.
For the UAS, the DJI Phantom |11 was chosen as a representative model used in this study. A
total of 9 impact cases were investigated which include horizontal, elevated, and vertical
impacts, as well asimpact directions from the front, side, and rear relative to the head.

The simulation results show that for horizontal UAS approaches from front and rear,
Hybrid I11 head and neck injuries are similar relative to those for the human body. However,
when UAS approaches horizontally from side direction, then head acceeration is higher for
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Hybrid Il1. Furthermore, when UAS drops vertically or impacts under 45° elevation, then
Hybrid 111 predicts lower head injury and higher neck injury for each impact direction, i.e.
frontal, side and rear.

Differences in head and neck injuries are due to the difference in the neck complex
between the two models. Hybrid |11 has a stiffer neck complex when compared to the human
body, which limits Hybrid I1I’s head movements, especialy in the vertical direction. This
impliessmaller head acceleration for the Hybrid 111 head and instead alarger amount of impact
energy istransferred through the Hybrid 111 neck to the thorax. In contrast to this, the human
neck ismuch more compliant because it consists of acomplex of small vertebrae which allows
alarger neck deformation. Hence, the human neck experienceslower force and moment, while
the head experiences larger head acceleration.

From a UAS impact severity analysis perspective, the Hybrid 111 dummy has aredigic
response relative to the human body especialy for horizontal impacts from frontal or rear
directions. Thisfinding reaffirms other worksthat show that the focus of the Hybrid 111 design
and validation hasbeen on ahorizontal-frontal |oad direction [25,26]. Nevertheless, the Hybrid
[l dummy has serious limitations for horizontal UAS impact from side direction and vertical
UAS drops as well as elevated UAS impacts. This limitation of the Hybrid 11 dummy does
not apply to the MBS model of the human body. The latter has been validated against rea
human and cadavers, making it possible to realistically ssimulate various impact cases in all
load directions. Thisis an important benefit of using the numerica human body model with
multi-directional biofidelity [15].

The results obtained also reveal novel insight into how different impact conditions can
significantly affect injury levels. A slight change in impact el evation may change the point of
contact which can result in acompletely different injury level. To extend the analysisto cover
larger scenarios, other parameters need to be incorporated and investigated in future works,
for example, off-set between UAS CG and head CG, UAS initia rotational velocity, or yaw
and roll angles. More importantly, the variation of mass, size, and shape of UAS, which are
influential parameters on injury severity, will also be investigated in future works.
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Appendix 4A: Head CG Acceleration-Time History

Figure4.8. Comparison of head CG acceleration between theHybrid 111 and the human body modelsat variousimpact
conditionsand at 196 J impact ener gy (equivalent to 18 m/simpact velocity)
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Appendix 4B: Upper Neck Fz-Time History

Figure 4.9. Comparison of upper neck forcein Z-direction between the Hybrid Il and the human body models at
variousimpact conditionsand at 196 J impact ener gy (equivalent to 18 m/simpact velocity)
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Appendix 4C: Upper Neck My-Time History

Figure 4.10. Comparison of upper neck moment about Y -axis between the Hybrid I11 and the human body models at
variousimpact conditionsand at 196 J impact energy (equivalent to 18 m/simpact velocity)
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Modeling and Simulating Human
Fatality dueto Quadrotor UAS I mpact

Evaluating safety risk posed to third parties on the ground due to UAS
impact requires a mode of probability of fatality (PoF) for human. For quadrotor
UAS the existing impact models predict remarkably different PoFs. The most
pessimigtic is the impact model adopted by Range Commanders Council (RCC)
while the Blunt Criterion model is far more optimistic. The ASSURE study has
assessed the third set of PoF values through conducting controlled drop tests of a
DJI Phantom 11 on a crash dummy; these results differ again. To investigate these
discrepancies, this paper employs a numerical impact analysis of UAS collisions
on humans. The current paper is the third in a series of studies. The first study
developed a Multi-Body System (MBS) smulation model of a DJI Phantom 1|
impacting the head of a crash dummy; this MBS model has been validated against
the experimental drop test results of ASSURE. The second study conducted
simulations with the validated MBS model to systematically show the differences
in head and neck injuries if the human dummy is replaced by a validated MBS
model of a human body. The aim of the current paper isthreefold: i) to extend the
latter MBS model to assessinjury levelsfor DJI Phantom 11 impact on thorax and
abdomen; ii) to transform the assessed injury levelsfor head, thorax and abdomen
to PoFs; andiii) to compare the MBS obtained PoFs to those from RCC and Blunt
Criteria models. The MBS based results show that variationsin the scenario of DJI
Phantom 11 impact on the head significantly affect PoF. These variations are not
captured by the RCC or BC model, and neither in the ASSURE measurements. Both
for head, thorax and abdomen, in case of comparable impact scenarios, the RCC
model tendsto over-predicts PoF compared to the MBS model, while the BC model
tends to under-predict PoF.

This chapter has been published as “ Rattanagraikanakorn, B., Blom, H. A., Sharpanskykh, A.,
de Wagter, C., Jiang, C., Schuurman, M. J., Gransden, D. I., and Happee, R., “Modeling and
Simulating Human Fatality due to Quadrotor UAS Impact,” Proc. 20th AIAA Aviation
Technology, Integration, and Operations Conference (AT102020), 15-19th June 2020, Virtual
Event”
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5.1 Introduction

One of the major challenges of allowing unmanned aircraft system (UAS) operationsin
rural and urban areasis to predict and subsequently mitigate safety risk posed to third parties
on the ground. Models of safety risk posed to third parties on the ground consist of five
probabilistic models [1-7]. The first model is for the frequency of a UAS ground crash. The
second mode is a density map of the rura or urban population. The third model is a shelter
protection probability map of the rural and urban area considered. The fourth model is the
probability that an unprotected person at a given location is being hit by a UAS crash. The
fifth model is for the probability of fatality (PoF) in case of UAS impact of a human on the
ground. The literature on the first four of these models shows healthy convergence; but thisis
not the case for the model of PoF in case of a quadrotor UAS impact on a human.

One of the well-known PoF models of human impact by a UAS has been proposed by
Range Commanders Council (RCC) [8]. This model provides PoF curves as a function of the
kinetic energy of a UAS at the moment of impact of human head, thorax, and abdomen/limbs
respectively. Thismodel is based on thework of Feinstein et al. [9] who assessed these curves
on the basis of a large database of collison dynamics and effects of small, rigid, metallic
fragments on human. Another impact model of thorax and abdomen injury that iswidely used
in UAS ground risk analysis [5,10] isthe Blunt Criterion (BC) model. BC is an energy-based
model developed by Sturdivan [11,12] and has been used by the U.S. Department of Defense
to assess vulnerability to blunt weapons, and projectile impacts. Unlike the RCC curves, BC
isdeveloped purely for blunt impact force which does not inflict penetration or |aceration-type
of injury. However, the latter does not explain the large differences between the BC and the
RCC models.

To develop a better and applicable approach for UAS impact on the human body based
on blunt impact force analysis, the ASSURE Research Group conducted testing and analysis
of aDJl Phantom |11 UAS drop impacts on an anthropomorphic test dummy (ATD) of ahuman
[13,14]. The experiments provide useful insights into impact dynamics between the UAS and
the head and neck of the ATD. However, the ASSURE report [13] shows that the RCC model
predicts a much higher head injury level than what is measured in the drop tests on the ATD
of a human.

To fill the gap between these three different PoF models, the current paper is the third
one in a series of studies. In the first study [15], a numerical DJ Phantom |11 UAS impact
model has been developed that is based on a multibody system (MBS) modeling and
simulation approach and validated against the ASSURE [14] experimental data. This MBS
simulation model allows large variations of UAS impact cases to be evaluated on a validated
MBS model of a50th percentile human body. The second study [16,17] performed anumerical
comparison between the Hybrid I11 crash dummy and the 50th percentile human body model.
It was found that the human ATD used (i.e. Hybrid I11) has a different biofidelic level when
compared to avalidated MBS model of a 50th percentile human body. However, the effect of
this difference in biofidelity does not explain the much larger differences between ASSURE
and the RCC model.

The aim of the current, third study, is to continue the investigation of the differences
between the ASSURE data, the RCC curves, and the BC curvesfor DJI Phantom I11 impact of
human head, thorax, and abdomen. This is realized through three steps. The first step is to
extend the MBS model to define and assess relevant injury levels for DJI Phantom 111 impact
on thorax and abdomen of the validated MBS model of a 50th percentile human male body.
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The second step is to identify valid transformations of the head, thorax and injury levels to
PoFs. The third step is a comparison of the MBS obtained PoFs to those from RCC and Blunt
Criteriamodels, and subsequent explanation of how this relates to the ASSURE results.

This paper is organized as follows. Section 5.2 reviews the main background. This
consists of UASfatality risk curves from RCC and BC models, as well as the results from our
preceding two MBS studies [15-17]. Section 5.3 presents the extension of the MBS model
with injury criteria for thorax and abdomen due to UAS impact, and provides simulations
result of DJI Phantom |11 impacts of the head, thorax, and abdomen as afunction of increasing
impact energy. Section 5.4 addresses the transformation of the MBS measured injury criteria
for head, thorax and abdomen to PoF values; this yields PoF curves for DJ Phantom Il
impacts of head, thorax and abdomen as a function of kinetic energy at impact. Section 5.5
compares the MBS based PoF curves for the head, thorax and abdomen to those of RCC and
BC for UAS impact of head, thorax and abdomen. Section 5.6 and 5.7 present the discussion
of the results and the conclusion, respectively.

5.2 Review of Main Background

5.2.1. RCC Fatality Risk Curve

Range Commanders Council proposed a common risk criterion in the Range
Commanders Council report (RCC 321-00) where the S-shaped curves were developed to
quantify the probability of fatality if a person isimpacted in the head, thorax or abdomen by
exploded inert debris[8]. These fatality risk curves were based on the work of Feinstein et al.
[9] who employed log-normal distributionsto relate the probability of fatality to impact which
was derived from the study on the effects of the blast, debris, and other factors on human. The
log-normal distribution equation for the RCC fatality risk curvesis:

~(nx-Ing;)?

P(Fatality | KE < K) = | ﬁf/Z_e T IR (5.1)
o X ! T

where K isthe fragment kinetic energy and ai, fi are the scale and shape parameters of the [og-
normal. The parameters for calculating the RCC fatality risk curve accounting for different
body partsare listed in Table 5.1.

Table5.1. Log-Normal distribution parametersfor different body parts

Log-Normal Parameters

Body Part " 5
Head 55 0.2302
Thorax 44 0.3737
Abdomen 96 0.4335

Using Equation 5.1 and log-normal distribution parametersin Table 5.1, the PoF curve
for the head, thorax, and abdomen can be plotted asshown in Figure 5.1. The original Feinstein
curveisplotted with x-axisin the natural log scale, however, the curve presented is converted
into the linear scale for ease of comparison to other modelsin the later sections of the paper.
In Figure 5.1, the RCC curve shows that fatality due to thorax has adightly higher probability
than the head, and much higher than the abdomen.
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Figure5.1. RCC log-normal fatality risk curvefor head, thorax and abdomen

The RCC curve shows a steep dope for impact on all body parts. With the RCC curve,
the probability of fatality for head and thorax impact reaches 1.0 at approximate 150 Jimpact
energy. With maximum impact energy that DJI Phantom |11 UAS can achieve (E = 200 J), the
RCC curve suggeststhat human fatality is100% probableif collision on head or thorax occurs.
Collision on the abdomen isless severe, with 0.8 probability of fatality at 200 Jimpact energy.
Moreover, impact on the thorax presents a higher fatality risk than the head and abdomen.
Explanation of the differences is that the RCC curve is derived from hazardous debris
experimentation with the original purpose of determining the fatality risk curve of ground
personal due to missile explosions. Such type of small debris explosive injury does not only
resolve in blunt force trauma but also penetration or laceration-type injuries.

In addition, the limitations of the RCC standard are rooted in the fundamental
assumptions made to generate the curves and the basis for the probability of fatality data. For
instance, the RCC curves were devel oped from Feinstein’ swork and employed weightings for
hypervelocity type collisions where the debris contained a larger number of low mass
fragments [13]. Besides, input data that formed Feinstein curves involved largely vertical
falling inert debris since it was assumed the breakup or collisions would occur from a high
altitude above the personal.

5.2.2. Blunt Criterion (BC) Model

Blunt criterion (BC) is proposed by the US Department of Defence and can be used to
assess the risk of blunt force trauma from projectiles and blunt weapons [18]. BC was
developed based on blunt impact injury data of the thorax [19] which resulted in a five
parameters model defined as follow:

E
W*TD

BC =1n (5.2)

where E inthekinetic energy at impact, w isthe massof animpacted object, T isthethickness
of the body wall (incm), and D isthe diameter of impacting object (in cm). It should be noted
that W is not the mass of the entire human body, but an effective mass of the body part (head,
thorax, or abdomen) which can be calculated using;

W=W__-r (5.3)

total ' mass

where Wiata iS the total mass of the human body and rmass is the mass body part considered.
Typical values of rmass for head, thorax and abdomen are shown in Table 5.2.
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Table5.2. Relative body part massratio for injury prediction [18]

Body Part Body part massratio, rmass
Head 0.08
Thorax 0.21
Abdomen 0.21

Furthermore, body wall thickness, T, depends mainly on the body part mass and can be
calculated by,

T = kW@ (5.4)

where k is equal to 0.711 for thorax and abdomen of a male human. Because BC for head
impact was not developed before, the Australian Civil Aviation Safety Authority [20] has
developed a BC model for UAS impact of a human head. The approximated body wall
thickness T for the male human head is 1.3 cm asreported by the work performed by Raymond
et a. [21]. The resulting BC values as a function of increasing Impact kinetic energy are
depicted in Figure 5.2 for Head, Thorax and Abdomen.
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Figure5.2. BC resultson the head, thorax, and abdomen impact calculated as a function of impact kinetic energy. Note
that thorax and abdomen curves overlap because of the identical model parametersfor BC model

In order to transform BC values in Figure 5.2, to PoF values, BC has first to be
converted to AlSlevel using Equation 5.5. Subsequently, the AlS level hasto be transformed
to PoF values using the curve that is presented in Figure 5.16. The final results of this PoF
transformation for BC model is shown in Figure 5.3.

AIS=1.33-BC+0.6 (5.5)
1.0
0.9 BC - Head
.08 " BC - Thorax

ceex-ooo BC - Abdomen

Probability of Fatalit
o
3

0 100 200 20N ann 500 600 700
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Figure5.3. PoF curvefrom BC model for impact on head, thorax and abdomen as a function of impact kinetic energy.
Note that the PoF curvesfor thorax and abdomen are aligned because the same BC parameters apply for both
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Figure 5.3 shows that the BC model based PoF curve for DJI Phantom I11 impact of
head, thorax and abdomen. It should be noted that the PoF curves for thorax and abdomen are
the same because the mass ratio is assumed to be the same. The PoF curve for head is two
times steeper than the one for thorax or abdomen. At maximum impact energy of the DJI
Phantom Il a 200 J, BC predicts 0.2 and 0.08 probability of fatality for head and
thorax/abdomen, respectively. Comparison of the BC curves with the RCC curves in Figure
5.1 shows that the BC curves show a much less steep slope than the RCC curves. The largest
difference applies to the PoF curves for head; for the BC model this is much higher than the
other two, while the RCC curveis clearly highest for thorax impact instead of head.

5.2.3. MBS Modelling and Simulation of DJI Phantom |11 Impact
of Human Head

In automotive and aerospace crashworthiness analysis where an impact is highly
dynamic with arange of structures interacting with the human body, multibody system (MBYS)
modeling is widely adopted [22-25]. These MBS models are only for blunt impact force
evaluation, not for the modelling of penetration or laceration injuries. Based on this body of
validated knowledge and simulation models, in Rattanagraikanakorn et al. [15] an MBS model
of aDJl Phantom |11 impacting MBS of ahuman 50" percentile male body has been devel oped
to simulate impact scenarios on the human head. The MBS model and its skeleton model
structure is shown in Figure 5.4. This UAS MBS model consists of multiple lumped masses
that are connected viarestraint joints. Ellipsoid surface was modelled to realistically represent
external surfaces of the UAS and to be used for contact detection.

Figure5.4. MBS model of the DJI Phantom |11 UAS (left), and the skeletons of the MBS modd (right) [15]

To calibrate the MBS elements of the UAS model in Figure 5.4, the deformation of the
structural components of the real DJI Phantom |11 system has systematically been measured
during deformation experiments. These deformation tests yield curves of joint displacement
asafunction of restraining force (see Figure 3.3). Other important parameters such asrestraint
damping, or inertial properties were also measured experimentally.

Joint 1 - Kelvin Restraint

>

0 Zz )
0.000 0.005 0.010
Displacement [m]

Figure5.5. Examples of the compressivestatic test setup (left) for UASstructural membersto determinejoint restraint
characteristics curves (right) used in model calibration [15]

106



The calibrated MBS model of DJ Phantom |11 has subsequently been integrated in
MADY MO with avaidated MBS model of the Hybrid I11 ATD. Subsequently, thisintegrated
MBS model has been used to smulate the ASSURE DJI Phantom Il UAS impact tests.
Comparison of the MBS simulation results to the ASSURE measured data [13] showed that
the response of the integrated MBS model was quite similar to the ASSURE measured data; a
comparison is shown in Figure 5.6. The strong similarity in shape and strengths in dynamic
responses showed that our MBS model of the DJ Phantom Ill and its integration within
MADY MO was validated, and therefore judged to be ready for follow-on use to other impact
studies than the one by ASSURE.

The first follow-on question we have addressed was: what would be the difference in
the neck and head injury results when in the ASSURE drop tests the ATD of a human would
have been replaced by a true human. Conducting such atest on areal human is not feasible,
though such comparison can be done using MBS models of the two situations. Therefore, the
validated MBS model of DJI Phantom II1 UAS has been integrated with a validated MBS
model of a 50" percentile male human body. The latter was distributed with MADYMO 7.7
(filename: h_occ50fc, version 5.2) and was published by Happee et a. [26,27], and has been
validated for blunt impact on head, thorax, abdomen, and limbs [28]. This human body model
can be seen in Figure 5.7. The comparison of these novel integrated MBS model simulations
has shown that there is a discrepancy between the Hybrid I11 ATD and a human body model
for head and neck injury [16,17]. Neck loadswere found to be different fundamentally between
the crash dummy and the human model. The human body sustainslarger head injury, but lower
neck injury compared to a crash dummy due to the different level of neck compliance between
the two. This explains why neck injury assessed and presented in the ASSURE report [13]
shows higher PoF from neck injury levels than to the head injury levels. Furthermore, MBS
impact analysis on human body shows that the sustained neck injury from DJ Phantom I11
UAS vertical drop on human head is much lower than head injury.

Figure 5.6. Example of validation results of the MBS model against ASSURE crash dummy impact test data at 15.1
m/simpact velocity and 90° (vertical) impact angle [15]
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5.3 MBS Simulation-based Assessment of Head, Thorax and

Abdomen Injury Criteria

In this section, the MBS model within MADY MO 7.7 of DJI Phantom |11 impact on 50"
percentile human male body of the previous subsection is extended with injury criteria for
thorax and abdomen. Subsequently, this extended MBS model is used for the simulation of
UAS impact scenarios of head, thorax and abdomen.

5.3.1. DJI Phantom Il UAS Impact Scenarios

Impacts on head, thorax, and abdomen are evaluated and the simulation setup for each
body part is presented in Figure 5.7. Head impact simulation is performed by varying multiple
parameters to cover impact at three different impact conditions, which are frontal, side, and
vertical drop impact. Thisis based on the knowledge that frontal and side-impact cases are the
two worst impact cases that result in the highest HIC value based on the previous work [15].
Vertica drop is smulated to show the most optimistic impact case. Similarly, thorax and
abdomen impact simulations are set up to evaluate the worst impact case. For both thorax and
abdomen impact, frontal impact was setup where UAS fly directly into the body parts at
various impact speed.

Head impact injury dueto UAS is evaluated based on the setup in Figure 5.7(a). There
are three setup parameters for impact to the head, namely: impact direction (y), impact
elevation (¢), and impact velocity (V). In thiswork, three head impact cases are evaluated and
the setup parameters are listed Table 5.3.

Table5.3. Setup parametersfor head impact cases

Impact Case  y[deg]  0[deg] V [m/g
Frontal Impact 0 0 0-32
Side Impact 90 0 (equivalent to

impact energy of O
Vertical Drop 0 90 —-630))

Figure5.7. MBSimpact mode setup in MADYMO
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Thefrontal impact case ssimulatesa UASflying horizontally into the front of the human
head. Side impact also simulates horizontal flight, but onto the side of the human head. Frontal
and side-impact cases both have the front fuselage as the first point of contact and are
consdered as two worst impact cases. A snapshot of the maximum head
deflection/deformation for side impact of the head at impact energy of 196 Jis pictured in
Figure 5.8.

Figure 5.8. MBS impact ssimulation results at maximum body part deflection/deformation for sideimpact on the head
at 196 J impact energy

For vertical drop, aUASisdropped vertically with afixed angle of attack of O degrees.
This simulates a straight fall due to the complete power shut-down of a UAS. However, the
vertical impact case has the camera gimbal underneath the UAS as the first point of contact.
For all three cases, impact velocity (V) isvaried from 0 to 32 m/swith a2 m/sincrement. This
velocity range is equivalent to an impact energy of 0 to 630 J.

To measure injury level from UAS impact, Head Injury Criterion (HIC) is used for
head impact, and Viscous Criterion (VC) isused for thorax and abdomen impacts. Theseinjury
criteria have been used within the MBS simulations. In the next subsections these injury
criteria are explained together with the obtained MBS simulation results for the impact
scenarios for head, and thorax/abdomen respectively.

5.3.2. Head Injury Criteriaand MBS Simulation Results

To assess head injury from the UAS impact, the head injury criterion (HIC) isused. In
particular, HIC1s was implemented as it is suitable for short duration impact (The value 15
refersto the 15 ms time-period starting from the moment of impact). Functionally, the HIC is
an integrated value of the head acceleration curve and represents the peak average power
delivered to the head [29]. Based on the Federal Motor Vehicle Safety Standards (FMVSS), a
HICys value of 700 is considered to be a minimum safety standard for non-fatal impact [30].
The equationsfor the HICis:

25
1%
HI C(tz*tl) - Tosrtrll?z)iTE {(tz - tl) |:t —tl Ja(t)dti| } (5'6)

2

where a(t) is the head accel eration-time history curve, t1 istheinitial impact time and t2 isthe
final impact time.

The simulation results of the head impact on the human body for three impact cases
are shown in Figure 5.9. The simulation results show that HIC1s increases with impact energy.
Side impact case on the head results in the worst impact case, while frontal impact case also
results in severe injury. Vertical drop case, on the other hand, differs significantly from the
other curves due to soft impact point.
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Figure5.9. HICis results for head impact injury from MBS model

5.3.3. Thorax and Abdomen Impact Criteria and MBS Simulation
Results

Thorax and abdomen present alarge portion of the body areaand can also be vulnerable
to blunt impact force. UAS impact simulation setups on the thorax and abdomen are presented
in Figure 5.7(b) and Figure 5.7(c), respectively. For thorax and abdomen, there is one setup
parameter varied that is impact velocity (V) which is set 0 to 36 m/s with 2 m/s increment.
This velocity range is equivaent to impact energy from 0 to 800 J. Only frontal impact cases
are evaluated for both thorax and abdomen. Thisis assumed to be the worst impact case since
the velocity vector isnormal to the coronal plane of the human body. For impact on the thorax,
UAS s placed to collide directly on the sternum. For impact on the abdomen, UAS is placed
to collide directly on the mid-abdomen location. These are the common impact locations for
thorax and abdomen blunt impact evaluation.

For thorax and abdomen injury evaluation, this paper employs the Viscous Criterion
(VC) which is adso called the soft tissue criterion. Thisinjury criterion takes into account that
soft tissue injury is compression-dependent and rate-dependent [31]. It is a measure of the
maximum momentary product of deformation speed and deformation of thorax and abdomen.
Hence, for an arbitrary body part B, VCg setisfies:

VCB(t,r):fTE?X[VB(t,f)XCB(T,r)] (5.7)

where Vg(t,r) isthe deformation speed of body part B at moment t and at location r and Cg(t,r)
isthe compression in the percentage of the thickness of body part B at moment t and at |ocation
r. A VC value of 1.0 m/sis equivalent to 25% of p(AIS> 4); a VC of 1.3 m/sisequivalent to
50% of p(AIS> 4) [18].

For body partsthorax and abdomen, thisVVC injury criterionisapplicableto both frontal
impact and side impact. For thorax, compression speed Vg(t,r) and compression Cg(t,r) are
measured from the start of impact (i.e. t = 0) at sternum ribsr = R1,..,R4 asisillustrated in
Figure 5.10. These are the location for the middle center of the thorax. For abdomen Va(t,r)
and Cag(t,r) are measured from the start of impact on a single point at the mid-abdomen
location (or center of the umbilical region).
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Figure 5.10. Measuring location for thorax VC (left) at sternum rib R1 to R4 and for abdomen VC (right) at the center
of theumbilical region (or mid-abdomen) [32]

The maximum VC injury criteria given in Equation 5.7 has been implemented in the
MADYMO simulation for thorax and abdomen impacts. Figure 5.11 shows the MBS
simulated positions of DJI Phantom and human body at the moment of maximum compression
states. The maximum VC simulation results obtained for the thorax and abdomen impact
scenarios of a DJI Phantom Il UAS are shown in Figure 5.12 for a range of possible UAS
impact velocities.

Figure5.11. MBS impact simulation results at maximum compression for (a) thorax and (b) abdomen at 196 J impact
energy
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Figure5.12. Maximum Viscous Criterion (VC) results for thorax and abdomen impact injury from MBS modée

The maximum VC curves in Figure 5.12 show that DJI Phantom Il UAS impact on
thorax results in a steeper VC curve when compared to the abdomen. Because the injury
criteriafor head differ from the VC criteria used for thorax and abdomen, a direct comparison
of the curvesin Figure 5.12 with those for head in Figure 5.9 is of no use. Such comparison
will be made feasible by identifying appropriate transformations of the curves in Figure 5.9
and Figure 5.12 to PoF curves. Thisis addressed in the next section.
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5.4 Mapping Injury Criteriato Probability of Fatality

Injury criteriafor head, thorax, and abdomen presentsinjury severity due to blunt force
impact, however, these do not present the probability of fatality. Thus, a mapping of injury
criterion to the probability of fatality is needed in order to predict the fatality rate of humans
on the ground due to UAS impact.

5.4.1. Probability of Fatality Curve for Head impact

For the head injury criterion (HIC), a transformational curve from the HIC threshold
to the percentage of life-threatening injury is proposed by the U.S. SO Delegation as shown
in Figure 5.13. The curve is derived from the Prasad and Mertz injury risk curve [33]. This
percentage of life-threatening injury is equivalent to the probability of fatality. Using this
curve, the HIC values at different impact energy from Figure 5.9 for different head impact
scenarios are converted to a probability of fatality as shown in Figure 5.14.

Figure5.13. Relationship between head injury criteria and percentage of life-threatening injury recommended by U.S.
1SO delegation [34] which isderived from the Prasad and Mertzinjury risk curve [33]
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Figure5.14. Fatality risk curves of UASimpact on the human head at different impact energy for 50" percentile male
and for the side, frontal and vertical drop impact cases

Theresultsfrom the MBS simulation show that frontal and side impact result in similar
PoF, which is much more severe than avertical drop. Both frontal and sideimpact curvesform
an S-curve where PoF gradually increases with impact energy. At impact energy of 200 J
which is the estimated maximum impact energy of the DJ Phantom 111, PoF of frontal and
side are 0.6 and 0.8, respectively. Side impact leads to a more fatal impact when compared to
frontal impact because of the way the neck complex plays a role in absorbing impact energy.
Impact energy can be absorbed from the head more by neck complex when impact direction
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fallswithin the sagittal plane of the human body — this leads to low head acceleration and HIC
levels.

The vertica drop impact case from the MBS, on the other hand, results in a
substantially lower PoF when compared to MBS frontal, and side impacts. The lower curvein
Figure 5.13 shows that at 200 J of impact energy, PoF from the vertical drop impact case is
approximately 0.013. Also, with the increasing impact energy, PoF for vertical drop impact
rises with much less slope when compared to other impact cases. This low PoF is a result of
having a camera gimbal as the first point of contact. A camera gimbal underneath the UAS
acts like a spring-damper system which absorbs impact energy effectively.

The results of the MBS ssimulation in Figure 5.14 make very clear that the PoF due to
a UAS impact on a human head strongly depends on the specific scenario. The lowest curve
in represents the vertical drop on the head scenario that has been considered by the ASSURE
drop tests; though now for a 50" percentile male human body instead of the Hybrid 111 ATD.
The two curves with much higher PoF values represent possible case of side or frontal head
impact by aflyaway DJ Phantom I11 UAS. In addition to this, a quadcopter falling tragjectory
simulation under off-nominal flight conditions performed by Foster and Hartman [35] reveals
that quadcopter tends to fall with a high and unpredictable angular rate. This tumbling effect
of aquadcopter before colliding into the ground leads to various possible impact attitudes that
a quadcopter can impact on a human head. If a DJ Phantom 11 collides with the main front
fuselage, instead of the camera gimbal then the PoF value is expected to be much higher than
it isfor the vertical drop scenario. The MBS model makes it possible to simulate all possible
DJI Phantom I11 attitudes at moment of head impact.

5.4.2. Probability of Fatality Curves for Thorax & Abdomen
I mpact

The Viscous Criterion (VC) for thorax and abdomen injury has no direct
transformational curve from VC to the probability of fatality. Nevertheless, the transformation
of VC to the probability of fatality is possible. This is done by, first, converting viscous
criterion to AlS scale using a conversion curve shown in Figure 5.15. The curve is proposed
by Sturdivan et d. [18] who performed an analysis of VC for thorax and abdomen. This curve
is based on a blunt impact experiment on cadavers performed by Canavaugh et al. [36] and
Viano et a. [37].
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Figure5.15. Relationship between Viscous Criterion and Al S[18] from thoracic and abdominal blunt impact, derived
from cadaver impact data performed by Canavaugh et al. [36] and Viano et al. [37]
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Figure 5.16. Transformation curve of singleinjury AlS scale to the probability of fatality presented in the AlS 2005
revision document [38]

The next step is to transform the AlS level that is obtained from VC-AIS conversion
into a PoF using the AIS to fatality rate curve presented in Figure 5.16. This curve is a
transformational curve of single injury that is derived from a collection of real-world trauma
injury data presented in the AIS 2005 revision document [38]. Application of these two
transformations to the MBS based BC curvesin Figure 5.11 yieldsthe MBS based PoF curves
for thorax and abdomen in Figure 5.17. The MBS simulation based PoF curvesin Figure 5.17
show that the impact on thorax is less fatal than the frontal or side impacts on the head asis
shown in Figure 5.14. At impact energy of 200 J, the MBS model based PoF value for frontal
impact on the head is approximately 8 times higher than the PoF value for impact on thorax.
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Figure5.17. PoF curves of UASimpact on thorax and abdomen at different impact energy for 50" percentile male

5.5 Comparison of Fatality Curvesfrom Different M odels

This section compares the PoF curvesin Figure 5.14 and Figure 5.17 with those of the
RCC and BC models. Thisis done for head, thorax and abdomen in subsections A, B, and C
respectively.

5.5.1. Comparison of PoF of Head I mpact

In Figure 5.18, the PoF curvesfrom MBS head impact simulation from Figure 5.14 are
compared against the RCC and BC curves. Figure 5.18 shows that both the MBS based PoF
curvesfor frontal and sideimpact of head and the RCC based PoF curves are S-shaped, though
their 10%, 50% and 90% pointsdiffer significantly. When the RCC curve hasreached the 90%
point then the MBS based curves for side and frontal head impacts are around 10% only. The
BC curveisnot an S-shaped curve, instead it increases more linear with impact energy. Ashas
been explained in subsection V.A the MBS based PoF curve for vertical drop showsthe lowest
fatality risk.
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Figure5.18. Comparison of PoF curvesfor head impact between MBS (frontal, sideand vertical drop cases), RCC, and
BC.

From the MBS model results, it becomes clear that PoF of UAS impact of head can
have a large difference between upper and lower bound curves. From the three scenarios
considered, in this paper, head frontal impact represents the upper bound of the possible
fatality risk while head vertical drop impact represents the lower bound. This variation is not
captured by the RCC model, and neither by the BC model. From the perspective of the vertical
drop on a human head, Figure 5.18 shows that both the RCC curve and the BC curve
overestimate the PoF. From the perspective of a side or frontal impact the RCC curve again
overestimates the PoF, while the BC curve underestimates the PoF. Therefore, the main
finding for UAS impact of human head is that where the RCC and BC curves for PoF do not
represent differences in impact geometry, the PoF curves obtained through MBS simulation
show significant differencesfor the three different head impact scenariosfor frontal, side, and
vertical drop respectively.

5.5.2. Comparison of PoF of Thorax | mpact

The PoF curves obtained for impact on thorax from MBS, RCC, and BC models, from
Figure 5.17, Figure 5.1 and Figure 5.3 respectively, are collected in Figure 5.19. Similar to
side or frontal head impact, the PoF values of the RCC curve are much higher than the PoF
values for the MBS model; though now the difference is even much larger. Both MBS and
RCC curves for impact on thorax are S-shaped; though the 10%, 50% and 90% points of the
MBS curve are at much higher kinetic energy levels than the 10%, 50% and 90% of the RCC
curve. Again, the BC curve increases more linear with impact energy and has beyond the 10%
point a less steep s ope than the MBS curve has.
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Figure5.19. Comparison of PoF curvesfor thorax impact between MBS, RCC, and BC models
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MBS PoF curve increases steadily between impact energy from approximately 250 J
to 450 J. Due to its steep slope, this range of steady increase is much smaller for the RCC
curve and have energy values between 40 J— 70 J. At maximum impact energy for the DJI
Phantom I11 at 200 J, PoF predicted by the RCC model is 1.0, meaning that fatality from impact
on thorax is certain. Thisis different for the MBS and BC models where PoF at 200 J impact
energy is 0.1 and 0.07, respectively. Based on this difference at 200 J impact energy, RCC
predicts PoF 10 times higher compared to MBS models.

5.5.3. Comparison of PoF of Abdomen Impact

The results of PoF curves of impact on the abdomen from MBS, RCC, and BC models,
from Figure 5.17, Figure 5.1 and Figure 5.3 respectively, are collected in Figure 5.20. For
impact on the abdomen, the RCC and MBS models, again, form an S-curve pattern; again the
10%, 50% and 90% points are much lower for RCC curve than for the MBS based curve.
Similar asfor thorax, the BC curveincrease morelinear with impact energy, and is much lower
than the M S curve for probabilities above 10%.

PoF at 100 Jimpact energy by DJI Phantom Il is 0.27 for the RCC model, but close
to O for the MBS and BC models. This means that the MBS and BC models predict that UAS
impact on the abdomen will not likely result in fatality at 100 Jimpact energy. At 200 Jimpact
energy which is the maximum energy for DJI Phantom |11, PoF predict by the MBS model is
0.05. Thisislower than the BC model which predicts 0.07 PoF at the same impact energy. The
MBS PoF curve is below the BC curve from 0 Jto approximately 295 J. Then, the MBS PoF
curve rises and crosses above the BC model after 295 J with substantially higher slope.
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Figure5.20. Comparison of PoF curvesfor abdomen impact between MBS, RCC, and BC modds

5.6 Discussion of Results

Modelling PoF due to UAS impact is crucia in the analysis of UAS ground risk.
Simulation of a validated MBS model of DJI Phantom Il UAS impact on a validated MBS
model of 50" percentile male human body offers the capability to simulate the impact on
different parts of the human body. MBS simulations of DJI Phantom I11 impact on head, thorax
and abdomen shows that the riskiest impact case on the head presents much higher fatality
risks when compared to the riskiest impact case on thorax or abdomen. This trend isthe same
for the BC model but differs for the RCC model. In the RCC model, impact injury on thorax
presents a higher PoF than impact on abdomen, though a so higher than side or frontal impact
on the head. Explanation of the differencesis that the RCC curve is derived from hazardous
debris experimentation with the original purpose of determining the fatality risk curve of
ground personal due to missile explosions. Such type of small debris explosive injury does not
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only result in blunt force trauma but also penetration or laceration-type injuries. On the other
hand, the MBSimpact model and BC model are created or derived specifically for blunt impact
injury where soft tissue penetration is not involved. For instance, the BC model was devel oped
based on impact tests on cadavers and animals where the diameter of the impactor is much
larger than small debris explosion as mentioned in Feinstein's work. Similarly, the MBS
impact model of a DJl Phantom 111 UAS developed and validated against real-world impact
tests on the Hybrid 111 crash dummy where only blunt force injury is eval uated.

RCC model tends to predict a high probability of fatality at low impact energy. For
example, the probability of the fatality of head impact isat 0.8 at 100 Joules impact energy.
Given that the DJ Phantom 111 maximum kinetic energy is approximately 200 Joules, this
means that fatality is very likely even if the UAS impact at half of its kinetic energy. RCC
model predicts too high PoF values. On the other end of the spectrum, BC predicts the
probability of fatality of head impact 0.2 at 200 Joules of impact energy. When compared to
the MBS model, above 10% values, BC predicts too low PoF values. The limitations of the
RCC standard are rooted in the fundamental assumptions made to generate the curves and the
basis for the probability of fatality data. For instance, the RCC curves were developed from
Feinstein’ s work and employed weightings for hypervel ocity type collisions where the debris
contained alarger number of low mass fragments [13]. Also, input data that formed Feinstein
curves involved largely vertical faling inert debris since it was assumed the breakup or
collisions would occur from a high altitude above the personal. Therefore, the analysis shows
that the RCC is not a suitable curve to be used for UAS blunt impact on human body.

Furthermore, what the MBS model show is that the probability of fatality depends
significantly on impact attitude and point of contact of the UAS as shown in Figure 5.18. Side
impact results in the steepest fatality curve when compared to frontal impact or vertical drop
because the human neck complex can absorb less impact energy in alatera direction. In the
vertical drop case, the fatality curve drops significantly even lower than thorax and abdomen
impact cases. This is due to the point of contact for the vertical drop is the camera gimbal
system which acts like a spring-damper that absorbs a significant amount of impact energy.
This illustrates that single PoF curve models such as the RCC or BC models, do not capture
this effect due to the variation of impact attitude of a DJl Phantom 11 UAS.

5.7 Conclusions

Risk analysis of UAS ground impact on humans isimportant to the future developments
of UAS operations. Animportant step to takeisto understand fatality of UASimpact on human
on the ground. In this paper, a multi-body system impact model of the DJ Phantom 111 UAS
is presented and compared against RCC impact model and Blunt Criterion model. The
comparison is done for impacts on the head, thorax, and abdomen of a 50" percentile male
human. The results show significant differences between the three models in terms of the
probability of fatality. RCC model predicts a very high probability of fatality at very low
impact energy when compared against MBS or BC model. On the optimistic end of the
spectrum, the BC model predicts the lowest probability of fatality when compared to other
models. The MBS model shows large variations in PoF for impact on the head. This large
variation comes from different impact attitudes. The by far worst impact case from the MBS
simulationsyieldsa PoF curve that means more safety than the corresponding RCC curve. The
by far the best impact case from the MBS was the DJI Phantom |11 vertical drop scenario that
was a so measured by ASSURE.
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Furthermore, the MBS and BC model predicts higher fatality for head impact compared
to thorax and abdomen. RCC curves, however, predict higher fatality for thorax than the head
and abdomen. The differences stem from the fact that the RCC model was derived based on
injury or fatality due to small debris explosion, which also involves penetration or laceration
type injuries. MBS and BC model, in contrast, were developed purely on blunt force impact.

Taking al results together, it is concluded that thanks to the MBS modelling and
simulation of DJI Phantom 111 UAS impact on human head, thorax and abdomen, it is now
possible to understand why there are such differences between the RCC model, the BC model
and the ASSURE measurements.

As follow-on research, the am is to use the validated MBS model ssmulation as a
replacement of the RCC and BC models that have so far been used in other works [1-7] on
assessing third party risk that is posed by UAS operations to persons on the ground. As has
been explained in the introduction, this asks for integration of MBS model simulation with
four other models, i.e.: Frequency of a UAS ground crash; Density map of rural or urban
population; Shelter protection map; and Model for the probability that an unprotected person
on the ground is impacted by the crashing UAS. This MBS approach aso allows to consider
other variations, such as effect of human body sizes that are available within MADYMO,
namely, 5" percentile female, 50" percentile male, and 95" percentile male.
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Variation in Human Injury and Fatality
from Impacts by Different UAS Types
of Similar Weight

As new UAS operational concepts are established and more UAS populate
the airspace, there is a need to understand and quantify consequences of UAS
impact on human on the ground. Common practice is regulation isto make use of
weight criteria for the classification of different UAS types. Through a Finite
Element (FE) model study of small UAS impact on human head, thresholds for
these weight categories have also been assessed. The aim of this paper is to
evaluate the effect of other UAS characteristics on fatality risk. In earlier work by
the authors, it has been shown that multibody system (MBS) modelling and
simulation allows to assess the injury and fatality levels of the impact of a DJI
Phantom Il UAS on human. The current paper uses this MBS modelling and
simulation approach for the evaluation of impact consequences under different
UAS characteristics. This is done for five UAS types carrying a camera, one of
which is DJI Phantom I1I. Two new UAS types are of smilar weight as DJI
Phantom |11 and two have half this weight. These five cover a wide spectrum of
maxi mum speed, airframe material and UAS design. Through MBS modelling and
simulation for each of these five UAS types consequences of impact on the human
head are assessed; this is done for two scenarios: controlled horizontal flight
impact and uncontrolled vertical drop impact. The results show that UAS weight
aloneisnot a valid predictor of fatality of impact with human head, and that UAS
design, airframe material and cruising speed must be taken into account.

This chapter has been submitted on September 2021 as “ Rattanagraikanakorn, B., Blom, H.
A., Gransden, D. I., Schuurman, M. J,, de Wagter, C., Sharpanskykh, A., and Happee, R.,
Variation in Human Injury and Fatality from Impacts by Different UAS Types of Similar
Weight”

123



6.1 Introduction

Application of unmanned aircraft system (UAS) technology will have a significant
impact on our society by enabling various commercial operations, such as aeria delivery,
precision agriculture, or search and rescue. Conducting such an operation in an urban areamay
expose people on the ground to the risk of UAS collisions. To manage this safety risk, injury
and fatality severity of UAS impact of human needs to be understood. A widely adopted
management approach is to work with UAS weight thresholds. In support of this basic
approach, a research team at Nanyang Technological University (NTU) performed a
parametric study of UAS impact on human head using experimental impact test and finite
element model in order to identify UAS weight threshold for safe operation (Koh et a., 20183,
2018b). In addition to this basic approach, experimenta tests have been conducted by severd
research groups have used human crash dummies to assess head and neck injury severities due
to small UAS impacts. The Alliance for System Safety of UAS through Research Excellence
(ASSURE) conducted a series of controlled impact drop tests using the DJI Phantom |11 UAS
on the FAA Hybrid I11 crash dummy at various impact attitudes and speeds (Huculak, 2016;
Arterburn et al., 2017). Liveflight test impact analysis of other small UAS types on the Hybrid
[11 crash dummy have been conducted by ateam at Virginia Tech (Campolettano et al., 2017).
In one of the subsequent ASSURE studies (Arterburn et al., 2019), impact tests of small UAS
types on post mortem human surrogates (PMHS) have been conducted and analyzed by ateam
at the Ohio State University (Stark et al., 2019). The findings of these live tests reveal that the
injury levels inflicted by the impact of one type of UAS on human head significantly varies
stronger with impact conditions than due to weight and impact speed alone.

The aim of the current study is to gain a proper understanding of the role played by
other UAS characteristics. Such understanding has a dual role: 1) to guide future design of
small UAS that are inherently safer; and 2) to guide regulation in adopting threshol ds beyond
UAS weight alone. Because it is difficult to cover a wide range of impact conditions through
conducting experimental tests, for the current study we make use of computational models of
UAS collision with a human. In automotive and aerospace crashworthiness analysis where
impacts are highly dynamic with arange of structures interacting with the human body, there
are two approaches in doing so: multibody system (MBS) modelling and Finite Element (FE)
modelling (Ambrésio and Dias, 2007; Jenefeldt and Thomson, 2004; Mukherjee et a., 2006;
Vadlamudi et al., 2011). For application to UAS impact on human (Arterburn et al., 2019) has
developed FE models of three small UAStypes, and have integrated thiswith THUMS (Total
Human Model for Safety) from the automotive domain (Toyota, 2015). In another series of
studies (Rattanagraikanakorn et a., 2019, 2020a, 2020b, 2020c) an MBS modelling and
simulation approach has been devel oped for evaluating injury and fatality levels of small UAS
impact on a human. Now the MBS model of a UAS is integrated with the MBS model
MADYMO (Happee et a., 1998) of a human or a human dummy.

The first study of this MBS series (Rattanagraikanakorn et al., 2020a) involved
modelling and validation of an MBS model of a DJI Phantom 11l UAS impact on an MBS
model of the crash dummy that was used by (Arterburn et al., 2017; Campolettano et a ., 2017;
Huculak, 2016; Koh et al., 2018a, 2018b). In the second study (Rattanagraikanakorn et al.,
2019, 2020c) the MBS model of DJI Phantom |11 was coupled with an MBS mode! of a 50"
percentile human body to evaluate head and neck injuries due to UAS collision. This second
study revealed significant differencesin injury levels of DJI Phantom I11 hitting a human head
versus hitting a human dummy that was used in the experimental drop tests. The less flexible
neck of the human dummy yields larger neck loading and smaller head acceleration than for a
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human body (Rattanagraikanakorn et al., 2019, 2020c). In athird study (Rattanagraikanakorn
et a., 2020b) the MBS model was extended to eva uate impact injury on thorax and abdomen
of the 50" percentile male human body model, and a comparison was made against the
commonly adopted fatality models from the Rangers Command Council (RCC, 2001) as well
as the blunt criterion model (Magister, 2010). This third study showed that for DJI Phantom
[11 the MBS approach revealed alarge effect of impact geometry on fatality risk; and that these
effects are ignored by the commonly adopted fatality models of (RCC, 2001) and (Magister,
2010).

The objective of the current paper is to use the MBS modelling and simulation
approach to evaluate and compare injury and fatality consequences of human head impact for
five small UAS types, one of which is the DJI Phantom Il1. In selecting the four new UAS
types, in addition to UAS weight, the following variables are taken into account: maximum
speed, airframe material and airframe design. These UAS characteristics have not been
systematically studied beforein literature. In addition to four true UAS types, a hypothetically
simplified UAS version of the DJ Phantom Il1 is defined. It is included with a purpose to
neutralize the effect of airframe design on head injury severity. For these selected UAS types,
the first step isto develop MBS models and to integrate them with the human MBS model in
MADYMO. Subsequently, impact simulations with a human head are performed and the
results are analyzed.

This paper is organized as follows. Section 6.2 presents the UAS selection, the MBS
modelling, the calibration and the injury criteria used. Section 6.3 develops two prominent
UAS collision scenariosto be ssmulated with the MBS models; i.e., UAS controlled horizontal
collision with human head and UAS uncontrolled vertical drop on a human head. Section 6.4
and 6.5 present the results and discussion for these two encounter scenarios respectively.
Section 6.6 presents the conclusion of this paper.

In Appendix 6A, acomparison is made between live UAS impact test resultsand MBS
model results. The motivation for conducting this analysis stems from the recently PHMS
impact test results (Stark et a., 2019). Based on the anaysisin Appendix 6A it is assessed that
the MBS model-based assessment tends to systematically underestimate head injury criterion
by 11%. Although this is a relatively small difference, this systematic difference is
compensated in Section 6.4 and 6.5 of this paper.

6.2 Selection of small UAStypesand MBS modelling

6.2.1. Selection of UAS Types

Using the DJI Phantom |11 UAS studied in (Rattanagraikanakorn et al., 2019, 2020a,
2020b, 2020c) as areference, four true other UAS types are sel ected based on the parameters:
UAS weight, maximum speed, airframe material and design. In addition to these four true
UAS types, a hypothetical UAS is defined: arigid body representation of the DJ Phantom I11
without having any flexible components, such as, motor arm, camera gimba or landing gear
attached to it, though with the same total weight (Wo ~ 1.2 kg). Two of the four true UAS are
sel ected from the same weight classes and maximum speed classas DJI Phantom 111 (Wo~ 1.2
kg) but having different airframe materials or design. The other two true UAS are selected
from alower weight class (Wo~ 0.4 kg). Because it has become clear from the previous studies
(Rattanagraikanakorn et al., 2019, 2020a, 2020b, 2020c) that DJ Phantom I1I can inflict
serious head injury on the mid-size male human body, therefore, heavier UAS types are not
considered in the current study.
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Table 6.1 shows true UAS types with their characterstics that have been selected in
addition to DJI Phantom I11. Within the weight class Wo ~ 1.2 kg, DJI F450 and Tarot LJI500
are newly selected. DJI F450 has an ABS plastic frame with sandwich plate fuselage structure
and with molded plastic motor arms. Tarot LJ500 is fully made out of tiff carbon fibre
materials with sandwich plate fuselage structure and with carbon fibre motor arm. Within the
weight classWo = 0.4 kg, TrueXS Racing UAS and Parrot Bebop are selected. TrueXS Racing
UAS has athick, light-weight carbon fibre frame, and amuch higher maximum speed than the
DJ Phantom I11. As akind of opposite UAS type in this lower weight class, Parrot Bebop is
selected for its lower maximum speed than DJI Phantom I11. Parrot Bebop has amolded ABS
plastic frame, and the front of the fuselage is made out of polystyrene foam.

Table 6.1. Summary of mass, maximum speed, and design characteristics of selected UAStypes.

Total ~ Maximum Airframe
UAS Type Mass Speed Configuration . Airframe Design
Materials
(ke] [m/s]
DJI Phantom III 121 18 ABS Sandwich shell
(Baseline) ’ Plastic structure
Quadcopter with ABS Sandwich plate
. ; . structure with molde
DIJI F450 1.16 18 camera gimbal Plastic h molded
system plastic motor arm

Carb Sandwich plate
Tarot LJI500 1.18 18 arbon structure with carbon

fibre fibre rod as motor arm

Quadcopter with
front camera cover ABS Molded ABS plastic
Parrot Bebop 0.40 16 with polystyrene Plastic structure
foam
. Racing quadcopter Sandwich plgte
TrueXS Racing 0.40 48 with onboard Carbon structure of thick
UAS ’ Fiber laminates, including

camera
motor arm

6.2.2. UAS Multibody System Models

For each UAS type, an MBS is developed. Table 6.2 shows images of the selected
UAS types and their MBS views. For the DJ Phantom Il1I, the MBS model of
(Rattanagraikanakorn et a., 2020a) is used; there it is explained that the DJ Phantom 111
landing gearsare so flexible that their impact effect isnegligible, and therefore are not included
in the DJI Phantom |11 MBS model.

For the Hypothetica UAS, the base model of DJI Phantom 111 is used but modified
into asingle lump mass with arigid body mass concentrated in the center of the fuselage and
cutting out all other flexible components. In essence, this Hypothetical UAS represents the
stiffest structure UAStype. The Tarot LJI500 and DJI F450 MBS models share asimilar model
structure to the DJI Phantom |11 and with landing gears modelled. Since they are customizable
UASs camera gimbal is not aready installed as seen in real-world system in Table 6.2.
However, they both have camera gimbal options similar to the DJI Phantom IIl. Therefore,
both DJI F450 and Tarot LJI500 use the same camera gimbal MBS model as in the DJI
Phantom I11. For Parrot Bebop and TrueXS Racing, UAS MBS models consist smply of main
fuselage and motor arms similar to their real-world system.

Similar as was done for the DJI Phantom I11, the MBS views of the five additional
UAStypes are trandated into a network of rigid bodies, kinematic joints, and force restraints.
Ellipsoid surfaces are attached to these bodies to reaistically represent the model’s external
geometry and are used for contact modelling. For the Hypothetical UAS there are no joints
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and only one rigid body. Figure 6.1 and Figure 6.6 shows the construction of the MBS model

for each of the five UAS types respectively. Bodies, joints and restraints highlighted in red
colour shown in Figure 6.1 to Figure 6.6 show new partsthat are extended relative to the MBS
model of the DJI Phantom Il in Figure 6.1.

Table 6.2. Selected UAS types for model extension study and comparisons between real-world systems and multibody

system views. Note that real-world systems of Tarot L JI500 and DJI F450 are without camera gimbal. So, in the MBS
mode, the camera gimbal of the DJI Phantom |11 is used.

127



Figure6.1. Skeletons of DJI Phantom |11 UAS multibody system model. ThisMBS model construct isa baseline mode
that isused for the model extension.

~

- —X

Figure 6.2. Skeletons of Hypothetical UAS multibody system model; it has no jointsand only one singlerigid body.
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Figure6.3. Skeletons of DJI F450 UAS multibody system model. Body, joint and restraint highlighted in red show part
extension from the baseinemodd.

Figure 6.4. Skeletons of Tarot LJI500 UAS multibody system mode. Body, joint and restraint highlighted in red show
part extension from the baseline mode.
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Figure 6.5. Skeletons of Parrot Bebop UAS multibody system model.

Figure 6.6. Skeletons of TrueXS Racing UAS multibody system model.

To redlistically model the dynamics and impact characteristics of the UAS MBS
model, mass and geometrical properties of the segments are obtained experimentally using
real UAS systems (see Table 6.3). Mass of each segment body ismeasured using digital weight
scale and geometrical dimensions are obtained directly from physical measurements on the
real systems.

Table 6.3. Summary of geometrical parametersfor thefive UAS models.

Segment Body Masses Segment Lengths
UAS Model
(kg] [m]
DJI Phantom I1I Wi=0.101, W>=0.056, 11=10.040, 2=0.020, 5= 0.023, [s=0.016, /5
(Baseline) Ws3=0.839, Wa.7=0.055 =0.030, /6=0.014, /= 0.165
Hypothetical UAS wi=1.21 -
W1=0.101, W2=0.056, 11=10.040, .= 0.020, /3= 0.023,
DIJI F450 Ws3=0.640, Wa7=0.087, 14=10.020, /5= 0.008, /6= 0.030,
Ws-11=10.017 l7=10.170, Is=0.049, ly=0.100
wi=0.101, W2=0.056, 11=10.040, = 0.020, /3= 0.023,
TarotLJIS00 W3=0.621, Wa-7=0.090, 14=10.020, /s=0.008, /6= 0.030,
Ws.9 = 0.040 17=0.170, Is= 0.060, ly=0.200
Parrot Bebop Wi=0.360, W25=0.010 11=0.015, 2= 0.025, 5= 0.055, 4= 0.080

TrueXS Racing UAS ~ W1=10.360, W>5=0.010 11=0.012, 2=0.032, /3= 0.080

6.2.3. Joint Typesand Force/Moment Characteristics

Structural deformation is modelled using various joint types that give each body
segments degree of freedom (DoF). For each joint applicable restraint force and moment
characteristics shall be measured. Table 6.4 showsfor each UASjoint which force and moment
characteristics have been measured using quasi-static compressive tests on each part of the
UAS, details of these test are in (Rattanagraikanakorn et al., 2020a). The measured moment-
angular displacement and force-displacement curves are shown in Figure 6.7 and Figure 6.8,
respectively. These measured curves form input to the MBS modelsin MADYMO.
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Table 6.4. Joint types used in each UAS MBS model, and moment/for ce characteristics allocated to each joint.

UAS Type Joint Type Chala\:[aocrtréi?sttics Charzgtrgreistics
Joint 1-4 (Universal) RI, R2
DJI Phantom 111 Joint 5 (Translational) - F1
Joint 6 (Translational-Revolute) R3 F2
Hypothetical UAS
Joint 1-4 (Universal) R1,R2 -
Joint 5 (Translational) - F1
DII F450
Joint 6 (Translational-Revolute) R3 F2
Joint 7-10 (Universal) R4, R5 -
Joint 1-4 (Universal) R1,R2 -
Joint 5 (Translational) - F1
Tarot LJI500
Joint 6 (Translational-Revolute) R3 F2
Joint 7-8 (Revolute) R4 -
Parrot Bebop Joint 1-4 (Universal) R1,R2 -
TrueXS Racing UAS  Joint 1-4 (Universal) R1,R2 -

For DJI Phantom I11, Joint 1-4 represents motor arms. Universal joint type is used for
Joint 1-4, providing 2 rotationad DoF (upward and sideward deflections). Moment
characteristics R1 and R2 are measured for these joints. Joint 5 uses Trandational joint to
model damp plate motion with 1 trandational DoF. Attached to Joint 5 isforce characteristics
F1. Next, camera gimbal Joint 6 is modelled using Trandlational-Revolute joint types. This
joint type provides 1 trandational DoF and 1 rotational DoF. For this joint type moment
characteristics R3 and force characteristics F2 have been measured. Because the Hypothetical
UASisarigid body version of the DJ Phantom I11, no additional measurements are needed.

DJ F450 motor arms are also modelled using universa joint type with moment
characteristics R1 and R2 attached to each joint. DJI F450 uses the same camera gimbal asthe
DJ Phantom Il1. This makes Joint 5 and Joint 6, along with moment/force characteristics,
identical to that of DJI Phantom I11. An additional four landing gearsin DJI F450 are modelled
using universal Joint 7 to 10 with moment characteristics R4 and R5 are measured on each
DoF.

For Tarot LJI500, motor arms are modelled using universal Joint 1-4 with moment
characteristics R1 and R2 measured for each joint. Camera gimbal isidentical to that of DJI
Phantom I11. An additiona extension of two landing gears attached to the fuselage ismodelled
with revolute Joint 7 and 8. Both joints are restraint using moment characteristic R4 and R5
on each DoF.

Bebop and TrueXS Racing UAS MBS models are simply made up of fuselage and 4
motor arms. There 4 motor arms are modelled using universa Joint 1-4. Moment
characteristics R1 and R2 are measured for all 4 joints.
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(a) Motor Arm - Sideward (R1)

(b) Motor Arm - Upward (R2)
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Figure 6.7. Measured moment characteristicsR1 to R5.
(a) Damp Plate - Compression (F1) (b) Camera Gimbal - Compression (F2)
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Figure6.8. Measured hyster esis loop of Force Characteristics F1 and F2 that apply for DJI Phantom |11, DJI F450 and

Tarot LJI500.
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6.2.4. Contact Characteristics

Contact characteristics between UAS and human head are modelled for different parts
of the UAS using an analytical elastic-perfectly inelastic contact model (Brake, 2012). There
are four types of contact characteristics used in the model. Locations of these four contact
types are illustrated in the MBS views in the right column of Table 6.2. These contact types
differ due to the difference in materials and geometrical properties of the two contact bodies.
‘Camera Bottom Contact’ and ‘ Camera Front Contact’ are for the camera gimbal and human
head scalp where the gimbal materials are aluminium. The difference between ‘Camera
Bottom Contact’ and * Camera Front Contact’ is the contact radius. ‘ Camera Bottom Contact’
isfor the bottom of the gimbal where surface areaislarge and Camera Front Contact isfor the
circular front part of the camerawith asmall contact radius. ‘ Fuselage/Motor Arm Contact’ is
the contact characteristics between plastic and human head scalp —this appliesto the fusel age,
motor arms and landing gears. Lastly, ‘Bebop Front Fuselage Contact’ is the contact between
apolystyrene part of the Parrot Bebop and the human scalp.

Figure 6.9. UAS contact type characteristics derived from an analytic contact model (Brake, 2012). Note that each
curve consists of loading and unloading parts which form a hysteresis loop. Contact types 1 and 2 differ in contact
radius.

6.2.5. MBS Mode of Human Body and Head Injury

The assessment of the effect of different UAStypeson human head injury isperformed
using the UAS MBS models shown in Table 6.2 and the 50% percentile male body model
distributed with MADYMO 7.7 shown in Figure 6.10. The human body model is a validated
biofidelic model that is representative of the mid-size North American male human body and
was originally published by Happee (Happee et a., 1998; Happee and Ridella, 2000). The
model is a multibody system model with passive muscle, consisting of chains of rigid bodies
connected by kinematic joints. The skin is made up of a mesh of shell-type massless contact
elements. The biomechanical data including joint characteristics and mechanical properties
are based on biomechanical data and are validated using volunteer and post mortem human
subjects (PMHYS) (TASS International, 2017a).
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Figure 6.10. 50" Per centile male human body modd in a seated position in MADYMO.

MBS simulation of UAS impact on human head involve impact parameters that are
shownin Figure 6.11; i.e. impact velocity (V), head direction (v), UAS elevation (0), and UAS
pitch (o). The UASis positioned relative to the human head, having a velocity vector pointing
toward the head CG (Center of Gravity). An impact condition for central impact is applied,
meaning that the line of action of the impact velocities are collinear and passing through the
centre of masses of the two bodies.

Figure6.11. UAS - Human head impact smulation setup parameters.

MADYMO supports measurement of Head Injury Criterion (HICis), where the
subscript value of 15 refers to the duration in ms of the worst time interval after the first
moment of impact. The equation for calculating the HIC value (TASS International, 2017b) is
given as an integral over the head CG (Centre of Gravity) acceleration:

25
1 %
HI C(tz*t]_) - TogrtTll?z)iTE {(tz - tl) |:t —tl ;"a(t)dt:| } (6'1)

2

where Ty is the first moment of impact, and Te is the end time of the period considered after
the first impact, and a(t) is the accel eration-time curve of the head CG. Based on the Federa
Motor Vehicle Safety Standards (FMVSS), a HICys value of 700 is the minimum safety
threshold for non-fatal impact (Eppinger et al., 1999). It should be noted that the HIC1s injury
criterion is mainly developed for blunt force injury type. One of the limitations of thisinjury
criterion is when dealing with impact from an object with a small surface area where local
penetration is more prominent than an impact force transfer over alarge surface area.

MADYMO aso supports measurement of the neck injury level in terms of a neck
injury criterion Nj; that considers the upper neck force and moment proposed by the National
Highway Traffic Safety Administration (NHTSA) (Klinich et al., 1996). This criterion is
designed for afrontal-collision injury evaluation in automotive accidents. The “ij” represents
indices for the 4 injury mechanisms; namely Nre, Ntr, Nce, Ncr. The first index j represents
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the actua load (Tension or Compression) while the second index j represents the sagittal plane
bending moment (neck Flexion or Extension). The equation for N; is,

FZ,i
F

int,i

M
M

Y.i

(6.2)

ij

int, j

Where Fz; isthe upper neck forcein Z-axis, Finti isthethreshold force, My; isthe upper neck
moment about Y -axisand Mir; is the threshold moment. The current performance limit of the
Nij is 1 which represents 22% of p(41S > 3) (Parr et al., 2012) which can be described as
multiple nerve root laceration in the cervical thoracic spine (Schmitt et a ., 2019). The equation
for converting Nj; to p(47S > 3) isasfollows,

p(AIS>3) = L (6.3)
1+

3.227-1.969Nij
e j

6.2.6. Conversion to Probability of Fatality

To assess the probability of life-threatening injuries due to UAS impact on a human
head, a conversion curve from HIC15 to Probability of Fatality (PoF) is adopted. Figure 6.12
illustrates the adopted curve from the U.S. 1SO delegation (Tyrell et al., 1995) which is based
on Prasad and Mertz injury risk curve (Prasad and Mertz, 1985). This curve allows the
conversion of the HICys level measured in the MBS simulations to the PoF value.

Figure 6.12. Conversion of HIC15 level to the percentage of life-threatening injury recommended by U.S. SO
delegation (Tyrell et al., 1995) which isderived from Prasad and Mertz injury risk curve (Prasad and Mertz, 1985).

6.3 Impact Scenario Selection and Simulation Setup

Two UAS impact scenarios will be smulated with the MBS model in MADYMO:
Controlled horizontal flight impact and Uncontrolled vertical drop impact. The relevance and
details of these two scenarios are described in subsections 6.2.1. and 6.2.2. respectively.

6.3.1. Controlled Horizontal Flight Impact

Under a controlled horizontal flight, aUAS is capable of reaching maximum designed
operational speed. It is particularly interesting since it yields the highest possible impact
energy for each of the UAS types. Thisimpact scenario can occur when, for example, loss-of-
link between UAS and operator takes place which makes UAS continue flying in a controlled
manner by an autopilot system. Without manual control override from an operator or automatic
safety cutoff, UAS will continueits original course and may accidentally hit a person nearby.
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This scenario may also arise from pilot accidentally flying UAStoo closeto nearby bystanders
and fail to react to avoid acollision, leading to an impact on a human at full operational speed.
Thisis particularly relevant to racing UAS where flight atitude is close to ground level and
close to bystanders.

For controlled horizontal flight, the simulation parameter valuesare givenin Table 6.5,
and the encounter setup isillustrated in Figure 6.13. For this scenario, it is of interest to ook
at the parameters setup that resultsin the worst impact. DJI Phantom 111 impact on the side (¢
= 90°) of human head results in the worst impact case (Rattanagraikanakorn et al., 2020b).
Therefore, head direction () is set to 90°. Impact elevation is set to 0° since only horizontal
impact is considered. In redlity, at full maximum operational velocity, UAS has to pitch
downward with asmall anglein order to produce forward thrust force. Nevertheless, thisangle
israther small and is neglected in the smulation. Hence, UAS pitch is set to 0°.

Figure 6.13. Encounter scenario for controlled horizontal flight impact.

Furthermore, for the DJI Phantom 111, the maximum attainable speed is up to 18 m/s.
DJ F450 and Tarot do not have specific maximum operational speed due to its
customizability. However, since they are smilar in size and weight compared to DJI Phantom
[11, it is assumed that the maximum operational speed is equa to the DJI Phantom III.
Hypothetical UAS, maximum attainable speed is 18 m/s similar to the DJI Phantom I11. The
Bebop maximum operational speed is 16 m/s based on manufacturing data (Parrot Drones
SAS, 2019).

Lastly, the TrueXS Racing UAS also does not have a specific maximum operational
speed due to its customizability. So, an average maximum operational speed of 48 m/s
compiled from 14 racing UASs is used (FPV Drone Reviews, 2018). Hence, the simulated
impact speed of each UAS is set from 0 m/s to the maximum operational speed with 2 m/s
increments.

Table6.5. Simulation parametersfor controlled horizontal flight impact scenario.

Impact Impact UAS
UASType Direction  Elevation Pitch V [m/g] E[J]
v [ a

DJI Phantom 111 90° 0° 0° 0-18 0- 196
Hypothetical UAS 90° 0° 0° 0-18 0- 196
DJI F450 90° 0° 0° 0-18 0- 196
Tarot LJI500 90° 0° 0° 0-18 0-196
Parrot Bebop 90° 0° 0° 0-16 0-51
TrueXS Racing UAS 90° 0° 0° 0-48 0-460

6.3.2. Uncontrolled Vertical Drop I mpact

The second impact scenarios chosen is the uncontrolled vertical drop. This case may
occur due to loss-of-control (Belcastro et a., 2017) which may be caused by partial or
complete propulsion failure, control system failure, UAS entering unstable wake region
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outside of its operational envelope and etc. This scenario applies to many urban UAS
operation, such as aerial photography over crowd or parcel delivery in apopulated area. UAS
falling vertically downward on apedestrian isdeemed to be acritical case since UAS canreach
terminal speed and the pedestrian may not be aware of thefalling UAS, making self-protection
not possible.

For uncontrolled vertical drop simulation setup, simulation parameters are summarized
in Table 6.5. This scenario is depicted in Figure 6.14. Because UAS under such flight
conditionstypically tumbles down towards the ground (Foster and Hartman, 2017), the impact
geometry may vary. To capture this, three sub-scenarios are eva uated for different UAS pitch
values of 0°, 45° and 90° respectively, asis shown in Figure 6.14.

Figure 6.14. Encounter scenario for vertical drop impact cases. Three cases smulated are with pitch of 0°, 45° and 90°
(left to right).

Furthermore, since UAS drop freely towards the ground in this scenario, it is assumed
that the maximum impact velocity that can be achieved by the UAS isiits terminal velocity.
ASSURE (Arterburn and Investigator, n.d.) estimated the DJI Phantom |11 terminal velocity
to be approximately 18 m/s by using a computational fluid dynamics model to determine
aerodynamics force acting on the UAS. Because the DJI F450, Tarot LJI500 and Hypothetical
UAS have similar size and weight, it is assumed that the terminal velocity of these UAS is
equal to that of DJ Phantom Il1. For Parrot Bebop and TrueXS Racing UAS, because these
UASs have much lighter weight than the DJI Phantom 111, it is possible that the terminal
velocity may be lower. Nevertheless, it is of interest to use the terminal drop velocity of the
DJ Phantom 1l as it can represent a possible upper bound terminal drop velocity for Tarot
LJI500 and TrueXS Racing UAS.

Table 6.6. Simulation parametersfor uncontrolled vertical drop impact.

UAS Type v 0 a V [m/s] E [J]

DJl Phantom 111 0° 90° 0°/45°/90° 18 196
Hypothetical UAS 0° 90° 0°/45°/90° 18 196
DJl F450 0° 90° 0°/45°/90° 18 196
Tarot LJ500 0° 90° 0°/45°/90° 18 196
Parrot Bebop 0° 90° 0°/45°/90° 18 64
TrueXS Racing UAS 0° 90° 0°/45°/90° 18 64

Based on the scenarios for uncontrolled vertical drop scenario, the impact attitude of
each UASisshown in Figure 6.15. Thefigureillustrates the different point of contact for each
UAS on the human head at different pitch angle.
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Figure6.15.Visualization of vertical drop for each of the five UAS types under pitch angles of 0, 45 and 90 degr ees.

6.4 MBS Resaultsfor Controlled Horizontal Flight | mpact

6.4.1. Head Injury Criterion (HICis)

By simulating the integrated MBS modelsin MADY MO, head injury criterion (HICis)
results as a function of increasing impact energy have been obtained for each of the five UAS
types; these results are presented in Figure 6.16. The figures show that HICss level increases
non-linearly with impact energy. Serious and critical head injuries are confirmed by the HIC15
results above 700 for Hypothetical UAS, DJ Phantom I11, Tarot LJ500, DJ F450, and
TrueXS Racing UAS. Human head sustains a low injury from Parrot Bebop impact with
highest HIC1s of 52 — much lower than the threshold of 700.

Hypothetical UAS produces the highest HIC results and has the steepest HICys curve.
DJ Phantom |1l produces the same HICis results as presented in the previous work
(Rattanagraikanakorn et al., 2020b). DJI Phantom Il has the steepest HICis curve. Tarot
LJ500 has the second steepest HICys curve. The third and fourth steepest HIC1s curves are
DJl F450 and TrueXS Racing UAS, respectively. Lastly, Parrot Bebop has the lowest slope
for HICys curve.

At maximum impact energy of 196 J, Hypothetical UAS inflicts HICys level 2750
higher than the DJ Phantom 111 which inflicts HICs level 2000. At the same energy, Tarot
inflicts HICys level 1650, slightly lower than DJI Phantom I11. DJI F450 inflicts HICys of 1460
at 196 Jimpact energy. At 196 Jimpact energy, TrueXS Racing UAS inflicts HICys of 1400
which islower than the DJ Phantom I11. However, at its maximum impact energy is460 J, it
inflicts HICys up to 4300. Thisis 2.1 times higher than the DJI Phantom I11. Parrot Bebop
inflicts the lowest HIC1s of 220 at a maximum impact energy of 52 J.
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Figure 6.16. HI Cis results for controlled horizontal flight impact with the bottom figure zoomingin on low HIC1s and
impact energy range.

6.4.2. Probability of Fatality (PoF)

As has been analysed in appendix A, based on most recent live PHMS impact test
results from Ohio State University (Stark et a., 2019) it is estimated that the MBS based
assessment of HICss level is likely to be systematically underestimated by 11%. Taking into
account the complexity of the MBS model aswell asthelivetest scenarios, this 11% difference
is such small that it contributes to the earlier MBS model validation (Rattanagrai kanakorn et
a., 2020a). However, having assessed such a systematic underestimation provides the
opportunity to compensate the MBS assessed HIC1s curvesin Figure 6.15. Hence prior to using
the conversion curve of Figure 10, the HICys curves in Figure 6.16 are increased by a factor
1.11. This11% compensation followed by PoF conversion yieldsthe five PoF curvesin Figure
6.17 as afunction of impact energy, one for each UAS type.

For reference purpose, Figure 6.17 also showsthe widely adopted Range Commanders
Council (RCC) curvefor head injury (RCC, 2001). In sequence of PoF severity ranksthe RCC
curvefirst. Second isthe PoF curvefor DJI Phantom I11. Third the PoF curvefor Tarot LJI500,
Fourth the PoF curve for DJI F450. Fifth the curve for True XS Racing UAS. Sixth the PoF
curve for Parrot Bebop.

The RCC curve shows an increase with impact energy and resembles an S-shape curve
as impact energy increases with a plateau value of 1. The PoF curve for the DJI Phantom III
clearly stays well below the RCC curve for the full range of possible impact velocities. For
DJ Phantom Il this PoF overestimation by the RCC curve has also been shown in
(Rattanagraikanakorn et al., 2020b). Figure 6.17 shows that the overestimation by the RCC
curveis even more severe for the other four UAS types.
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Figure 6.17. Probability of fatality (PoF) asa function of impact energy in case of horizontal impact by each of thefive
UAStypesand the corresponding curvefrom RCC (RCC, 2001). The PoF curvesare converted from the HI Cis curves
that have been compensated for +11% systematic underestimation. The bottom figure zooming in on low HICss and
impact energy range.

At impact energy of 50 J, each of the five UAS types has a PoF around 0, whereas the
RCC curve predicts a non-zero PoF of 0.08.

At impact energy of 196 J, RCC curve predicts a PoF of 1, while Hypothetical UAS
inflicts PoF of 0.97, DJ Phantom I11 inflicts PoF of 0.97, Tarot LJI500 inflicts PoF of 0.82,
DJI F450 inflicts PoF 0.66, and TrueXS Racer UAS inflicts PoF of 0.51. Of these four UAS
types, the TrueXS Racing UAS is the only one that can yield more than 196J impact energy.
The PoF value of 1 isreached at about 70% of its maximum achievable impact energy of 460
J.

6.4.3. Head CG Accdleration-Time History

To understand the effect of different UAS types on head injury severity, head
acceleration curves for each UAS at maximum impact energy were extracted and analyzed.
This is because head acceleration is the measure for HICys. Figure 6.18 shows head CG
accel eration-time history of the human head starting from the initial contact moment with the
5 UAS types at maximum impact energy.

The results show that the TrueXS Racing UAS has the highest peak acceleration of
614 g within 1 ms. Hypothetical UAS reaches the peak value of 500g at approximately 0.9 ms.
DJl Phantom |11 reaches the peak value of 400 g at 1 ms. Tarot has arelatively high peak of
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330 g which isreached at about 1.5 ms. It is observed that the Tarot has a small sharp rise in
head acceleration at 0.5 ms, then followed by aflat region for avery short period before peak
acceleration is reached.

DJl F450 induces lower head acceleration with a peak value of 283 g at 0.7 ms. DJI
F450 has similar compression rate compared to the DJI Phantom 111, but with slower rebound
rate as the downslopeismuch less steep. Bebop yields significantly low peak head accel eration
of only 74 g at 1.8 ms. This shows that the Parrot Bebop compressive phase is much slower
than other UAS types.
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Figure 6.18. Head CG acceeration time-history curves at a maximum impact ener gy of each UAStype.

6.4.4. Neck Injury (Nj)

In addition to head injury, neck injury level on a human body due to UAS impact is
assessed using the neck injury criterion (N;). Figure 6.19 shows Nj; results at different impact
energy for different UAStypes. For all UAStypes, N;; valuesindicate non-critical neck injury.
The highest N;; observed is 0.401 which isinflicted by the TrueXS Racing UAS. ThisN;; level
is equivalent to 8.2% risk of moderate neck injury (AIS > 3). Even the TrueXS Racing UAS,
whichinflictslife-threatening HIC1s level, does not inflict serious neck injury with amaximum
Nij level of lessthan 0.48 (9.3% of p(AIS > 3))
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Figure 6.19. Neck Injury of horizontal-sideimpact.
6.4.5. Discussion of Controlled Horizontal Flight Impact Results

In this section, controlled horizontal impact results for Hypothetical UAS, DJ
Phantom 11, Tarot LJI500, TrueXS Racing UAS, DJI F450 and Parrot Bebop are discussed.
The PoF curvesfor all UAStypes stay well below the RCC curve for the full range of possible
impact velocities. Of all the six UAS types, the PoF curve of the Hypothetical UAS is closest
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to the RCC curve and the second closest is the DJI Phantom 111. Increasing differences have
been found for Tarot LJI500, DJI F450, True XS Racer UAS and Parrot Bebop respectively.
The aim of the discussion in this section is to identify an explanation for these differencesin
terms of differences in airframe design and materials used. To do so, the findings for each of
the additional UAS types are compared to those of the DJI Phantom I11.

First, the Hypothetical UAS which is a rigid-body representation of the DJI Phantom
Il shows 30% higher HICis and PoF level compared to the DJI Phantom Ill. The head
acceleration curve is aso in good agreement with the HICys and PoF results, which shows a
sharprisein head CG acceleration. The peak of 500 g isreached before 0.9 ms, whichishigher
and faster that the DJI Phantom Il1. This implies a quicker transfer of impact energy to the
human head. Thisis reasonable since the Hypothetical UAS represents arigid-body UAStype
which does not contain any flexible components. All lumped masses of flexible components
in the DJI Phantom I11 are concentrated into the center of the fuselage in Hypothetical UAS -
thisresultsin the stiffest airframe case. Out of all initial impact energy of the UAS, only minor
energy loss in contact energy is dissipated but no impact energy is dissipated by structural
compliance. Even though not realistic, thisrigid-body impact case represents the worst impact
case that UAS types within W0 = 1.2 kg can inflict on human body.

Even the Hypothetical UAS inflicts higher PoF compared to the DJI Phantom 111 and
highest among other UAS types, its PoF curve till is not close to the RCC curve. The
Hypothetical UASis till lower by approximately more than 80% in the range of 100 Jto 150
J. Thisshowsthat the RCC curve overestimates the PoF level of human under UAS collisions.
Asfound in the previous work (Rattanagraikanakorn et a., 2020b), the RCC curveis derived
base on small debris explosive data. Hence, it isarepresentation of blast waveinjury (Barnard
and Johnston, 2013) or laceration and penetration injury, while UAS impact mostly caused
blunt-force trauma injury. It is possible that the real UAS model can inflict penetration or
laceration injuries on human body parts which may result in higher PoF curve comparable to
the RCC curve. However, such injury mechanism is not possible to capture with MBS model
used in this study, since the MBS only consider blunt-force impact of relatively large surface
area contacts.

For Tarot LJI500 the HICy5 and PoF curves are about 25% |lower than those for the DJI
Phantom I11. These 25% lower curves are also reflected by asmall change in head accel eration
curvein Figure 6.18 where the peak acceleration isreached at alater time compared to the DJI
Phantom I11. Thisimpliesthat the slope of the head acceleration curve is dightly lower which
means that impact energy transfer is not as abrupt as the DJI Phantom 111. Because masses,
impact velocity and contact stiffness are equal, the assessed difference may be due to
differences in airframe materials and design (UAS shape and construction). An objective
assessment of airframe materials and construction differences stem from the quasi-static
compressive test on the airframes in Figure 6.7(a) and Figure 6.7(b). This shows that Tarot
LJI500 is amost two times less stiff than DJI Phantom 111. This resultsin a more compliance
structure which absorbs and damp out impact energy during impact. However, these two times
less stiff structure only resultsin 25% reduction in HICys. Even though structural stiffness has
a direct influence on HICis, however, its effect is not one to one. This is because shape and
mass distribution also play their roles. For instance, motor arm stiffness as shown in Figure
6.7(a) and Figure 6.7(b) connects to the main mass to lumped masses consist of motor and
arm. Both for DJI Phantom |11 and Tarot LJI500 the masses of these four motors and arms are
approximately 20% of the total mass. So, the amount of impact energy absorbed by these parts
out of the total impact energy is less than what the main body absorbs. This explains why
reduced motor arm stiffness has only a partial effect on HICys reduction. Complementary to
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arm stiffness difference there are some differencesin the shape of the two UAS types that will
also have anon-linear effect on HICys difference.

For DJI F450, the HICys and PoF are about 40% lower than those for the DJI Phantom
I11. Although the acceleration curve in Figure 6.17 for DJI F450 shows asimilar initial rise as
the DJI Phantom |11, the peak value islower and the rebound takes longer. The longer rebound
phase indicates a softer and damped structure where more energy is dissipated. Because
masses, impact velocity, contact stiffness and airframe materias (ABS plastic) are equal, the
assessed difference may be due to differences in airframe design (UAS shape and
construction). An objective assessment of airframe materia sand construction differences stem
from the quasi-static compressive test on the airframes in Figure 6.7(a) and Figure 6.7(b). In
these figures, the bending stiffness of DJI F450 motor arm isalmost a factor 3 less stegp than
for DJI Phantom I11. The likely explanation is that, as described in Table 6.1, DJI F450 has a
sandwich plate structure, which is flexible, whereas DJI Phantom Ill has a shell structure,
which isstiff. However, the significantly less stiff motor arms only result in 40% reductionin
HIC1s. This again shows that the relation between structural stiffness and HICss, the level is
not one to one; also shape and mass distribution play their roles. For instance, motor arm
stiffness shown in Figure 6.7(a) and Figure 6.7(b) connectsto the main massto lumped masses
consist of motor and arm. Both for DJI Phantom 111 and DJI F450 the masses of these four
motors and arms are approximately 20% of the total mass. Therefore, out of the total impact
energy, the amount of impact energy engaged by these parts is less than what the main body
absorbs. Also, partial effect on HICis reduction can be explained by the reduction of motor
arm stiffness. Apart from the difference in arm stiffness there are further differences in the
shape of the two UAS types that will also have a non-linear effect on HICys change.

For the TrueXS Racing UAS the HICys and PoF values at 196 J impact energy are
about 45% lower than those for DJI Phantom I11. Because of its low mass, the 196 J impact
energy isreached at a 2.5 higher impact velocity than DJI Phantom I11. TrueXS Racing UAS
inflicts 45% lower of HICis compared to DJI Phantom 111 because of its smaller geometrical
characteristics. Dueto its small size, the first point of contact is the two forwards motor arms.
Upon impact, these two motor arms deflect outward, acting like a spring/damper system which
increasesimpact time. Once the maximum deflection of the motor armsis reached, the energy
from the main mass of the fuselage is then transferred to the head. Thisis not the case for DJI
Phantom I11 where the main fuselage is the first point of contact. For the DJI Phantom 11, the
main mass of the fuselage hit directly on to the head, making a significant amount of impact
energy being transferred at the first instance.

For the Parrot Bebop the HICys and PoF curves remain near-zero values. As shown in
the lower-left corner of Figure 6.15, the Parrot Bebop has a very low maximum impact energy
of only 51 Jdue to itslow mass and limited maximum speed. The maximum HICis value that
the Parrot Bebop can inflict on a human head in less than 60 J - well below the threshold of
700 J. In addition, by considering head CG accel eration induced by the Parrot Bebop in Figure
6.18, the curve shows a gradual rise in head acceleration which takes almost 2 ms to reach
peak acceleration value. This gradual rise shows that the compressive phase for Bebop takes
rather long in comparison to the other four UAS types. Thisaligns well with the low moment
curves measured for Parrot Bebop in Figures 6.7(a) and 6.7(b). These low moment and force
curves reflect that the frontal part of the Parrot Bebop frontal part is made out of soft
polystyrene foam. This reduces moment and force curves, and as a result of this leads to
increasing the compression phase, and thus, lowering the impact force on the human head.
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6.5 MBS Resaultsfor Uncontrolled Vertical Drop | mpact

This section addresses Head Injury Criterion (HIC1s) and the probability of fatality (PoF)
results for uncontrolled vertical drops of the five UAS types on human head. Because in these
cases Neck injury is negligible to head injury (Rattanagraikanakorn, 2020a), the latter is
evaluated only. In all cases the impact velocity of the UAS is 18 m/s, which means impact
energy of 64 Jfor the two light UAS types, and 196 Joule for the other UAS types. Thisalso
means that the two light UAS types stay below the AIS level 3 based safety threshold of 95
Joule (Koh et al., 2018). Hence the other UAS types are about a factor two above this safety
threshold.

The latter finding stems from earlier MBS simulation results of vertical drop of DJI
Phantom I11 on human head (Rattanagraikanakorn et a., 2020a) and from similar findings for
the other UAS types in the previous section on controlled horizontal flight impact.

6.5.1. Head Injury Criterion (HIC1s) & Probability of Fatality (PoF)

Figure 6.20.a-c shows HICis and PoF results for each UAS types at 18 m/s falling
speed and at the pitch of 0°, 45° and 90° respectively. Similar to the transformation of MBS
based HICis curves to PoF curves in Section 6.4.2, HICys values are multiplied by a factor
1.11 prior to conversion to PoF. This factor 1.11 is to compensate for the 11% systematic
underestimation of HIC1s by the MBS model as has been analysed in Appendix 6A. Note that,
in Figure 6.20.a-c, for RCC’ s PoF values no underlying HIC1s values are known.

For pitch angle of 0°, Hypothetical UAS inflicts the highest HICys of 1502. DJI
Phantom 11l and Tarot LJI500 inflict similar head injury with HICis of 296 and 272,
respectively. DJl F450 inflicts lower HICys of 173. TrueXS Racing UAS inflicts the highest
head injury with HICys of 312. Bebop inflictsthe least head injury with HICys of 128. Interms
of PoF, the RCC curve predicts PoF of 1. The converted PoF from the HICss for the
Hypothetical UAS is the second highest with PoF of 0.72, while the other UAS types PoF
ranges between 0.009 and 0.013.

For pitch of 45°, the Hypothetical UAS also inflicts the highest HICis of 1502. DJI
Phantom Ill and Tarot again inflict similar head injury with HICys value of 335 and 291,
respectively. DJl F450 inflicts lower HICys of 201 compared to DJI Phantom I11. TrueXS
Racing UAS inflicts HIC15 of 160, and Bebop inflicts HICs of only 71. When compared 45°
pitch casesto O pitch cases, Hypothetical UAS inflict ssimilar HICys of 1500. DJI Phantom 111,
Tarot and DJI F450 inflict also similar head injury. However, TrueXS Racing UAS and Bebop
see anoticeable difference in HICys level which reduce by almost 50% compared to 45° pitch
cases. For PoF, the RCC till inflicts PoF of 1 and the Hypothetical UAS inflicts PoF of 0.734.
PoF of TrueXS Racing UAS and Bebop reduce to 0.010 and 0.003, respectively.

For pitch of 90°, Hypothetical UAS still inflicts the highest HICys of 1584. Significant
higher head injury levels are assessed for the DJI Phantom 111, Tarot LJIS500 and DJI F450,
while head injury reduces for Bebop and TrueXS Racing UAS. DJI Phantom Il now inflicts
about afactor 4 higher HICys than for 0° and 45° pitch cases. Similarly, head injury sustained
by Tarot LJI500 is now about afactor 3.3 times higher. DJI F450 also inflicts afactor 4 times
higher HIC1s. The significant HICys differences at pitch of 90° lead for DJI Phantom |11, Tarot
LJI500 and DJI F450 to even larger differencesin PoF values. In 90° pitch case, DJI Phantom
[l now inflicts a PoF of 0.5. Tarot LJI500 inflicts a PoF of 0.3. DJI F450 inflicts a PoF of
0.16.
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a. UAS Pitch, a = 0°

RCC N/A
Hypothethical UAS 0.720
DJI Phantom 111 296 0.013
Tarot LJIS00 272 0.012
DII F450 173 0.011
TrueXS Racing UAS 312 0.013
Parrot Bebop 128 0.009
0 400 800 1200 1600 0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Cis PoF
b. UAS Pitch, a = 45°
RCC = N/A
Hypothethical UAS 0.734
DIJI Phantom III 335 0.014
Tarot LJIS00 291 0.013
DIJI F450 201 0.011
TrueXS Racing UAS 160 0.010
Parrot Bebop 71 0.003
0 400 800 1200 1600 0 0.1 0203040506070809 1
HIC,, PoF
c. UAS Pitch, a =90°
RCC = N/A
Hypothethical UAS 0.778
DJI Phantom III 1,239 0.505
Tarot LJIS00 982 0.290
DIJI F450 800 0.162
TrueXS Racing UAS 83 0.005

Parrot Bebop 42 0.000

0 400 800 1200 1600 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
HIC, PoF

Figure 6.20. HIC1s and PoF results for uncontrolled vertical drop impact. a) 0° pitch, b) 45° pitch; c) 90° pitch. The
PoF valuesare converted from the HI C15 valuesthat have been compensated for a systematic under estimation of 11%.

For pitch of 90°, Bebop and TrueX S Racing UASinflict about afactor 2 lower (instead
of higher) HICys than under 0° and 45° pitch cases. This decrease in HICys on TrueXS Racing
UAS and Bebop leads to very low PoF values. TrueXS Racing UAS inflicts a PoF of 0.5%,
and Bebop inflicts a PoF of less than 0.1%.

6.5.2. Head CG Accderation-Time History

Figure 6.21 shows head CG acceleration-time history of the human head starting from
theinitia contact moment with the 5 UAS types at various pitch angles.

For 0° pitch, head CG acceleration curve shows that Hypothetical UAS inflicts the
highest head acceleration with a rapid rise to peak acceleration at 400 g within 1 ms. The
Racing UAS can induce the highest head acceleration with a peak value of 200 g at 1 ms. The
Bebop has a dightly lower peak value of 127 g reached at 1.4 ms. Also, Bebop and Racing
UAS only have one acceleration peak, while the other UASs have two distinct peaks. DJI
Phantom I11, Tarot and DJI F450 all have two head acceleration peaks. The first peaks reach
approximately 110 g at 0.7 ms. The second peaks approximately 125 g at 2.4 ms for DJI
Phantom I11. The second peak for DJI F450 and Tarot adight later reaching 169 g at 3.1 ms.
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For 45° pitch, similar head acceleration responses are observed compared to 0° pitch
case. Hypothetical UAS also inflicts the highest peak acceleration at 430 g at 1 ms. TrueXS
Racing UAS and Bebop have dightly lower peak values of 160 at 1 ms and 98 at 2 ms,
respectively. DJ Phantom I11, DJI F450 and Tarot al induce similar head injury in terms of
peak magnitude and timing compared to the 0° pitch case.

For 90° pitch case, peak acceleration of the Hypothetical UAS is similar to 0° and 45°
pitch cases. Head acceleration induces by DJI Phantom 111, Tarot, and DJI F450 now increase
significantly from 0° and 45° pitch cases. DJl Phantom |11 has peak value of 340 g at 1.25 ms.
Tarot is dightly lower with peak value of 295 g at 1.25 ms. DJI F450 peak vaue is reached
earlier at 0.9 mswith value of 229 g. Head acceleration isalso lower for True XSRacing UAS
and Bebop. TrueXS Racing UAS peak valueisreached at 103 g at 1.9 ms. Bebop reaches peak
head acceleration at 3.5 mswith avalue of 17 g.
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Figure 6.21. Head CG accderation time-history of all UAS types for 0°, 45° and 90° pitch angle at maximum impact
energy.
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6.5.3. Discussion of Uncontrolled Vertical Drop | mpact Results

In this section, impact injury results for Hypothetical UAS, DJI Phantom 111, Tarot
LJ500, TrueXS Racing UAS, DJ F450 and Parrot Bebop are discussed for uncontrolled
vertical drop conditionsat 0°, 45° and 90° pitch angles, at an impact velocity of 18 m/s.

Hypothetical UAS HICys and PoF is similar in al pitch cases. For DJl Phantom 111,
Tarot LJI500 and DJI F450, the largest HIC1s and PoF levels apply under pitch of 90°.
However, for the two lighter UAS types, the largest HIC1s and PoF levels apply under pitch
0°.

When considering the worst pitch casesfor each of the six UAS types, then the highest
HICs and PoF values applies for Hypothetical UAS. The second follows DJI Phantom |11,
third is Tarot LJI500, fourth is DJl F450, fifth is TrueXS Racing UAS and sixth is Parrot
Bebop. Thissequenceisthe same aswasfound for controlled horizontal impact casein section
6.4. The Hypothetical UAS HICys and PoF does not differ between each pitch cases because
its configuration is similar in all orientation due to its feature-less single rigid body fuselage.
The value of the RCC PoF is constant for all UAS pitch cases because the model does not
account for the effect of impact body orientation.

The am of the discussion in this section is to identify an explanation for these
differencesin terms of differences in airframe design (shape and construction) and materials
used. To do so, the findings for each of the four additional UAS types are compared to those
of the DJI Phantom 1Il.

Because the 90° pitch impact under uncontrolled vertical impact comparesto acertain
extent to the controlled horizontal impact of section 6.4, each of the five UAS types under 90°
pitch uncontrolled vertical impact is considered first.

Under 90° pitch, the most severe impact risk applies to Hypothetical UAS.
Nevertheless, the HICys level of uncontrolled vertical drop at 18 m/sisabout 50% of the HICis
level under 18 m/s controlled horizontal side impact; and the PoF is 30% of the PoF under 18
m/s controlled horizontal side impact. Similar difference appliesto DJ Phantom |11 where the
HICis level of uncontrolled vertical drop at 18 m/s is about 60% of the HIC1s level under 18
m/s controlled horizontal side impact; and the PoF is 45% of the PoF under 18 m/s controlled
horizontal side impact. As has been explained in (Rattanagraikanakorn et d., 2020a) thisis
due to the biomechanics of human head and neck complex. Under vertical impact with 90°
pitch, a significant amount of impact energy being transferred from head to neck complex.
This is because UAS impact force is vertically aligned with the neck complex longitudina
axis. On contrary, under controlled horizontal case with 0° pitch, UAS collides horizontally
onto the head. There is no body part to absorb impact force in this lateral direction, making
head acceleration 40-60% higher than vertical impact case.

For DJI Phantom |11, DJI F450 and Tarot LJI500, 0° and 45° pitch cases see head injury
decreases substantially in comparison to 90° pitch case. The decrease in HICss is amost a
factor 4 for the DJI Phantom I11; which reduces PoF from 50% to 1.3%. For an explanation of
this difference in head injury, head acceleration curves of DJI Phantom |11, Tarot and DJI
FA50. For 0° and 45° pitch cases are investigated. These three UAS types induce head
acceleration curves with two observable peaks, but these do not appear in Hypothetical UAS.
Thisisbecause DJI Phantom I11, Tarot and DJI F450 all have cameragimbal under thefuselage
asthefirst point of contact, while Hypothetical UAS do not. Camera gimbal system actsasa
spring and damper system that dissipates a large amount of impact energy. This gives rise to
the first acceleration peak which represents this energy dissipation from camera gimbal. Once
the camera gimbal is fully compressed, then the motor arms attached to main UAS fuselage
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are compressed — giving rise to the second accel eration peak. Notice that the second peaks are
larger because the main fuselage including motor arms contain more mass. These two peaks
allow the amount of impact energy transfer to be spread out over time, reducing the maximum
peak acceleration.

In the head accel eration curve of the 90° pitch case, only one head accel eration peak is
observed for DJI Phantom I11, DJI F450 and Tarot. Thisis because these four UASs now have
the frontal fuselage as the first point of contact under 90° pitch. This contact area is stiff and
does not deform as much as camera gimbal. Thus, impact energy is transferred through this
contact forcein ashort period of time. Asshown in head acceleration curvein Figure 20, UAS
reaches its maximum crush only within 1 ms, the same time as peak head acceleration is
reached.

For TrueXS Racing UAS head injury is higher under 0° and 45° pitch when compared
to the 90° pitch. By examining the head acceleration curves, it has a dightly higher head
acceleration peak under 0° and 45° pitch when compared to 90° pitch impact. Thisis because,
under 0° pitch, flat bottom of the fuselage is the first point of contact, resulting in full impact
energy transfer in a shorter period. As the pitch increases to 45°, the forward motor arms are
in contact with the human head first which results in motor arm deflection. This deflection
dissipates impact energy and reduces head injury.

For Parrot Bebop, 0° pitch case inflicts higher head injury when compared to 90° pitch
cases. Thisis because the flat bottom of the fuselage isthefirst point of contact, and resultsin
full impact energy transfer in a shorter period. At pitch angle of 45°, head injury isalso lower
than 90° pitch case because the soft frontal part of the fuselage that is made out of polystyrene
form partially hit the human head first. Since polystyrene foam is very compliance and able to
dissipate alarge amount of impact energy, head injury is therefore reduced. At 90° pitch, the
soft frontal part of the Parrot Bebop fully collides onto the human head, resulting in the lowest
head injury case.

6.6 Conclusions

In this paper, the effect of different UAS types on head injury severity isinvestigated
using MBS modelling and simulation. The following five true UAS types have been sel ected:
DJ Phantom 111, DJI F450, Tarot LJI500, Parrot Bebop and TrueXS Racing UAS. In addition,
a hypothetical UAS is defined in the form of a single-rigid body representation of the DJI
Phantom 111 of same weight. Of the true UAS types, two have similar weight and maximum
velocity as the DJI Phantom 111 and two have significantly lower weight as well aslower and
higher maximum speeds. In addition, these UAS types have various differences in materials
and design (shape and construction). MBS models of UAS collision with a human head are
developed using the principles of MBS modelling. This MBS-based impact modelling
approach has been validated and calibrated against experimental impact results for the DJ
Phantom I11 (Huculak, 2016; Stark et al., 2019). In addition to the uncontrolled vertical drop
scenario considered in (Rattanagraikakorn et al., 2020a, 2020b) in this paper also a controlled
horizontal flight impact scenario has been studied. For each scenario both head injury (HIC15)
level and neck injury (Nij) level have been evaluated using the MBS models. In all cases neck
injury level appeared to be negligible relative to head injury level. For each scenario assessed
injury level has been converted to probability of fatality (PoF), which is subsequently
compared to the PoF value of the RCC (2001) model.

The MBS model findings obtained extend earlier results for DJl Phantom Il
(Rattanagraikakorn et al., 2020a, 2020b). One extension isthat MBS modelling and simulation
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shows that maximum speed of a UAS type has a major influence on injury level and PoF. The
Parrot Bebop at its maximum speed of 16 m/s and weight of 0.4 kg has lowest injury level
(PoF = 0). The micro racing UAS at its maximum speed of 48 m/s and same weight yields a
far higher injury level (PoF = 1). The other UAS types at an intermediate maximum speed of
18 m/s and a higher weight of ~1.2 kg yield intermediate injury levels (0.5 < PoF < 1).

Another extension is the confirmation that in all cases the assessed PoF values are
lower than the PoF that is predicted by the RCC model. The RCC model predicts an S-shaped
PoF curve as a function of impact energy. The MBS model for the hypothetical UAS type
produces a curve that comes nearest to this RCC curve. The likely explanation for the
differencesis that the MBS model captures blunt force injuries only, whereas the RCC curve
also includes debris-explosive impact laceration and penetration contributions to PoF
(Feinstein et al., 1968).

The most important extension is the novel insight gained in the roles played by UAS
configuration, airframe materials and airframe design. Central in this understanding is the
applicable elasticity at the moment of impact of the true UAS versus the hypothetical UAS.
Such elasticity may come in the form of flexibility of fuselage, of motor arm or of another
component, such as camera gimbal, landing gears, or protective material. This means that the
first point of contact playsakey role in the applicable elasticity and therefore in the PoF.

If the first point of contact is the fuselage of the UAS, then the elasticity largely
depends on the kind of fuselage material and the fuselage design. Then a stiffer airframe
design, such asthe shell-structure used in the DJI Phantom I11 or the carbon reinforced plastic
in the True XS Racer UAS yields less elasticity in spreading the full mass of the UAS, and
therefore increased PoF.

If the first point of impact is with a motor arm, then the sandwich shell motor arm of
the DJl Phantom 111 yieldsasmall but relevant increase in el asticity relative to the hypothetical
UAS without motor arm. For the molded plastic motor arm of the DJI F450 elasticity further
increases as a result of which injury level and PoF further decrease.

If the first point of contact is another flexible component, then the elasticity at moment
of impact may reduce injury level. One case is clearly demonstrated in uncontrolled vertical
impact scenario where the difference in PoF is very large between hard frontal fuselage first
contact by hypothetical UAS versus flexible camera gimba contact at pitch zero by DJI
Phantom I11, DJI F450 and Tarot LJI500. Another case is clearly demonstrated in controlled
horizontal impact scenario where soft polystyrene airframe material in the Parrot Bebop nose
cone yields high elasticity at the moment of impact, and therefore a far lower PoF level than
the same impact energy from the hypothetical UAS would inflict.

Thanks to the MBS modelling and simulation approach it has been possible to assess
the variety in injury level and PoF as a function of differences in first point of impact for
different UAS types and under different impact scenarios. For such powerful approach there
also are directions for follow-on research. One direction is to extend the MBS based
assessment of various UAS impact of human head to human thorax and abdomen, such as has
been done for DJI Phantom 111 by Rattanagraikakorn et al. (2020b). Another direction is to
study quadcopter UAS above 1.2 kg aswell asfixed wing UAS. A third directionisto address
the potential contributions of laceration/penetration to PoF; for example, by the devel opment
of a Finite Element Model (FEM) of UAS and an integration of this with human body FEM
that have been devel oped for application in automotive domain, e.g. (Fahlstedt et al., 2016).
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Appendix 6A: MBS Model & Impact Test Comparison

In this appendix a systematic comparison is made between measured HICs levels by
ASSURE (Huculak, 2016) and by Ohio State University (Stark et al., 2019) versus MBS
model-based assessments of HICys levels. The UAS considered in these comparisonsisthe DJI
Phantom I11. There are three important differences between the test results used from (Hucul ak,
2016) and test results used from (Stark et al., 2019):

- The HICss results from ASSURE are for a 50" percentile male Hybrid |11 crash
dummy; while the results from Ohio State University are for a male cadaver;

- The results used from ASSURE focus on uncontrolled vertical drop tests on the
human head, while the results used from Ohio State University focus on controlled
side impact on the head,;

- Theresults from ASSURE did not measure the eccentricity of the UAS impact on
the human head, while Ohio State University measured the eccentricity per test.

For DJI Phantom I11, the cases from ASSURE and Ohio State University have been simulated
using MBS model under corresponding conditions within MADY MO. More specifically, the
differences between ASSURE and Ohio State University test conditions have been taken into
account as follows within MADYMO:

- TheMBSmodels used for the human within MADY MO are the 50" percentile male
Hybrid 111 crash dummy and the 50" percentile male human body respectively;

- The scenarios ssimulated within MADY MO use the impact geometry and impact
speed that applied for each test case from ASSURE and from Ohio State University.

- For the scenarios within MADY MO, the eccentricity of atest case from ASSURE
is assumed to be zero, while for a test case from Ohio State University the
eccentricity in the MBS ssimulation is at the same value as measured in each test.

Table 6.7 compares the HICgs results obtained for the cases used from ASSURE. Table 6.8
compares the HIC1s results obtained for the cases used from Ohio State University.

Table 6.7. Comparison of Hybrid I11 crash dummy HIC15 dueto DJI Phantom |11 impact model against used impact
testsfrom ASSURE (Huculak, 2016)

Impact Impqct Impa.ct UAS Impact Resultgqt HICis Differ. Point of
Case Direction,  Elevation, Pitch, Speed, Eccentricity o Contact
no. w ] 0[°] all  V[mis] [mm] Test MBS % ontac

1 0 0 0 53 N/A 24.36 24.8 +1.8 Fuselage
2 0 58 0 14 N/A 125 132.1 +5.5 Camera
3 0 65 0 11.3 N/A 28.6 26.5 -7.6 Camera
4 0 90 0 9.9 N/A 14.2 14 -1.4 Camera
5 0 90 0 15.1 N/A 49.9 63.3 +23.7 Camera

Impact case no. 1 in Table 6.7 is a horizontal impact at a low speed of 5.3 m/s only.
Impact cases no. 2-5in Table 6.7 are similar to the uncontrolled vertical drop impact scenario
studied in this paper, with the exception that the impact speed is dightly lower, i.e., between
9.9 and 15.1 m/s versus 18 m/sin the Uncontrolled Vertical drop scenario studied in Section
6.5 of the current paper. For these four cases the MBS model estimated HIC1s level isfor two
cases lower (-7.6% and — 1.4%) and for two cases higher (+5.5% and +23.7%). On average
MBS overestimates the HICys level for these four cases by +5%. A possible explanation for
an overestimation is that the MBS simulation assumes zero eccentricity of the UAS impact on
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the head, whereas in realistic tests the eccentricity will be non-zero and is expected to lead to
alower HICys level.

Table 6.8. Comparison of human HIC15 dueto DJI Phantom |11 impact of MBS mode against used impact tests from
Ohio State University (Stark et al., 2019)

O Dimetion, Elovation,  Pitch,  Speed:  Eceentrlty — Differ.  Point of
no. v [°] 011  al] V[ws]  [mm] Test MBS % Contact
6 90 0 0 17 28.2 866 689 -22.8  Motor Arm
7 90 0 0 18.5 17.7 1076 886 -19.4  Motor Arm
8 90 0 0 21.5 6 2892 2656 -8.5 Fuselage
9 90 0 0 18.5 434 500 527 +5.3 Motor Arm
10 90 58 58 21.5 42.1 929 828 -11.5 Motor Arm
11 90 58 58 18.5 434 412 381 -7.8 Motor Arm
12 90 58 58 21.5 20.7 2527 2251 -11.5 Fuselage

Casesno. 6-9 in Table 6.8 are similar to the controlled horizontal flight impact scenario
investigated in section 4 of the current paper. The MBS estimated HICys values are three time
lower (-22.8%, -19.4% and -8.5%) and one time higher (+5.3%). On average MBS
underestimates the HICys level for these four cases by -11.5%. A similar level of HICis
underestimation by MBS is found for cases 10-12 in Table 6.8 where the impact elevation is
58° instead of 0°.

Because the off-set is well measured during the Ohio State University tests, the most
likely remaining explanation for the systematic difference between the HICss levels from the
Ohio State University cases 6-11 is that MBS systematically underestimates HIC1s level by
11%. In view of this, it is best to compensate MBS based estimation of HICss levels by this
11% systematic underestimation. In the paper this 11% compensation of MBS estimated HIC1s
levelsisdonein Sections 6.4.2 and 6.5.1 prior to the conversion of HIC1s valuesto PoF val ues.

150



References

Ambrosio, J., Dias, J., 2007. A road vehicle multibody model for crash ssmulation based on
the plastic hinges approach to structural deformations. Int. J. Crashworthiness 12 1, 77—
92. doi:10.1533/ijcr.2006.0171

Arterburn, D., Ewing, M., Prabhu, R., Zhu, F., Francis, D., 2017. FAA UAS Center of
Excellence Task A4: UAS Ground Collision Severity Evaluation. Huntsville.

D. Arterburn, G. Olivares, J. Bolte, R. Prabhu, S. Duma, 2019, Task Al4: UAS Ground
Coallision Severity Evaluation 2017-2019. FAA, Atlantic City, NJ.

Belcastro, C.M., Newman, R.L., Evans, J., Klyde, D.H., Barr, L.C., Ancel, E., 2017. Hazards
Identification and Analysis for Unmanned Aircraft System Operations. 17th AIAA
Aviat. Technol. Integr. Oper. Conf. Jun. doi:10.2514/6.2017-3269

Bernard, E., Johnston, A., 2013. Explosions and Blast Injuries— A Primer for Clinicians. New
England Journal of Medicines 368 11, 1045-1045. doi:10.1056/nejmicm1203842

Brake, M.R., 2012. An analytical eastic-perfectly plastic contact model. Int. J. Solids Struct.
49 22, 3129-3141. doi:10.1016/j.ijsolstr.2012.06.013

Campolettano, E.T., Bland, M.L., Gellner, R.A., Sproule, D.W., Rowson, B., Tyson, A.M.,
Duma, SM., Rowson, S., 2017. Ranges of Injury Risk Associated with Impact from
Unmanned Aircraft Systems. Ann. Biomed. Eng. doi:10.1007/s10439-017-1921-6

Eppinger, R., Sun, E., Bandak, F., Haffner, M., Khaewpong, N., Maltese, M., Kuppa, S.,
Nguyen, T., Takhounts, E., Tannous, R., Zhang, A., Saul, R., 1999. Development of
Improved Injury Criteriafor the Assessment of Advanced Automotive Restraint Systems
— 11, National Highway Traffic Safety Administration (NHTSA).

Fahlstedt, M., Halldin, P., Kleiven. S., Comparison of multibody and finite element human
body models in pedestrian accidents with the focus on head kinematics, Traffic Injury
Prevention, Vol. 17 (2016), pp. 320-327. doi:10.1080/15389588.2015.1067803

Feinstein, D.l1., Haugel, W.F., Kardatzke, M.L., Weinstock, A., Personnel casualty study.
Tech. Rep. Project No. J6067, Illinois Institute of Technology Research, July 1968.

Foster, J. V., Hartman, D.C., 2017. High-fidelity multirotor unmanned aircraft system
simulation development for trgjectory prediction under off-nominal flight dynamics.
17th AIAA Aviat. Technal. Integr. Oper. Conf. 2017 June, 1-19. doi:10.2514/6.2017-
3271

FPV Drone Reviews, 2018. Top 5 Fastest Racing Drones of 2018 - Buying Guide [WWW
Document]. URL https://fpvdronereviews.com/guides/fastest-racing-drones/ (accessed
10.10.19).

Happee, R., Hoofman, M., Van Den Kroonenberg, A.J., Morsink, P., Wismans, J., 1998. A
Mathematical Human Body Model for Frontal and Rearward Seated Automotive Impact
Loading. SAE Tech. Pap. 724. doi:10.4271/983150

Happee, R., Ridella, S., 2000. Mathematical human body model s representing amid size male
and asmall femalefor frontal, lateral and rearward impact loading. IRCOBI Conf. Proc.
September, 1-18. doi:10.1378/chest.120.6 _suppl .464S

Huculak, R., 2016. NIAR UAS Drop Testing Report. Wichita State University, Doc. CDL-
TR-17-2163-UAOL.

151



Jenefeldt, F., Thomson, R., 2004. A methodology to assess frontal stiffness to improve crash
compatibility. Int. J. Crashworthiness 95, 475-482. doi:10.1533/ijcr.2004.0303

Klinich, K., Saul, R., Auguste, G., Backaitis, S., Kleinberger, M., 1996. Techniques for
Developing Child Dummy Protection Reference Values, Measurement.

Koh, C.H., Deng, C,, Li, L., Zhao, Y., Tan, SK., Chen, Y., Yeap, B.C,, Li, X., Low, K.H.,
2018a. Experimental and simulation weight threshold study for safe drone operations,
in: AIAA Information Systems-AlAA Infotech at Aerospace, 2018. Kisssmmee, Florida,
pp. 1-11. doi:10.2514/6.2018-1725

Koh, C. H., Low, K.H., Li, L., Zhao, Y., Deng, C., Tan, SK., Chen, Y., Yeap, B.C., Li, X.,
2018b. Weight threshold estimation of falling UAVs (Unmanned Aerial Vehicles) based
on impact energy. Transp. Res. Part C Emerg. Technol. 93 June, 228-255.
doi:10.1016/j.trc.2018.04.021

Magister, T., 2010. The small unmanned aircraft blunt criterion based injury potential
estimation. Saf. Sci. 48 10, 1313-1320. doi:10.1016/j.ssci.2010.04.012

Mukherjee, S., Chawla, A., Nayak, A., Mohan, D., 2006. Rollover crashworthiness of arural
transport vehicle usng MADYMO. Int. J. Crashworthiness 11 5, 495-503.
doi:10.1533/ijcr.2005.0121

Parr, M.J.C., Miller, M.E., Bridges, N.R., Buhrman, JR., Perry, C.E., Wright, N.L., 2012.
Evaluation of the Nij neck injury criteria with human response data for use in future
research on helmet mounted display mass properties. Proc. Hum. Factors Ergon. Soc.
2070-2074. doi:10.1177/1071181312561439

Parrot Drones SAS, 2019. Parrot Bebop 2 FPV drone [WWW Document]. URL
https.//www.parrot.com/global/drones/parrot-bebop-2-fpv (accessed 10.10.19).

Prasad, P., Mertz, H.J., 1985. The Position of the United States Delegation to the SO Working
Group 6 on the Use of HIC in the Automotive Environment. SAE Tech. Pap. January
1985. doi:10.4271/851246

Rattanagraikanakorn, B., Schuurman, M.J., Gransden, D.l., Happee, R., Wagter, C. De,
Sharpanskykh, A., Blom, H.A.P., 2019. Modelling Head Injury due to Unmanned
Aircraft Systems Collision: Crash Dummy vs Human Body, in: AIAA Aviation 2019
Forum. Dallas, Texas. doi:10.2514/6.2019-2835

Rattanagraikanakorn, B., Gransden, D.l., Schuurman, M., De Wagter, C., Happee, R.,
Sharpanskykh, A., Blom, H.A.P., 2020a. Multibody system modelling of unmanned
aircraft system collisions with the human head. Int. J. Crashworthiness, Vol. 25 (2020),
pp. 689-707.

Rattanagraikanakorn, B., Blom, H.A.P., Sharpanskykh, A., de Wagter, C., Jang, C.,
Schuurman, M.J., Gransden, D.I., Happee, R., 2020b. Modeling and Simulating Human
Fatality due to Quadrotor UAS Impact, in: AIAA Aviation 2020 Forum.
doi:10.2514/6.2020-2902

Rattanagraikanakorn, B., Schuurman, M., Gransden, D.l., Happee, R., De Wagter, C.,
Sharpanskykh, A., Blom, H.A.P., 2020c. Modelling Head Injury due to Unmanned
Aircraft Systems Collision: Crash Dummy vs Human Body. Int. J. Crashworthiness 1—
14. doi:10.1080/13588265.2020.1807687

RCC (Range Commanders Council), 2001. Range Safety criteriafor Unmanned Air Vehicles,
Rationale and methodology supplement; Supplement to Document 323-99

152



Schmitt, K.-U., Niederer, P.F., Cronin, D.S., Morrison |11, B., Muser, M.H., Walz, F., 2019.
Trauma Biomechanics, Trauma Biomechanics. doi:10.1007/978-3-030-11659-0

Stark, D.B., Willis, A.K., Eshelman, Z., Kang, Y.S., Ramachandra, R., Bolte, J.H., McCrink,
M., 2019. Human Response and Injury Resulting from Head Impacts with Unmanned
Aircraft Systems, Stapp car crash journal. doi:10.4271/2019-22-0002

TASS International, 2017a. MADY MO Human Body Models Manual Release 7.7.

TASS International, 2017b. MADYMO Theory Manual Version 7.7. MADYMO Utility
Manual.

Toyota, 2015, Documentation THUMS, AMS50 occupant model academic version
5.0 20150527, Toyota Motor Corporation.

Tyrell, D.C., Severson, K.J., Marquis, B.P., 1995. Analysis of occupant protection strategies
intrain collisions. Am. Soc. Mech. Eng. Appl. Mech. Div. AMD 210 April 2015, 539-
557.

Vadlamudi, S., Blundell, M., Zhang, Y., 2011. A multi-body systems approach to simulate
helicopter occupant protection systems. Int. J. Crashworthiness 16 2, 207-218.
doi:10.1080/13588265.2011.554203

153



154



Conclusion

Thischapter providesa discussion and conclusion of all research results obtained inthisthesis
aswell as scientific contributions and recommendations for future research
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Since UAS operations are expected to be operated over peoplein rural and urban areas,
human become more exposed and vulnerable to UAS collisions if accidents occur. An
adequate approach to evaluate and mitigate ground third-party risks (TPR) of UAS operation
is needed as one of the key enablers of the operation. This thesis addresses one of the key
components of the TPR framework that isthe quantification of UAS collision consequence on
human on the ground. The main aim of thisthesisis:

To develop a quantitative, physical model-based collision consequence model for UAS
impact on human body.

Through a connected series of works performed in this thesis, the main aim has been
achieved with various findings found in each chapter. These findings and result synthesis are
discussed here in this concluding chapter. This chapter is structured as follow. First, the six
sub-objectives posed in the introduction are addressed and answered. This includes
summarization of key findings and discovered insights. Then, the contributions of the thesis,
and future works are discussed.

7.1 Resultsobtained for Resear ch Objectives

Six research sub-objectives related to the main thesis aim are addressed. The main
conclusion drawn for each sub-objective is presented bel ow.

Objective 1: To characterize collision consequence types due to UAS oper ationswithin
very low-level air space under the novel UTM concept

Safe integration of UAS operations into manned airspace requires a good
understanding of UAS collision risks on other airspace users or human on the ground. To
assess collision risk of a complex UTM system where UASs are expected to be operated in,
there is a need to develop a systematic approach to characterize both frequency and
consequence of various UAS collisions.

In Chapter 2, a method for characterizing UAS collision consequences in future UTM
system, focusing on only the VLL UAS operations which are below 500 ft. The proposed
method consists of 5 systematic steps; (i) UTM dimension analysis, (ii) object identification
and classification, (iii) zone of impact analysis, (iv) materialsidentification and classification
and (v) collision consequence analysis. These steps would allow an establishment of a risk
picture of the possible collisons with UAS and possible consequences that entail.

With this step-wise approach, the intermediate relations between the initiating events
and the collision consequence outcomes are established through a systematic analysis and
characterization process. This approach lays a basis for follow-up research which can benefit
from this logica and well-structured decomposition. This helps organizing the detailed
guantitative modeling and analysis of UAS collision consequences.

Objective 2: Todevelop a parameterized impact model for blunt forceinjury assessment
of UASimpact on human body.

In Chapter 3, aparameterized MBS model of DJI Phantom 111 UAS was developed and
integrated with a validated crash dummy and human body models. The DJI phantom I11 was
selected to represent a typical small quadcopter UAS of the 1.2 kg weight class. The MBS
modelling technique is an extension of lump mass modelling which consists of multiplerigid
bodies, joints and restraints. Each joint is restrained using Kelvin spring and damper to
replicate force-deflection characteristics of the real structural component that the joint
represent. Force-deflection curve was obtained experimentally. To model impact interaction
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between a crash dummy (or the human body) and a UAS, force penetration contact model
based on Hertz model was derived anaytically. This contact modelling aso applies to
interactions between UAS internal parts.

For validation, the DJI Phantom |1l MBS model isintegrated with the Hybrid 111 crash
dummy to simulate variousimpact conditions which were then compared against experimental
drop tests on real crash dummies performed by ASSURE. The validation results show good
convergence between the MBS model and impact data.

The modéd constructs of the MBS model significantly simplify the actua structure into
a connected rigid body system. This givesthe MBS a key strength in fast computational time
over other impact modelling method. Hence, this means that a large impact scenario of UAS
collision on human body can be simulated in a feasible amount of time and allowing a wide
range of sensitivity analysis.

Using the validated UAS model, impact collision of the UAS collision on the head of
50th percentile male human was performed. Frontal side and rear impact on the human head
were evaluated at different impact elevation angles. The evaluation of human head injury was
based on the head injury criterion (HICss). The neck injury was also evaluated using the
predictor N; criterion. The injury evaluation result shows that human head can suffer from
seriousinjury as aresult of UAS impact but only non-serious neck injury was observed. This
implies that the UAS with a mass of approximately 1.2 kg can inflict serious head injury on
the human body.

The findings also revealed discrepancies in the measured head injury between the
Hybrid 111 crash dummy and the human body models. Such discrepancies can be significant
especialy inavertical load direction. This asks for further investigations to better understand
the differences and underlying reasons. Thisinvestigation was performed in the Chapter 4.

Objective 3: To investigate differences in head and neck injury levels on a Hybrid 111
dummy and on a human body dueto UAS collisions.

In Chapter 3, an investigation of UAS collision shows discrepancies of the measured
head and neck injuries between the Hybrid 111 crash dummy and the human body models. This
leadsto Objective 3 wheretheinvestigation on the differencesin head and neck injury between
the 50" percentile Hybrid 111 crash dummy and a 50" percentile human body subjected to UAS
collision were performed. The work for this sub-objective is presented in Chapter 4

The resultsreveal that a Hybrid 111 crash dummy is very well designed for horizontal-
frontal and horizontal-rear impact directions. At these load directions, the measured head
acceleration and neck force are very similar to a validated human model. The hybrid I11 crash
dummy is not particularly well suited for horizontal-side impact or vertical load direction.
Under these conditions, the crash dummy neck columns show to be substantially stiffer than
the human body neck. This results in lower head acceleration in the Hybrid 111 crash dummy
and hence, lower head injury but higher neck injury.

The main reason for the discrepancies of head and neck injury between the two models
isthe differencein neck complex. The Hybrid 111 has astraight neck column which limits head
movement, especialy in the vertical direction. Load applies in the vertical direction is
transferred to the thorax region leading to lower head movement and larger neck force. This
is different in human body model where human neck consists of complex small vertebrae
which allow larger neck deformation. This makes human neck complex much more
compliance and alowing the head mass to accel erate faster upon impact.
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The key added value of thisinvestigation is that the choice of the surrogate model has
a high impact on the predicted injury and that the difference in results could have substantial
effects on risk evaluations. If an inappropriate surrogate model is used under certain load
conditions, this may lead to an unrealistic prediction of collision consequence.

Also, the results obtained revealed novel insights into how different impact condition
can affect injury level, that is, a dlight change in point of contact due to a shift in position or
angle could potentially lead to completely different injury level. This motivates a subsequent
work in Chapter 6 (under Objective 5) that is to investigate effect of impact parameters such
as UAS impact positions, attitudes, off-set, or angle of attacks on head injury severity.

Objective4: Toinvestigate thedifferencesbetween the MBS model, the RCC cur ves, and
the BC curvesfor DJI Phantom II1 impact of human head, thorax, and abdomen.

In literature studies, two existing UAS collision consequence modelsidentified are the
RCC curve and the BC curve. These models predict PoF of UAS impact on human head, thorax
and abdomen. However, these two models show large discrepancies in the predicted PoF
which raise the question on how representative these models are for UAS collision on human
scenario.

The work in Chapter 5 investigates the differences in PoF assessment by an MBS
model versus those from an RCC curve and BC curve. An MBS model of the DJI Phantom I11
is presented and compared against the other two models. The comparison is done for impact
on the head, thorax and abdomen of 50" percentile male human bodly.

For head impact, the RCC predicts highest PoF and BC predicts the lowest PoF when
compared to the MBS model simulated under horizontal flight impact on human head. If UAS
is ssimulated under vertical drop conditions, then the MBS model predicts lowest PoF when
compared to the RCC and BC models. This shows that variation in UAS impact attitude affect
human PoF. However, such variations in impact attitude are not captured by the RCC or BC
models.

For thorax and abdomen impact, horizontal flight impact on human body is simulated
using the MBS model. For this case, the RCC predicts higher PoF and the BC predicts lower
PoF when compared to the MBS model. For impact on thorax and abdomen,

Taking al the results together, it is shown that the RCC models overestimates PoF of
human subjected to UAS impact while the BC modelsunder predict it. The reason for the RCC
to over predict the PoF is because the RCC model was developed based on injury or fatality
due to small debris explosion, which also involves penetration or laceration type injuries. In
addition, the BC model under predicts human PoF due to UAS impact because it was
developed based on impact tests on cadavers and animals where the diameter of the impactor
ismuch larger than small debris explosion of the RCC or than the size of UAS.

Objective 5: To investigate the effect of variations in UAS types on human injury and
fatality.

In Chapter 2, the characterization process of UAS collision consequence shows that
thereisawide-range of UAS types participating in the novel UTM concept. Thisisdueto the
wide-spectrum of applications that UAS can perform, ranging from aerial racing using micro
UASto parcel delivery using large UAS. What entailsisthe variationsin UAS size, mass and
airframe design which can result in varying degree of human injury upon collision.

In Chapter 6, the investigation of the effect of UAS types variation on human injury
levels is performed. The DJI Phantom [l MBS model is used as a baseline for the model
extension to other UAS types. Five others small UAS types were selected based on varying
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mass, maximum speed, airframe materials and configuration design. The following five true
UAS types have been selected: DJI Phantom 111, DJl F450, Tarot LJIS00, Parrot Bebop and
TrueXS Racing UAS. In addition, a hypothetical UAS is defined in a form of a single rigid
body representation of the DJl Phantom Ill with the same mass. These UAS models are
developed and integrated with a vaidated MBS model of the 50" percentile human body.
Impact simulations for horizontal flight and vertical drop impacts were performed for all UAS
types. For each scenario, both head injury level and neck injury level were evaluated. For each
scenario assessed head injury level was converted to a probability of fatality (PoF), which was
subsequently compared to the RCC model.

The findings show that the maximum speed of UAS types has a mgjor influence on
impact injury severity and PoF. A micro racing UAS with a mass of 0.4 kg and a maximum
speed of 48 m/syields a higher head injury than a 1.2 kg DJI Phantom 111 with a maximum
speed of 18 m/s. This shows that the size or mass of UAS alone is not adequate for the
categorization of UASrisk level aswas commonly done inthe UASrulesand regulations. The
maximum Kinetic energy of UAS would be a better criterion for UAS class categorization.

Through the investigation of various UAS types with different design, it was found
that UAS configuration, airframe materials and airframe design play an important role in the
resulting impact injury. These factors contribute to the overall easticity of UAS which helps
to absorb and dampening impact energy. UAS airframe designs that are highly stiff, such as
the shell design of the DJI Phantom |11 fuselage can inflict high impact injury, and the degree
of injury reduces as airframe stiffness decreases.

Another aspect effecting injury levels is the applicable elasticity at the first point of
contact which isinfluenced by UAS design configuration. Elastic components such asflexible
landing gear, camera gimbal or soft protective materials can help to reduce inflicted impact
injury if the first point of contact occurs at these elastic components. One case clearly
demonstrated in an uncontrolled vertical impact scenario where the difference in PoF is very
large between hard frontal fuselage first contact by hypothetical UAS versus flexible camera
gimbal contact at pitch zero by DJI Phantom 111, DJI F450 and Tarot LJI500. Theinjury level
sustained by these two cases varies from fatal to non-serious injuries. These findings show
how important elastic protective components can hel p reducing impact injury on human body.
With the MBS modelling and simulation approach, it is now possible to assess the variation
of injury level and PoF as a function of varying point of contact for different UAS types and
of varying impact scenarios.

7.2 Contributions

This thesis made contributions to three main domains. UAS impact modelling,
collision consequence modelling of UAS impact on human body and ground third-party risk
assessment of UAS operations.

UAS Impact Modelling

The studies in Chapter 3 to 6 on UAS impact modelling which applied the MBS
modelling technique has not been performed before for the UAS impact on human body. The
modelling work performed in this thesis provides a framework for UAS on human impact
modelling based on MBS modelling approach, which includes system modelling, parameters
calibration and validation.

Future researchers can employ this MBS modelling technique for impact analysis of
UAS collision on human body, or similar types of blunt force impact analysis. The modelling
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approach introduced in this thesis can also be used as a guideline for the model development
process where impact validation data is scarce and that calibration data needs to come from
different measured sources.

Collison Consequence Modelling of UAS I mpact on Human Body

In literature, there are two main existing collision consequence modelsfor UASimpact
on human body; the RCC and the BC. These two models have been used in many UAS TPR
assessment. However, a comparative study of MBS model results versus RCC and BC curves
reveal large discrepancies in predicted PoF due to human impact of a UAS.

Upon investigation, it was redized that the two models were developed based on
experimental impact data that were of different type. The RCC was derived from small-debris
explosive test on human, while the BC was derived from large object impact on human. This
quickly raise the question on whether these models are realistic representations of UAS impact
on human body.

Thanks to the MBS impact model of UAS on human body, a more representative
collision consegquence model has been established. The MBS model developed in this work
has three main advantages over the RCC and the BC; (i) MBS model directly represents UAS
impact on human body, (ii)) MBS model has capability to capture to account for variation in
UAS impact parameters and (iii) MBS model results correspond better with experimental
results.

For the first advantage, the MBS model was developed to directly represents UAS
impact on human body. The modelling process considers realistic UAS models and their
inertial characteristics. Thus, the predicted injury of human body in this work can be said to
realistically represent the actual impact events between UAS and areal human. Thisisnot the
case for the RCC and BC model.

The second advantage isthe flexibility to smulate awide-range of impact scenario. As
shown in Chapter 3 and 6, the MBS model is capable of ssimulating variationsin UAS impact
attitude and location on the human body parts, or the sensitivity of UAS point of contact on
human injury. These variations have substantial effect on the predicted human impact injuries
and have not been fully assessed before. Sensitivity studies of these parameters greatly
contributes to a better understanding of the collision consequence of UAS on human and what
parameters effect the degree of sustained injury.

Apart from serving as an alternative collision consequence model for UAS impact on
human, the studied performed with MBS model in Chapter 5 also provides an answer to the
discrepancies found between the RCC and BC models.

Ground Third-Party Risk Assessment of UAS Operations

The main motivation of this work has been to develop a collision consequence model
to be used in third-party risk (TPR) analysis of UAS operations. The work performed in this
thesis contributes to future research on UAS safety risk analysis by serving as one of the sub-
components of TPR modelling approach that is used to predict the probability of fatality (PoF)
of human subjected to UAS collision. The model developed in this thesis offers a possibility
to evaluate UAS callision risk under various realistic impact scenarios. Future TPR research
can either utilize the PoF findings from thiswork or integrate the MBS impact model into TPR
simulator.

MBS approach allowsto be applied to various other drone types than have been studied
inthisthesis. Also, other variables like human body size can be extended to the size other than
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the 50" percentile male human. Such extensions would further extend TPR assessment to
account for real-world variations of UAS types, or human body sizes and genders.

7.3 FutureWork

Collision consequence model for UAS impact on human body based on MBS model
proposed in this thesis is one of the important 5 sub-models for the UAS TPR analysis
framework mentioned in the introduction. This model can be used to predict probability of
fatality of human due to UAS blunt force impact.

A logical follow-on work extending from the MBS work in thisthesisisto assess the
effect of off-centred collision of UAS on human head, thorax and abdomen. Since the off-
centred collision have effect on the resulting human PoF, accounting for such variations is
important to TPR assessment.

Another aspect that can be easily extend to is to expand the variation of human body
sizesunder investigation. In thisthesis, only 50" percentile human male body is evaluated for
UAS impact injury. However, since the general population consists of various human body
sizes and genders, it is needed to include modelling and simulation of other human sizes, such
as, 5" percentile female or 95" percentile male human. This variation of human sizes should
be evaluated and integrated in TPR analysis of UAS operations.

Furthermore, fatality due to blunt force impact injury isthe first step needed to better
understand and assess injury from UAS collision. However, in order to completely assess
human injury arisesfrom UAS collision, other injury typesapart from blunt forceimpact injury
need to be evaluated and integrated into a complete collision consequence model. Injury type
such as penetration or laceration injuries due to UAS components are also important, but yet
still understudied. Such injury may come from UAS bladesrotating at high speed that can slice
through skin tissue and damage critical internal organs or artery vein. ASSURE [1,2] have
performed research on this using synthetic skin to study the skin depth of blade laceration.
However, the data obtained is not yet sufficient to establish fatality threshold or applied
directly in UAS impact scenario. To study penetration and laceration injuries, future work
needs to employ different modelling approach than MBS modelling.

With the MBS modelling approach, its fast computational time only alows impact
contact modelling between relatively large surfaces and, hence, permitting only a blunt impact
force evaluation. However, local deformation and penetration of mesh is not possible with
such an approach. This also meansthat human injury mechanism at skin tissue and organ level
are not possible to be evaluated. To overcome thislimitation, other modelling techniques need
be resorted to.

In this thesis the MBS modelling approach has been applied to quadcopter UAS only.
It would be alogical direction to also apply this MBS approach to other types, such as fixed
wing UAS. Based on blunt-forceinjury, fixed-wing UAS can have higher kinetic energy which
may lead to higher impact injury. The same MBS modelling approach may be applied to
perform such study.

For the collision consequence model developed in this work, an area of improvement
in future work isto extend validation of UAS impact on human body. The model in this work
is already well validated for low and high speed on both crash dummy and human cadaver
heads. Thisvalidation also includesvarious UA Simpact angles and positions. Thus, the model
can be used with confident on human head eval uation. However, validation of the MBS model
for thorax and abdomen hit remains to be done. Therefore, future work may include
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experimental work to obtain such data set for validation of the model, and an MBS model
extension to UAS hitting human back and spine including validation of such case.
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