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Modeling and Simulating Human Fatality
due to Quadrotor UAS Impact

Borrdephong Rattanagraikanakorn, Henk A.P. Blom,? Alexei Sharpanskykh,® Christophe De Wagter,*
Chengpeng Jiang,® Michiel Schuurman,®
Delft University of Technology, Kluyverweg 1, 2629 HS Delft, The Netherlands

Derek I. Gransden’
Laurentian University, 935 Ramsey Lake Road, Sudbury, Canada

Riender Happee®
Delft University of Technology, Mekelweg 2, 2628 CD Delft, The Netherlands

Evaluating safety risk posed to third parties on the ground due to UAS impact requires a
model of probability of fatality (PoF) for human. For quadrotor UAS, the existing impact
models predict remarkably different PoFs. The most pessimistic 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) simulation model of a DJI Phantom 11l 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 is threefold: i) to
extend the latter MBS model to assess injury levels for DJI Phantom |11 impact on thorax and
abdomen; ii) to transform the assessed injury levels for head, thorax and abdomen to PoFs;
and iii) to compare the MBS obtained PoFs to those from RCC and Blunt Criteria models.
The MBS based results show that variations in the scenario of DJI Phantom Il 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 tends to over-predicts PoF compared to the
MBS model, while the BC model tends to under-predict PoF.
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I. Nomenclature

AlS = abbreviated injury scale
ATD = anthropomorphic test dummy
BC = blunt criterion

HIC = head injury criterion

POF = probability of fatality

RCC = Range Commanders Council
TPR = third-part risk

UAS = unmanned aircraft system
VC = viscous criterion

I1. Introduction

One of the major challenges of allowing unmanned aircraft system (UAS) operations in rural and urban areas is 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 model is a density map of the rural 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 this
is 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. This model is based on the work of Feinstein [9] who assessed
these curves on the basis of a large database of collision dynamics and effects of small, rigid, metallic fragments on
human. Another impact model of thorax and abdomen injury that is widely used in UAS ground risk analysis [5,10]
is the 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 is developed purely for blunt impact force which does not inflict penetration or laceration-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 a DJI Phantom 111 UAS drop impacts on an
anthropomorphic test dummy (ATD) of a human [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 DJI Phantom 111 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 a
50" percentile human body. The second study [16,17] performed a numerical comparison between the Hybrid 111 crash
dummy and the 50" percentile human body model. It was found that the human ATD used (i.e. Hybrid I11) has a
different biofidelic level when compared to a validated MBS model of a 50" 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 curves for 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 I11 impact on thorax and abdomen of the validated MBS model of a 50" percentile human male body. 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 Criteria models, and subsequent explanation of
how this relates to the ASSURE results.

This paper is organized as follows. Section I11 reviews the main background. This consists of UAS fatality risk
curves from RCC and BC models, as well as the results from our preceding two MBS studies [15-17]. Section IV
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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 111 impacts of the head, thorax, and abdomen as a function of increasing impact
energy. Section V addresses the transformation of the MBS measured injury criteria for head, thorax and abdomen to
PoF values; this yields PoF curves for DJI Phantom 111 impacts of head, thorax and abdomen as a function of kinetic
energy at impact. Section VI 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 VII and VIII present the discussion of the results and
the conclusion, respectively.

I11. Review of Main Background

A. 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 is impacted in
the head, thorax or abdomen by exploded inert debris [8]. These fatality risk curves were based on the work of
Feinstein [9] who employed log-normal distributions to 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 curves is:

- K 1 ~(In ;—Izai )2
P (Fatality | KE < K) = [ /i

N T

where K is the fragment kinetic energy and ai, S are the scale and shape parameters of the log-normal. The parameters
for calculating the RCC fatality risk curve accounting for different body parts are listed in Table 1.

dx (1)

Table 1. Log-Normal distribution parameters for different body parts

Log-Normal Parameters

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

Using equation (1) and log-normal distribution parameters in Table 1, the PoF curve for the head, thorax, and
abdomen can be plotted as shown in Figure 1. The original Feinstein curve is plotted with x-axis in the natural log
scale, however, the curve presented is converted into the linear scale for ease of comparison to other models in the
later sections of the paper. In Figure 1, the RCC curve shows that fatality due to thorax has a slightly higher probability
than the head, and much higher than the abdomen.
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Figure 1. RCC log-normal fatality risk curve for head, thorax and abdomen
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The RCC curve shows a steep slope 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 J impact energy. With maximum impact energy that DJI
Phantom Il UAS can achieve (E = 200J), the RCC curve suggests that human fatality is 100% probable if collision
on head or thorax occurs. Collision on the abdomen is less severe, with 0.8 probability of fatality at 200 J impact
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 developed from Feinstein’s
work 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.

B. 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
BC =In 2
W*TD @)

where E in the kinetic energy at impact, w is the mass of an impacted object, T is the thickness of the body wall
(in cm), and D is the 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 =\Ntotal : rmass (3)

where Wit is the total mass of the human body and rmass is the mass body part considered. Typical values of Fimass for
head, thorax and abdomen are shown in Table 2.

Table 2. Relative body part mass ratio for injury prediction [18]

Body Part Body part mass ratio, Imass
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"? 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 as reported by the work performed
by Raymond [21]. The resulting BC values as a function of increasing Impact kinetic energy are depicted in figure 2
for Head, Thorax and Abdomen.
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Figure 2. BC results on 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 parameters for BC model

In order to transform BC values in Figure 2, to PoF values, BC has first to be converted to AlS level using equation
(5). Subsequently, the AIS level has to be transformed to PoF values using the curve that is presented in Figure 16.
The final results of this PoF transformation for BC model is shown in Figure 3.

AIS =1.33-BC +0.6 (5)
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Figure 3. PoF curve from BC model for impact on head, thorax and abdomen as a function of impact kinetic energy.
Note that the PoF curves for thorax and abdomen are aligned because the same BC parameters apply for both

Figure 3 shows that the BC model based PoF curve for DJI Phantom Il 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 are 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 Ill at 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 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 curve is clearly highest for thorax impact instead of head.

C. MBS Modelling and Simulation of DJI Phantom 111 Impact of Human Head

In automotive and aerospace crashworthiness analysis where an impact is highly dynamic with a range of structures
interacting with the human body, multibody system (MBS) 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 [15] an MBS model of a DJI Phantom
111 impacting MBS of a human 50™ percentile male body has been developed to simulate impact scenarios on the
human head. The MBS model and its skeleton model structure is shown in Figure 4. This UAS MBS model consists
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of multiple lumped masses that are connected via restraint joints. Ellipsoid surface was modelled to realistically
represent external surfaces of the UAS and to be used for contact detection.

_~Body 7 Body 6

Body 5 Ny

Body 2~

Body 1 ="’

Figure 4. MBS model of the DJI Phantom 111 UAS (left), and the skeletons of the MBS model (right) [15]

To calibrate the MBS elements of the UAS model in Figure 4, the deformation of the structural components of the
real DJI Phantom 111 system has systematically been measured during deformation experiments. These deformation
tests yield curves of joint displacement as a function of restraining force (see Figure 5). Other important parameters
such as restraint damping, or inertial properties were also measured experimentally.

Joint 1 - Kelvin Restraint

o

2
®

0.005 0.010
Displacement [m]

Figure 5. Examples of the compressive static test setup (left) for UAS structural members to determine joint restraint
characteristics curves (right) used in model calibration [15]

The calibrated MBS model of DJI Phantom 111 has subsequently been integrated in MADY MO with a validated
MBS model of the Hybrid 111 ATD. Subsequently, this integrated MBS model has been used to simulate the ASSURE
DJI Phantom I11 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 6. The strong similarity in shape and strengths in dynamic responses showed that our MBS model
of the DJI Phantom 111 and its integration within MADYMO 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 a test on a real 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 Il 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 [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 7. The comparison of these novel integrated MBS
model simulations has shown that there is a discrepancy between the Hybrid 111 ATD and a human body model for
head and neck injury [16,17]. Neck loads were found to be different fundamentally between the crash dummy and the
human model. The human body sustains larger 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 DJI Phantom Il UAS vertical drop on
human head is much lower than head injury.
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Vimpact = 15.1 m/s at 90 deg

120 4
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Figure 6. Example of validation results of the MBS model against ASSURE crash dummy impact test data at 15.1 m/s
impact velocity and 90° (vertical) impact angle [15]

IV. MBS Simulation-based Assessment of Head, Thorax and Abdomen Injury Criteria

In this section, the MBS model within MADYMO 7.7 of DJI Phantom 111 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.

A. DJl Phantom 111 UAS Impact Scenarios

Impacts on head, thorax, and abdomen are evaluated and the simulation setup for each body part is presented in
Figure 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. This is 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].
Vertical drop is simulated 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 due to UAS is evaluated based on the setup in Figure 7(a). There are three setup parameters
for impact to the head, namely: impact direction (y), impact elevation (), and impact velocity (V). In this work, three
head impact cases are evaluated and the setup parameters are listed Table 3.

Table 3. Setup parameters for head impact cases

Impact Case w [deg] 6 [deg] V [m/s]
Frontal Impact 0 0
0-32
Side Impact 90 0 (equivalent to impact

energy of 0 — 630 J)
Vertical Drop 0 90
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(a) Head Impact Setup

’:1 AS

(b) Thorax Impact Setup (c) Abdomen Impact Setup

impact

Crmmmy

Figure 7. MBS impact model setup in MADYMO

The frontal impact case simulates a UAS flying 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 considered as two worst impact cases. A snapshot of the maximum head
deflection/deformation for side impact of the head at impact energy of 196 J is pictured in Figure 8.

r \ / A
Figure 8. MBS impact simulation results at maximum body part deflection/deformation for side impact on the head at
196 J impact energy

For vertical drop, a UAS is dropped vertically with a fixed angle of attack of 0 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) is varied from 0 to 32 m/s
with a 2 m/s increment. 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) is used for thorax and abdomen impacts. These injury 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.

B. Head Injury Criteria and MBS Simulation Results

To assess head injury from the UAS impact, the head injury criterion (HIC) is used. In particular, HIC15s was
implemented as it is suitable for short duration impact (The value 15 refers to 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 HIC1s
value of 700 is considered to be a minimum safety standard for non-fatal impact [30]. The equations for the HIC is:
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HIC = (tz—tl){ itijaa(t)dt} max (6)

t,

where a(t) is the head acceleration-time history curve, t; is the initial impact time and t; is the final impact time.

The simulation results of the head impact on the human body for three impact cases are shown in Figure 9. The
simulation results show that HIC;s 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.

6,000 -

Head - Frontal

5000 91  ------- Head - Side -
Head - Vertical L

0 100 200 300 400 500 600 700
Impact Energy [J]

Figure 9. HICas results for head impact injury from MBS model

C. Thorax and Abdomen Impact Criteria and MBS Simulation Results

Thorax and abdomen present a large portion of the body area and can also be vulnerable to blunt impact force.
UAS impact simulation setups on the thorax and abdomen are presented in Figure 7(b) and Figure 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 equivalent to impact energy from 0 to 800 J. Only frontal impact cases are
evaluated for both thorax and abdomen. This is assumed to be the worst impact case since the velocity vector is normal
to the coronal plane of the human body. For impact on the thorax, UAS is 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 also called the
soft tissue criterion. This injury 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 satisfies:

VG, (t,1) = maxVs (t, 1) x Cy (t,1)] @

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

For body parts thorax and abdomen, this VC injury criterion is applicable to 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 ribs r = R1,..,R4 as is illustrated in Figure 10. These are the location for the middle center of the thorax. For
abdomen Vg(t,r) and Cg(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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Thoracic Cage —

Figure 10. Measuring location for thorax VC (left) at sternum rib R1 to R4 and for abdomen VC (right) at the center of
the umbilical region (or mid-abdomen) [32]

The maximum VC injury criteria given in equation (7) has been implemented in the MADYMO simulation for
thorax and abdomen impacts. Figure 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 I11 UAS are shown in Figure 12 for a range of possible UAS impact velocities.

(a) Thorax Impact
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region ~8 _— hypochondriac
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lumbar region -— lumbar
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Right iliac Hypogastnc — Leﬁ iliac
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(b) Abdomen Impact

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

The maximum VC curves in Figure 12 show that DJI Phantom 111 UAS impact on thorax results in a steeper VC
curve when compared to the abdomen. Because the injury criteria for head differ from the VC criteria used for thorax
and abdomen, a direct comparison of the curves in Figure 12 with those for head in Figure 9 is of no use. Such
comparison will be made feasible by identifying appropriate transformations of the curves in figures 9 and 12 to PoF

curves. This is addressed in the next section.
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V. Mapping Injury Criteria to Probability of Fatality

Injury criteria for head, thorax, and abdomen presents injury 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.

A. 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. ISO Delegation as shown in Figure 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 9 for different head impact scenarios are
converted to a probability of fatality as shown in Figure 14.
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Figure 13. Relationship between head injury criteria and percentage of life-threatening injury recommended by U.S. ISO
delegation [34] which is derived from the Prasad and Mertz injury risk curve [33]
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Figure 14. Fatality risk curves of UAS impact on the human head at different impact energy for 50 percentile male and
for the side, frontal and vertical drop impact cases

The results from the MBS simulation show that frontal and side impact result in similar PoF, which is much more
severe than a vertical drop. Both frontal and side impact curves form 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 DJI 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 falls within the sagittal plane of the human body — this
leads to low head acceleration and HIC levels.

The vertical 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 curve in Figure 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
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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 simulation in Figure 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 a flyaway DJI Phantom Il UAS. In addition to this, a quadcopter falling trajectory 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 a quadcopter before colliding into the ground leads to various
possible impact attitudes that a quadcopter can impact on a human head. If a DJI Phantom 111 collides with the main
front fuselage, instead of the camera gimbal then the PoF value is expected to be much higher than it is for the vertical
drop scenario. The MBS model makes it possible to simulate all possible DJI Phantom |11 attitudes at moment of head
impact.

B. Probability of Fatality Curves for Thorax & Abdomen Impact

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 15. The curve is proposed
by Sturdivan [18] who performed an analysis of VVC for thorax and abdomen. This curve is based on a blunt impact
experiment on cadavers performed by Canavaugh [36] and Viano [37].
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Figure 15. Relationship between Viscous Criterion and AIS[18] from thoracic and abdominal blunt impact, derived from
cadaver impact data performed by Canavaugh [36] and Viano [37]
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Figure 16. Transformation curve of single injury AIS scale to the probability of fatality presented in the AIS 2005 revision
document [38]
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The next step is to transform the AIS level that is obtained from VC-AIS conversion into a PoF using the AlS to
fatality rate curve presented in Figure 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 curves in Figure 11 yields the MBS based PoF curves for thorax and
abdomen in Figure 17. The MBS simulation based PoF curves in Figure 17 show that the impact on thorax is less fatal
than the frontal or side impacts on the head as is shown in Figure 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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Figure 17. PoF curves of UAS impact on thorax and abdomen at different impact energy for 50" percentile male

V1. Comparison of Fatality Curves from Different Models

This section compares the PoF curves in Figure 14 and Figure 17 with those of the RCC and BC models. This is
done for head, thorax and abdomen in subsections A, B, and C respectively.

A. Comparison of PoF of Head Impact

In Figure 18, the PoF curves from MBS head impact simulation from Figure 14 are compared against the RCC
and BC curves. Figure 18 shows that both the MBS based PoF curves for frontal and side impact of head and the RCC
based PoF curves are S-shaped, though their 10%, 50% and 90% points differ significantly. When the RCC curve has
reached the 90% point then the MBS based curves for side and frontal head impacts are around 10% only. The BC
curve is not an S-shaped curve, instead it increases more linear with impact energy. As has been explained in
subsection V.A the MBS based PoF curve for vertical drop shows the lowest fatality risk.
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Figure 18. Comparison of PoF curves for head impact between MBS (frontal, side and 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
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not captured by the RCC model, and neither by the BC model. From the perspective of the vertical drop on a human
head, Figure 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
differences for the three different head impact scenarios for frontal, side, and vertical drop respectively.

B. Comparison of PoF of Thorax Impact

The PoF curves obtained for impact on thorax from MBS, RCC, and BC models, from Figures 17, 1 and 3
respectively, are collected in Figure 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 slope than the MBS curve has.
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Figure 19. Comparison of PoF curves for thorax impact between MBS, RCC, and BC models

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 Il at 200 J, PoF predicted by the RCC model is 1.0, meaning that
fatality from impact on thorax is certain. This is 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.

C. Comparison of PoF of Abdomen Impact

The results of PoF curves of impact on the abdomen from MBS, RCC, and BC models, from Figures 17, 1 and 3
respectively, are collected in Figure 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 as for thorax, the BC curve increase more linear with impact energy, and is much lower than the MS curve for
probabilities above 10%.

PoF at 100 J impact energy by DJI Phantom 11 is 0.27 for the RCC model, but close to 0 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 J impact energy. At 200 J impact energy which is the maximum energy for DJI Phantom 111, PoF predict
by the MBS model is 0.05. This is lower 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 J to 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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Figure 20. Comparison of PoF curves for abdomen impact between MBS, RCC, and BC models

VI11. Discussion of Results

Modelling PoF due to UAS impact is crucial 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 111 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 is the 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
also higher than side or frontal impact on the head. 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 result in blunt force
trauma but also penetration or laceration-type injuries. On the other hand, the MBS impact 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 developed 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 DJI
Phantom I11 UAS developed and validated against real-world impact tests on the Hybrid 111 crash dummy where only
blunt force injury is evaluated.

RCC model tends to predict a high probability of fatality at low impact energy. For example, the probability of the
fatality of head impact is at 0.8 at 100 Joules impact energy. Given that the DJI Phantom I1I 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 hypervelocity type collisions where the debris contained a larger
number of low mass fragments [13]. Also, 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.
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 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 a lateral 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 DJI Phantom 111 UAS.
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VIII. Conclusions

Risk analysis of UAS ground impact on humans is important to the future developments of UAS operations. An
important step to take is to understand fatality of UAS impact on human on the ground. In this paper, a multi-body
system impact model of the DJI 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 simulations yields a 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
I11 vertical drop scenario that was also measured by ASSURE.

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 all results together, it is concluded that thanks to the MBS modelling and simulation of DJI Phantom I11
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 aim is to use the validated MBS model simulation 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 also 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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