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ORIGINAL ARTICLE

Enhancing safety feedback to the design of small, unmanned
aircraft by joint assessment of impact area and human fatality

Chengpeng Jiang' | Henk Blom' | Borrdephong Rattanagraikanakorn’

Abstract

Advantages of commercial UAS-based services come with the disadvantage of posing
third party risk (TPR) to overflown population on the ground. Especially challenging
is that the imposed level of ground TPR tends to increase linearly with the density of
potential customers of UAS services. This challenge asks for the development of com-
plementary directions in reducing ground TPR. The first direction is to reduce the rate
of a UAS crash to the ground. The second direction is to reduce overflying in more
densely populated areas by developing risk-aware UAS path planning strategies. The
third direction is to develop UAS designs that reduce the product A, pae - P{F|impact}
in case of a crashing UAS, where Ay, is the size of the crash impact area on the
ground, and P{F|impact} is the probability of fatality for a person in the crash impact
area. Because small UAS accident and incident data are scarce, each of these three
developments is in need of predictive models regarding their contribution to ground
TPR. Such models have been well developed for UAS crash event rate and risk-aware
UAS path planning. The objective of this article is to develop an improved model
and assessment method for the product Ajy,p,c - P{F|impact}. In literature, the model
development and assessment of the latter two terms is accomplished along separate
routes. The objective of this article is to develop an integrated approach. The first step is
the development of an integrated model for the product A;ypac - P{F|impact}. The sec-
ond step is to show that this integrated model can be assessed by conducting dynamical
simulations of Finite Element (FE) or Multi-Body System (MBS) models of collision
between a UAS and a human body. Application of this novel method is illustrated and
compared to existing methods for a DJI Phantom III UAS crashing to the ground.
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1 | INTRODUCTION

potential customers of UAS services. As shown through ini-
tial studies (Clothier et al., 2018; EASA, 2021), awareness of

Unmanned Aircraft System (UAS) technology has the poten-
tial to replace manned aircraft and aerial platforms. This
potential is of particular interest for commercial UAS-based
taxi services, parcel delivery services, medical aid services,
etc. The advantages of commercial UAS-based services also
come with third party risk (TPR) for overflown population on
the ground. Especially challenging is that the imposed level
of ground TPR typically increases linearly with the density of

the potential negative effects of overflying commercial UAS
services is slowly increasing among human society. Because
regulation poses significant limitations on the operation of
commercial UAS services in rural areas, human society is
hardly exposed to ground TPR. The limited exposure also
slows down the traditional approach of safety learning from
incidents and accidents. The alternative in providing effec-
tive safety feedback to the design and flight operations of
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UAS, is to make use of model-based safety risk assessment
methodology.

A commonly adopted indicator for ground TPR per UAS
flight hour is the expected number of ground fatalities. In lit-
erature, for example, (Clothier et al., 2007; Melnyk et al.,
2014; Bertrand et al., 2017), the common model for this
indicator reads as:

[E{n]:} = Asyslem * Ppopulation * (1- Psheller) . Aimpacl : P{F |impaCt}
(1.1)

where n,. denotes the number of ground fatalities per flight
hour, Asygem is the ground crash event rate per flight hour of
the UAS system, ppoputation 18 the population density of the
overflown area, Py, 1 the probability that a person on the
ground is sheltered to the crashing UAS, Ajjp,c 18 the size
of the “crash impact area” on the ground, and P{F|impact}
is the probability of Fatality (F) for a person in the “crash
impact area.” To be precise, “crash impact area” is the col-
lection of the expected UAS crash location and all nearby
ground locations where a human person could be directly
or indirectly hit by the crashing UAS. The product of the
second, third and fourth terms yields the expected number
of non-sheltered persons in the “crash impact area.” The
last term multiplies this with the probability of fatality for
each unsheltered person in the “crash impact area”, which
yields the expected number of fatalities in case of a crashing
UAS. Ground TPR Equation (1.1) has been extended for UAS
flights over areas with nonhomogeneous population densities
and sheltering (Bertrand et al., 2017; la Cour-Harbo, 2019;
Blom et al., 2021).

Regulation typically poses an upper bound on the expected
number of ground fatalities per UAS flight hour (EASA,
2021; EC, 2021; FAA, 2016; ICAO, 2011; JARUS, 2017),
and supports the use of model (1.1) to demonstrate compli-
ance to this upper bound. As is well explained in JARUS
(2022, 2023), regulation supports baseline use of conserva-
tive models for each of the terms in (1.1), while at the same
time offers an open door for the potential use of improved
ground TPR assessment models and methods.

Equation (1.1) shows that during the design of a commer-
cial UAS service there are three complementary directions in
reducing E{n,.}. The first direction is to reduce Agygiem by: 1)
Improving the reliability of the UAS design (Petrioli et al.,
2018); ii) Identification and mitigation of various other haz-
ards that may lead to a ground crash (Clothier et al., 2018;
Plioutsias et al., 2018); and iii) Improving the interaction with
other UAS or other low flying object (la Cour-Harbo and
Schioler, 2019; Kallinen and McFadyen, 2022; Kim, 2019).
The second direction is to reduce the effect of ppopytation * (1 —
Pgperter) by applying risk-aware UAS path planning and emer-
gence landing strategies (Ancel et al., 2019; He et al., 2022;
Hu et al., 2020; Ippolito, 2019; Oh et al., 2020; Primatesta
et al., 2020). The third direction is to reduce the effect of
Aimpact - P{F|impact} by improving physical UAS design in
shape and material. The objective of this article is to develop

an enhancement in the modelling and assessment of the latter
product.

The ground TPR model for commercial aviation also
involves the product Ajn .. - P{F|impact} (Ale & Piers,
2000). In contrast to UAS operations, in conventional avi-
ation sufficient accident data are available to quantify both
terms. Hence, for ground TPR of UAS, non-statistical para-
metric models have been developed in literature. Overviews
by Melnyk et al. (2014) and Washington et al. (2017) have
shown that there is a significant diversity in the parametric
models for Ajpa and for P{F|impact}. Washington et al.
(2017) argue that the current level of diversity leads to an
undesired variability in the risk assessment outputs. An extra
limitation of these existing models is that they do not take into
account that the fatality for a person in the impact area may
vary depending on the offset between the crash center and the
location of a human in the impact area.

To improve this situation, a recent development is to
replace parametric models for P{F|impact} by a dynamical
simulation of a finite-element (FE) or a multi-body-system
(MBS) model of UAS collision with a human body (Arter-
burn et al, 2019; Koh et al., 2018; Rattanagraikanakorn et al.,
2019, 2020a,b, 2022; Weng et al., 2021). The basis for this
dynamical simulation approach stems from car crash research
in automotive industry (MADYMO, 2017a,b; THUMS, 2015,
2018). For UAS impact on human body, validation of this
dynamical simulation approach is accomplished by show-
ing that detailed simulated results correspond with dynamical
impact measurements under laboratory controlled UAS col-
lisions with human dummies (Arterburn et al., 2017, 2019;
Campolettano et al., 2017; Koh et al., 2018) and with human
cadavers (Stark et al., 2019).

The dynamical simulation based [P { F|impact} assessments
by Arterburn et al. (2019), Koh et al. (2018), Rattana-
graikanakorn et al. (2019, 2020a,b, 2022), and Weng et al.
(2021) cover cases where the crash center of the UAS coin-
cides with the center of the human head. The straightforward
multiplication of this P{F|impact} value by an A;y,p,. value,
implicitly adopts the assumption that a centered [P { F'|impact}
value also applies when the crash center of a UAS has an
offset with the center of the human head. The objective of
this article is to enrich both the ground TPR model (1.1) and
the dynamical simulation model with such an offset param-
eter. The effectiveness of this novel ground TPR assessment
approach is demonstrated for a small UAS impacting a human
body.

The article is organized as follows. Section 2 provides a lit-
erature overview of models for A;y, . and for P{F|impact},
including an illustration of the large variety in resulting val-
ues for a UAS of 1.21 kg crashing to the ground. Section 3
develops the enrichment of Equation (1.1), and subsequently
shows how this enriched model can be numerically eval-
uated by using dynamical simulations of a UAS collision
with a human body. Section 4 evaluates the enriched model
through the evaluation of a validated dynamical simulation
model of the 1.21 kg UAS, and compares the obtained
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results with existing models of section 2. Section 5 draws
conclusions.

2 | EXISTING MODELS FOR A;,,,,.« AND
P{F|impact}

Subsections 2.1 and 2.2 outline parametric models for
Aimpact and P{F|impact} respectively. Subsection 2.3 out-
lines dynamical simulation model for P{F|impact}. In
subsection 2.4, these models are used to quantify and com-
pare the product Aj.c - P{F|impact} for the scenario of a
vertical drop of a DJI Phantom III on the head of a standing
human.

2.1 | Parametric models for A;,, .

From overviews (JARIUS, 2022; Melnyk et al., 2014; Wash-
ington et al., 2017), there are three main types of parametric
models for impact area A;yp,c: Gliding area model, Planform
area model, and Aircraft mass based model.

The Gliding area model of RTT (Montgomery and Ward,
1995) satisfies:

. Hp
Aimpact = (Widthyag + 2Rp) (m + DSlide>

2

Width
n(% +RP> 2.1)

where Dgjiq slide length is from impact to zero speed.
A modified Gliding area model has been proposed by RCC
(2001) and NAWCAD (Ball et al., 2012):

Aimpact = (WidthUAs + 2Rp)

Hp
X Dg; Length 2R
<tan(z,b) + Dgjige + Lengthyag + P>

2.2)

with Widthyag the dimension of the UAS, 2Rp and Hp the
diameter and height of person, ¥ the UAS descent angle.
The NAWCAD model adopts a shorter Dg);q. than RTI and
RCC, in the sense that sliding is counted until a safe speed
(no longer injuries to people) is reached (Ball et al., 2012).

(JARUS, 2022) adopts for Ajppac; the Gliding area Equa-
tion (2.1) of RTI, though assumes that Dg);4. satisfies the
NAWCAD model.

The planform area model (Weibel & Hansman, 2004) only
considers the size of the aircraft:

Aimpact = WidthUAS X LengthUAS. (23)

The aircraft mass based model satisfies (Ale and Piers,
2000) Aimpact = CEiMpmTOW > with Mmyrrow the maximum take-

TABLE 1 Model parameter values for a standard male human.
Source: (RCC, 2000).

Parameter Head Thorax Abdomen
a (Joules) 74.8 59.8 130.6

b 0.2802 0.3737 0.4335

off weight in kg, and the statistically fitted coefficient value
Cfrit = 02m2/kg

2.2 | Parametric models for P{F|impact}
There are various injuries models for human under impact.
These models consider different injuries sources, such as
from blunt force (Raymond et al., 2009; Sturdivan et al.,
2004), from debris (Feinstein et al., 1968; Montgomery &
Ward, 1995), and from explosion (Hardwick et al., 2009).
The models also differentiate depending on the human body
parts that are exposed, such as head (Hutchinson et al., 1998;
Schmitt et al., 2019), neck (Klinich et al., 1996; Parr et al.,
2012), thorax and abdomen (Lau & Viano, 1986; Viano et al.,
1989).

Among the injuries models, from the overviews by (Mel-
nyk et al.,, 2014; Washington et al., 2017), there are
mainly two UAS impact parametric models for P{F|impact}:
the RCC (2001) model and the blunt criterion (BC)
model.

* RCC model

The RCC (2001) fatality risk curve is a function of kinetic
energy of UAS at moment of impact of human body, and is
based on a weighted average of the fatality risk curves that are
obtained through statistical analysis of a military database of
effects of blast, debris on human body parts (Feinstein et al.,
1968):

2.4)

InE,, —Ina
P{F |impact} =Z <%>

where Z is the cumulative standard normal distribution (Dala-
magkidis et al., 2011). Ej,, is the impact energy. Hence Z
defines an S-shaped curve that starts at probability zero for
Einp = 0, reaches probability 1/2 for Ej;,, = a and asymp-
totically goes to probability 1 for large Ejy,,. The parameter
values for a and b for a standard male human for different
body parts as shown in Table 1.

* BC model

Magister (2010) proposed to adopt the blunt criterion (BC)
as basis for a human injury due to UAS impact. The basis for
this approach stems from military kind of ballistic impacts
on human (Sturdivan et al., 2004). The BC injury level Lg,
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TABLE 2 BC model values for impact on standard male.
Parameter Head Thorax Abdomen Source
Mass ratio of 8% 21% 21% (Sturdivan et al., 2004)
body part
cp n.a. 0.711 0.711 (Sturdivan et al., 2004)
1, (cm) 1.3 n.a. n.a. (CASA, 2013)
satisfies:
Eim
LBC =1In m—p (25)
mpy/- lbDimp

where Ej, is the impact energy, m;, is the mass of the
impacted body part, /, is the thickness (in cm) of body wall
of the impacted body part, D;,, is the diameter (in cm) of the
impacting object, for example, an impacting UAS. For thorax
and abdomen, /, depends on the body part mass:

lh :mh'/3ch (26)

where ¢, is the thickness parameter of the body part con-
sidered. Table 2 gives the parameter values adopted for BC
impacts of head (CASA, 2013), and of thorax and abdomen
(Sturdivan et al., 2004).

Values for P{F|impact} are obtained by applying two suc-
cessive mappings. First, injury level Ly is converted to AIS
level L5 (Bir & Viano, 2004) using:

Lys=133-Lygc+0.6 2.7)

Next, AIS level is converted to P{F|impact} by using the
transformation curve of single injury AIS scale to probability
of fatality (Gennarelli & Wodzin, 2006).

2.3 | Dynamical simulation models for
P{F|impact}

Human injury modelling and simulation is a well-developed
topic in automotive research; with emphasis on consequences
for humans involved in a car crash. As a result of this
research dynamical simulation models have been developed
and validated for collisions involving human and human
crash dummies that are used in car crash testing. Exam-
ples of well-developed and validated simulation platforms
are: (THUMS, 2015, 2018) and (MADYMO, 2017a,b). The
former makes use of FE models of human body or crash
dummy involved in a car collision, while the latter makes use
of MBS models. Dynamic simulation of a collision yields
detailed acceleration curves over time of various parts of
the human body or crash dummy involved. These results
are subsequently translated into well-developed injury scales.
The commonly used injury scales are head injury criteria

(HIC), neck injury criteria (Nij), and viscous criteria (VC)
for injuries to head, neck and other body parts respectively.
HIC takes the effect of sudden head acceleration into account
(Hutchinson et al., 1998; Schmitt et al., 2019). Nij consid-
ers the consequences of head movements on neck forces
and movements (Klinich et al., 1996; Parr et al., 2012). VC
takes into account that injury to soft tissue injury is compres-
sion and rate dependent (Lau & Viano, 1986; Viano et al.,
1989).

For dynamical simulation of UAS collision with human
body or a crash dummy, a validated model of the UAS type
considered has to be developed and integrated in one of these
platforms. In addition, there is need for a transformation of
assessed injury levels to P{F|impact}. For integration in the
THUMS (2015) platform, FE models have been developed by
Arterburn et al. (2019, Annex B) of UAS types: DJI Phantom
III, Sensefly eBee+ and Precision Hawk MK III. These mod-
els have been validated against acceleration measurements
of drop tests on the head of a human dummy. Weng et al.
(2021) developed and integrated an FE model of DJI Phan-
tom III in THUMS (2018); this model has been validated
against acceleration measurements of the head of a human
cadaver (Stark et al., 2019). For integration in the MADYMO
platform, Rattanagraikanakorn et al. (2019, 2020a) developed
the MBS model of DJI Phantom III. As is shown in Figure I,
this MBS model consists of multiple body part masses that
are connected via restraint joints, with ellipsoid surface to
realistically represent external surfaces.

In Rattanagraikanakorn et al. (2020a) this MBS model
has been validated against head acceleration measurements
of drop tests on a crash dummy (Arterburn et al., 2017).
In Rattanagraikanakorn et al. (2022) a comparison is also
made between MBS dynamical simulation of DJI Phantom
III falling down on the head of a crash dummy versus the
head of human body. This comparison showed significant dif-
ferences both in HIC values and Nij values. Most significant
is the finding that for a human body, Nij value is negligible
relative to HIC value.

In Rattanagraikanakorn (2021, pp. 149-150) a systematic
comparison has been made of MBS simulated HIC values
for a human body and those measured during hittings of
human cadavers by a DJI Phantom III (Stark et al., 2019); this
showed that the MBS model underestimated the measured
HIC value on average by 11%. To compensate this estima-
tion bias, in the sequel MBS dynamical simulation based HIC
values are increased by 11%. Subsequently, the correspond-
ing P{F|impact} value is obtained by a conversion of an
unbiased HIC values to percentage of life-threatening injury
(Touger et al., 1995). For thorax and abdomen, the VC (Vis-
cous Criterion) injury level (Lau & Viano, 1986) is obtained
during MBS dynamical simulation. The VC level is then con-
verted to P{F|impact} in two steps: first a conversion curve
from VC level to AIS level (Sturdivan et al., 2004), and then a
conversion curve from AIS level to P{F|impact} (Gennarelli
& Wodzin, 2000).
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_~~Body 7 Body 6

Body 5

Body 1

FIGURE 1 MBS model of the DJI Phantom III UAS. Source: (Rattanagraikanakorn et al., 2020a).
TABLE 3  Results of existing models for Ajypace - P{F|impact} of a DJI Phantom IIT UAS.
]P’{F|impact} BC Dyn. Sim. RCC
Aipper (M%) 0.188 0.706 1.0
Planform area size 0.063 0.012 0.044 0.063
Extrapolated MTOW based area size 0.242 0.045 0.171 0.242
RTI model; Dstide=0, y =90° 0.332 0.061 0.230 0.332
RTI model; Dslide=0, y =60° 0.977 0.184 0.690 0.977

The Dynamical Simulation result is obtained for a vertical drop on the center of human head, with UAS in upside-down attitude to avoid energy absorption by the camera gimbal.

24 | Comparison for a DJI Phantom IIT UAS
In this subsection we evaluate the existing models for A;,,,,q;
and P{F|impact} for a DJI Phantom III; a small UAS of
weight 1.21 kg, width of 0.25 m; length of 0.25 m. Under a
free fall, the drag-gravity equilibrium descent speed is 18 m/s
(Arterburn et al., 2019, Annex A). Table 3 presents the cal-
culated values for four models of A;,,,,; and three models of
P{F|impact} and their relevant products. The unit of such
product is m?. Following Equations (1.1), this is compen-
sated by the unit 1/m? of population density, and the unit of
1/hour of ground crash event rate.

The evaluated impact area Ajpypae models are: Planform
area, the extrapolation of the MTOW based area (Ale and
Piers, 2000), and the Gliding area model of RTT (Montgomery
and Ward, 1995) for Dslide = 0 at descent angles of 90° and
60°, respectively. These Ajpp,c values are shown in the left
column of Table 3. The evaluated models for P{F|impact}
are, the BC model, the dynamical simulation model, and the
RCC model. In the dynamical simulation based assessment
of P{F|impact}, the scenario of (Koh et al., 2018) is fol-
lowed, that is, the DJI Phantom III makes a vertical drop in
an upside-down attitude, on the center of a head of a stand-
ing standard male human. The upside-down attitude avoids
energy absorption by the camera gimbal. The P{F|impact}
values obtained are shown in the top row of Table 3. The
other locations in Table 3 show the product values for the
4 % 3 combinations.

The results obtained in Table 3 show the following:

* The dynamical simulation based value P{F|impact} =
0.706 is 30% lower than the RCC value of 1.0, and a factor
3.7 higher than the value of the BC model.

* The RTI based Ajppqc; value under a descent angle of 60°
is a factor 3 higher than under 90°.

* In addition to the latter factor 3, the other values for Ajpac
vary by a factor 5 (=0.332/0.063), with the MTOW based
area size value in between.

The dynamical simulation based P{F|impact} = 0.706
value has been assessed for the case of vertical descent such
that the mass center of the UAS coincides with the mass
center of the human head. The straightforward multiplica-
tion of this P{F|impact} value by an Aj,,.; value, implicitly
adopts the assumption that a centered [P { F|impact} value also
applies when the crash center of a UAS has an offset with
the center of the human body. The objective of the next sec-
tion is to enrich the ground TPR model with such an offset
parameter.

3 | ENRICHED GROUND TPR MODEL

This section starts by showing that in ground TPR
Equation (1.1), the product Ajypc - P{F|impact} can be
replaced by an integration of fatality probability val-
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ues over different horizontal locations of the center of
a UAS relative to the human center location. Subse-
quently, the effects of human face direction and drone
velocity at impact are taken into account, and a numer-
ical integration procedure is presented for the evalua-
tion of the enriched model using a dynamical simulation
model.

3.1 | Enriched ground TPR model

In RCC (2001), the term P{F|impact} is characterized as
a summation over fatality probabilities in case a horizontal
moving object impacts different body parts of a human, that
is:

P{F |impact} = ) [I]:"{F|hitonbody part B}
B

Area of body part B
Area of human body

3.1)

In case of a UAS crashing from the air to the ground, the
“hypothetical” impact location of UAS can be at any hori-
zontal offset vector A relative to the location of a human,
where “hypothetical” refers to the mathematical assumption
that UAS passes a human body as a ghost passes a wall. To
capture the falling UAS situation, the summation over body
parts in Equation (3.1) is replaced by an integration over
horizontal offset vectors A, that is:

P{F |impact} =/

R2

1(A € "crash impact area")P{F|A} dA /Ay et

(3.2)
where P{F|A} is the conditional probability of fatality
given horizontal offset A, 1(..) is an indicator function with
1(True) = 1, and 1(False) = 0, and ““crash impact area” has
been defined, in the Introduction, as the collection of the
expected UAS crash location and all nearby ground loca-
tions where a human person could be directly or indirectly
hit by the crashing UAS. This means that in case a UAS hits
the ground first at horizontal offset A, then due to the pos-
sibility of UAS bouncing or sliding, a second hit of human
remains possible, as a result of which P{F|A} may be strictly
positive. The definition of “crash impact area” implies that
P{F|A} = Oforall A & "crash impact area". Hence, the indi-
cator function can be deleted from Equation (3.2), which
yields:

P{F |impact} = / P{FIA}dA/Aimpact (3.3)
R2

Multiplying both sides in Equation (3.3) by Ajypac yields:

Aimpact * P{F|impact} =/ P{F|A}dA (3.4)
R2

Equation (3.4) captures the influence of possible horizontal
offsets between human location and the center of UAS crash
location. Hence, Equation (3.4) forms the mathematical char-
acterization for estimating the product A;pa. - P{F|impact}
by an integration over P{F|A} estimates for all possible A
offset values. Finally, substitution of (3.4) in Equation (1.1)
yields the enriched ground TPR model:

[E{nF} = ﬂ'System : ppopulation -(1- PShelter) . Q (3.5
with

e /2 P{F|A}A = Ajppe; - P{Flimpact}  (3.6)

R

The Q definition in (3.6) makes explicit that the ground
TPR model enrichment consists of a dual exact characteriza-
tion of the product A;yp.c - P{F|impact}. For the derivation
of this dual characterization we have made use of a “hypo-
thetical” delta definition in a horizontal plane at ground level.
In the sequel we assume that the dual characterization (3.6)
also applies if the integration over the “hypothetical” delta
is replaced by an integration over a simulated delta that is
defined at the moment the drone passes a horizontal plane
that is well above the human head, instead of the horizontal
plane at ground level.

3.2 | Incorporating face direction, and drone
velocity and attitude at impact

The idea is to obtain P{F|A} estimates by conducting
dynamical simulations of an MBS model, for each relevant
offset value A, rather than the “hypothetical” offset definition
of subsection 3.1. To assure that this dynamical simulation
starts shortly before a possible hitting of a human, the start-
ing time 7 of this dynamical situation is defined as the first
moment that the drone center reaches a horizontal level that
is R.x above top of human head, where R, is the max-
imum range from drone center to drone edges. Figure 2a,b
shows the situation at this moment 7. Offset A is defined as
the 2-dimensional horizontal offset between center of drone
and center of human head at this moment 7 (see Figure 2b).

In addition to this offset A, human injury level also depends
on the drone impact speed, course, descend angle, and atti-
tude, as well as the human face direction at this time moment
7. We assume that human face does not look up or down;
hence human face direction may vary in horizontal direction
only.

As is shown in Figure 2b, by defining human face direc-
tion ¢, relative to the course of the drone, there is no need for
drone course as a model parameter. Hence the impact model
parameters are: 2-dimensional offset A (defined at moment
7), horizontal face direction ¢,, drone speed v;, descent
angle 1, and 3-dimensional drone attitude 6, (pitch, roll,

yaw).
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ENHANCING SAFETY FEEDBACK TO THE DESIGN OF SMALL UNMANNED AIRCRAFT 7

FIGURE 2 Side view (a) and Top view (b) at
moment 7, that is the moment that the drone center
reaches level R, above top of human head, with

Q C

Rax the maximum range from drone mass center ]

to an edge of the drone. The top view (b) shows i}
how the horizontal offset vector A between mass
centers of drone and human head is decomposed
into components Ap and A_, that are parallel and
perpendicular to drone course.

(A) Side view at moment 7.

During the MBS dynamical simulation, it is assumed that
between time moment 7 and the first hitting time (of human
or ground), drone speed, descent angle, and attitude, as well
as human face direction do not change. Hence, by using the
law of total probability, we incorporate in P{F|A} the depen-
dency on drone speed v, descent angle 1., 3-dimensional
drone attitude 6, and face direction ¢,, as follows:

27
P{FIA}=/ / // P{FIA, v, $,6,01pv 4. 6.
R+ J[0,7/2]1 /0@ J0

(v, %, O)pp, (P)dpdOdpdy
(3.7)

where © the set of possible attitude values, P{F|A,v,9,0,¢}
is the conditional probability of Fatality given A, v, = v, ), =
$,0. = 0,andp; = ¢, and where p, y o (,.,.) is the joint
probability density of (v, %, 6;), and p,, _(.) is the probability
density of horizontal face direction ¢,.

Interchanging the sequence of integration in (3.7) and over
A in (3.6), yields:

2r
Q - / / / / Q(V’ 1’0’ e’ go)p"r’lpr»@r(v’ ¢’ e)prpr
R+ J[oz/21/@ J0

(@)dpdOdipdv (3.8)

oW, ¥,0,9) = /2 P{F|A,v,9,0,p}dA (3.9)

R

Comparison of Equation (1.1) to Equation (3.5) shows that
the product Ajypace - P{F|impact} in (1.1) is replaced by 0
in (3.5). This Q is characterized in Equations (3.8-3.9) as a
probabilistic integrations over the full range of possible ways
a human on the ground can be hit by a drone. Equation (3.9)
characterizes Q(v, 1,0, ) as an integration of impact offset
A-dependent human fatality P{F|A,v,19, 0, ¢} over all pos-
sible offsets A between drone crash center and the center of
human head. Equation (3.8) characterizes the Q in Equation
(3.5) as the averaged Q(v, 9,6, p) for possible variations in
drone speed v, descent angle 1, attitude 6, and face direc-

I -
; ( Drone course

(b4

(B) Top view at moment 7.

tion . Hence, in case of Dirac densities for (v, 9, 0, ¢) then
the results obtained for Q(v,, 0, ¢) also apply for Q. The
next subsection explains how the numerical integrations in
Equations (3.8) and (3.9) can be combined with dynamical
simulation of an MBS model to assess P{F|A, v, 9,0, ¢} for
relevant values of (A, v,9,6, ).

3.3 | Numerical integration of the enriched
ground TPR model

By using a grid for offset A, Equation (3.9) is evaluated as:

00 ,6,9) = X [PUFIA.v9.6.9) G2

K

] (3.10)

with |GZ| the size of the 2-dimensional section G2, and the
summation over all grid sections.

Similarly, by using the grids for speed v, descent angle 1,
attitude 6 and face direction ¢, Equation (3.8) is evaluated as:

0= Z Z Z Z [Q(V', i1 PPy .6, Vs Y1 0P,
JjoJok ¢t

(® (3.11)

Gv
J

o3|z 7]

with |G/V| |G;.lf | |Gf | |G?| the product of the adopted grid sizes.
A relevant alternative for the numerical integration of
Equation (3.8) is to use Monte Carlo simulation:

Nyc
PIRUCRTNRD

i=1

- 1

0=~ Noe (3.12)
where (vi,l,bi, 0" and goi, i = 1,..,.Nyc, are independent ran-
dom samples from the pdf’s p,_y ¢ (.,.,.), and p,_(.). For the
generation of random samples from p,_y g (.,.,.), use can
be made of dynamical simulations of descending UAS under
relevant event conditions (Arterburn et al., 2019, Annex B;
Foster & Hartman, 2017). The shape of p%(.) for human face
direction depends on the situation. If persons on the ground
are not aware of the falling UAS, then horizontal face direc-
tion angle ¢, will have a uniform distribution over [0, 360°].
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If persons on the ground keep their head turned into the hor-
izontal direction of the drone, then ¢, may have a Dirac
density centered at 0.

Accurate evaluation of Equation (3.12), typically asks for a
very large number Ny, of MC runs. The same level of accu-
racy can be reached by making use of appropriate variance
reduction technique, such as Latin Hypercube Sampling, for
example, Helton and Davis (2003).

4 | EVALUATION OF ENRICHED MODEL
THROUGH DYNAMICAL SIMULATION

This section numerically evaluates the enriched model of
section 3 for a DJI Phantom III impacting a standing 50™
percentile male human body. In line with Equation (3.6),
this comes down to conducting novel numerical evaluation
of 0 = /RZ P{F|A}dA, and comparing this with the Ajypac; -
P{F|impact} results in subsection 2.4. For the numeri-
cal evaluation use is made of a validated MBS dynamical
simulation model of Rattanagraikanakorn et al. (2020a,b)
for a DJI Phantom III UAS. This validated MBS model
assumes that UAS movement abruptly stops upon hitting the
ground, which means it does not evaluate cases where human
impact happens after a preceding ground hit (bounce or
slide).

First, subsection 4.1 considers a vertical descent scenario,
where head is always hit first. Next, subsection 4.2 considers
non-vertical descent, as a result of which other parts of human
body may be hit first by the drone. Subsection 4.3 compares
the newly obtained results to the results for the existing model
combinations in section 2 (Table 3). Subsection 4.4 assesses
the effect of varying drone attitude. Subsection 4.5 assesses
the effect of changing human face direction relative to drone
course. Subsection 4.6 demonstrates that the novel method
can also take well into account that UAS attitude and human
face direction have densities that are uniform functions rather
than Dirac functions, Subsection 4.7 discusses the results
obtained.

4.1 | Scenario A: Vertical descent
MBS simulations are conducted with offsets Ap and A_, vary-
ing over the A-grid, for face direction ¢ = 0°, for scenario A,
of a pure vertical drop, that is descent angle 1 = 90°. Sim-
ilar to section 2, the UA impact speed of DJI Phantom III
is set at v = 18m/s. Simulation results of P{F|A,v, 4,0, ¢}
for varying offsets Ap and A_, are shown in Table 4, for
pitch Bpch = 180°, yaw By, = 0°, roll 6,4 = 0°, and face
direction @ = 0°. Offset grid step is 0.02m; due to face
direction ¢ = 0° results are symmetrical for positive and neg-
ative cross offset A_, values. Figure 3 shows, for scenario
A, impact at the center of gravity of the human head, that
is, A = (0,0).

For scenario A, the head is always first contacted by the
drone. In case of an initial hit of human head, a drone may

FIGURE 3  Scenario A for A = (0,0): vertical descent impact at
center of gravity of human head.

start to tumble, as a result a second hit on thorax or abdomen
could happen. Such drone tumbling is also captured in the
simulations. The simulation results for scenario A show no
hit (first or second) on thorax or abdomen. The maximum
of P{F|A,v,9,0,9} is at the center of the head. For off-
centered combinations where the head is first contacted by
the drone arm, typically limited impact energy is transferred
to the human, due to the bending of arm and subsequent tum-
bling of the drone. Integration of the P{F|A, v,1,0, ¢} values
in Table 4 yields Q = 0.012m>.

4.2 | Scenario B: Non-vertical descent

The following non-vertical impact scenario B is considered:
Descent angle ) = 60°, pitch 8y, = 180°, yaw By, =
0°, roll 6,,; = 0°, impact speed v = 18m/s. MBS simula-
tions are conducted with offsets A and A varying over
the A-grid, for face direction ¢ = 0°. Simulation results
of P{F|A,v,1,0,p} for varying offsets A” and A_ are
shown in Table 5. Figure 4 shows a case of first hit on the
abdomen.

As is shown in Table 5, Scenario B simulations includes
a large variety of first hits on thorax or abdomen. Table 5
also includes three offset combinations where first hit is on
the head and the second hit happens on thorax/abdomen
(these are marked by thick black borders). This illustrates
that contributions of second hits to P{F|A, v, 9, 60, p} are very
small.

Due to hits on thorax and abdomen in scenario B,
P{F|A,v,9,0,p} contributions to QO come from a much
larger area than for Scenario A (Table 4). Another difference
is that the P{F|A,v,9,0, ¢} values near the central area of
the head are for scenario B (Table 5) significantly lower than
for scenario A (Table 4). The explanation is that for central
hit under a descent angle of 60° the drone starts to tumble
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ENHANCING SAFETY FEEDBACK TO THE DESIGN OF SMALL UNMANNED AIRCRAFT

TABLE 4  Scenario A: P{F|A,v,9,6, ¢} in percentage (%) as a function of cross offset A_, and along offset A”.
Cross offset A_ (m)
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 020 0.22

0.26
0.24 0.00 0.00 0.00 0.00
0.22 0.00 0.00 0.00 0.00 0.00 0.00
0.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.18 0.00 0.00 000 000 0.00 0.00 0.00
0.16 0.33 1.15 1.01 0.68 0.24 0.00 0.00 0.00 0.00 0.00 0.00
0.14 5.13 9.20 2.33 1.06 1.05 0.00 0.00 0.00 0.00 0.00 0.00
0.12 | 1554 17.68 12.05 1.91 1.13 082 000 000 0.00 0.00 0.00

~ 0.10 | 25.71 2454 21.13 10.20 1.24 1.15 046 0.00 0.00 0.00 0.00

\E/ 0.08 8.03 1.14 1.04 0.00 0.00 0.00

g 0.06 16.23 283 097 0.00

S 0.04 2341 1092 1.15 0.00

&” 0.02 38.83 34.68 5.12 0.00

o 0.00 2330 1032 1.13 0.00

%D -0.02 37.58 31.96 1542 400 096 0.00 0.00

2 -0.04 | 40.44 29.73 25.03 18.56 10.61 123 096 0.00 0.00 0.00

< 006 | 2601 2225 2028 1342 2.15 1.14 0.86 0.00 0.00 0.00 0.00
-0.08 | 1796 17.48 1699 523 1.12 1.09 0.17 0.00 0.00 0.00 0.00
-0.10 | 856 12.71 7.04 1.22 1.14 0.58 0.00 0.00 0.00 0.00 0.00
-0.12 | 1.88 2.76 1.22 0.93 0.94 0.00 0.00 0.00 0.00 0.00 0.00
-0.14 | 0.00 0.00 0.27 0.45 0.00 0.00 000 000 0.00 0.00 0.00
-0.16 0.00 0.00 0.00 0.00 000 000 0.00 0.00 0.00
-0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-0.20 0.00 0.00 0.00 0.00 0.00 0.00
-0.22

% =90°, Opiten = 180°, Oy = 0°, 6,5 = 0°, v = 18m/s, and face direction ¢ = 0°. Red line shows the boundary outside which the UAS does not touch human body. Integration

over A and Dirac densities for (v,, 8, @) yields Q = 0.012m?..

(A) Frontal impact on head, A=(0,0).

FIGURE 4

instead of the bouncing back that happens under a descent
angle of 90°. Start of tumbling after first contact leads to less
energy transfer to the head than bouncing back. Integration of
the P{F|A,v,9,6, ¢} values through Equation (3.10) yields
0 = 0.010m? for scenario B, which is slightly lower com-
pared to the O = 0.012m? for scenario A. This means that for
scenario B, the additional risk contributions from hits on tho-
rax and abdomen, do not compensate the significant smaller
P{F|A,v,%,0,¢} contributions to Q from hits around the
center of the head.

(B) Frontal impact on thorax, A_ =0m, A, =-0.4m.

Scenario B: frontal impact on human body under descent angle ¢ = 60°.

4.3 | Comparison versus existing models
In the literature on existing TPR assessment models, and also
in the earlier Table 3, scenarios A and B are typically con-
sidered. In these scenarios, the DJI Phantom III descends
in upside-down attitude (pitch is 180°). This upside-down
attitude avoids possible energy absorption by the camera
gimbal.

The for scenario A (Table 4) novel obtained Q = 0.012m?
is equal to value Ajypac - P{F|impact} = 0.012m? that was
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TABLE 5

B0 = 0°, v = 18m/s, and face direction ¢ = 0°.

Scenario B:P{F|A,v,,06, ¢} in percentage (%) as a function of cross offset A, and along offset A, 3 = 60°, Opitch = 180°, Oyaw = 0°,

Cross offset A_ (m)
000 002 004 006 008 010 012 014 016 018 020 022 024 026 028 030 032
0.26
0.24 000 000 000 0.00
0.22 0.00 000 000 0.00 0.0
0.20 0.00 000 0.00 0.00 0.00
0.18 0.00 0.00 000 000 000 0.00 0.00
0.16 000 018 013 044 000 000 000 000 0.00 0.00
0.14 [7097 123 145 112 085 075 000 000 000 0.00 0.00
0.12 | 143 204 379 314 115 095 060 000 000 0.00 0.00
0.10 | 441 511 663 672 350 LIl 086 020 000 0.00 0.00
0.08 | 1039 1004 1051 951 859 182 095 0.65 000 0.00 0.00
0.06 | 1372 1535 1641 1235 1020 660 110 036 0.00 0.00 0.00
0.04 | 2463 2503 2618 2129 1577 1119 126 008 000 024 0.00
0.02 | 2526 2602 2731 2272 1481 6.8 243 000 000 0.00 0.00
0.00 | 3553 3299 3261 2821 1648 221 049 000 000 0.0
-0.02 | 3867 3749 37.15 2970 1050 119 112 000 0.00 0.00
-0.04 | 4661 3900 3750 2269 217 170 069 000 000 0.00
-0.06 | 5106 4006 3386 1049 179 128 018 000 000 0.00 0.00
0.08 | 15020 3772 2481 251 192 096 000 001 048 023 0.00
-0.10 4981 3586 1264 131 163 041 000 068 055 027 0.0
0.2 4711 3147 371 124 117 000 057 068 047 020 0.0
— 014 | 2625 1872 144 121 067 000 073 059 036 0.10 0.00
E 016|350 420 109 103 005 007 066 047 023 000 0.00
018 | 126 298 115 055 000 019 054 033 009 000 0.00
s 020 [233] 120 066 005 000 010 038 0.6 000 000 0.00
£ 022 [ 105 125 064 080 000 000 016 000 000 000 000
S 024 | 073 0.00 000 000  0.00 0.16 0.00 0.0 0.00
0 026 | 069 071 000 000 000 000 000 155 114 139
S 028 065 061 135 235 183 165 128 078 076 000 000 000 000 000 000 0.00
< 030 | 063 061 098 000 000 235 000 000 000 000 000 000 000 000 000 0.00
032 063 060 074 000 000 000 000 000 000 000 000 000 000 000 000 0.0
034 | 070 062 067 000 000 000 000 000 000 000 000 000 000 000 000 0.0
036 | 074 092 101 000 000 000 000 000 000 000 000 000 000 000 000 0.0
038 | 096 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.0
040 | 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.0
042 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.0
044 | 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.0
046 | 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.0
048 | 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.0
0.50 | 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.0
052 | 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.0
0.54 | 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.0
0.56 | 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.0
0.58 | 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.0
0.60 | 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
0.62 | 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
0.64 | 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
-0.66 | 0.00 000 000 000 000 000 000 000 000 000 000 000 0.00
-0.68 000 000 000 000 000 000 000 000 000 000 0.00
-0.70

Outside the red line, the UAS does not touch human body. For Ay < —0.25m, first hits are on thorax and abdomen. Offset values that have a second hit on thorax/abdomen have a

black border. Integration over A and Dirac densities for (v, 9, 8, @) yields Q = 0.010m?..

obtained in Table 3 for the existing model combination
of Planform area and BC model. From the results for
P{F|A,v,¥,0, ¢} in Table 4, it can be assessed that the size
of the area with non-zero values is 0.036m”. Taking into
account that there is a similar area for negative cross offsets,
the area size doubles to 0.072m?, which is almost equal to the
0.063m? size of the planform area in Table 3. This means that
the BC model predicted P{F|impact} = 0.188, in Table 3, is
also almost equal to the mean of P{F|A, v, 9,0, ¢} in the area
with non-zero values in Table 4.

All other combinations in Table 3 yield values for A;pacq *
P{F|impact} that are more than 3x as high. The closest

result is for the combination Planform area size and Dynam-
ical simulation. The more than 3x increase is due to the
implicit assumption that P{F|impact} = P{F|A = (0,0)},
which yields P{F|impact} =0.706 for scenario A. The
P{F|A,v,,0,p} results in Table 4 show that it makes
great sense to take the dependency of non-zero A into
account.

In UAS TPR risk assessment, the RTI area models are
more often used than the planform area models. Compar-
ison of the obtained Q values in Tables 4 and 5, to the
Aimpact - P{F|impact} values in Table 3 for the combinations
of BC models and the two RTI models shows:.
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FIGURE 6 Examples of impacts for scenario Al with pitch
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FIGURE 5 Q as a function of pitch for four descent angles at face

direction ¢ = 0°, v = 18m/s, zero roll, and yaw.

* For Scenario A (descent angle t = 90°), the obtained Q =
0.012m? is almost a factor 5 lower than the value Aimpact .
P{F|impact} = 0.061m? that was obtained in Table 3 for
the combination of RTI model for 3 = 90° and the BC
model. Table 4 shows that most parts in the underlying
map produce none or marginal contributions to this Q =
0.012m>.

* For Scenario B (descent angle ¢ = 60°), the obtained O =
0.010m? in Table 5 hardly differs from Q = 0.012m> for
Scenario A. This is in large contrast to the factor 3 increase
of the product Ajypace - P{F|impact} in the RTI 3 = 60°
row in Table 3 relative to the 1 = 90° row; this is purely
due to a factor 3 increase of Ajpn.- A similar factor 3
increase is also seen by comparing the sizes of the hit-
ting areas of P{F|A,v,9,0,¢} in Table 5 and in Table 4.
The results in Table 5 also show that the P{F|A, v, 9,0, ¢}
contributions from the enlarged area part are zero or
marginally low.

This comparison shows that the novel approach has signif-
icant advantages in assessing scenarios A and B on TPR risk.
In the next subsections, we will show that the novel approach
also provides capabilities in assessing other relevant scenar-
ios, and that these results may differ significantly from those
obtained for scenarios A and B.

4.4 | Varying UAS attitude

Figure 5 presents Q as a function of varying pitch, for four
descent angles, that is 3 = 60°,70°,80°,90°, with the other
parameters the same as in scenarios A and B. The Q values
vary from 0.013 to 0.001 m?; with highest values for Opitch =
150° and 180° and lowest values for 6, = 0° and 330°.
At pitches halfway, that is at 6, = 90° or By, = 270°,
the Q values also are halfway. Figure 5 shows that variation
in descent angle % yields a significantly lower variation in O
than the variation in pitch does. Due to the symmetrical shape

of DJI Phantom III, the effect of varying roll on Q is similar
to the effect of varying pitch.

For a better understanding of the much lower Q value
when UAS pitch is zero, Table 4 shows the map of
P{F|A,v,¥,0,p} for scenario Al, which is the same as
scenario A, with the exception of pitch 6, = 0°.

Figure 6 illustrates both a centered and an off-centered
impact situation in Table 6. Comparison of results in Table 6
with those in Table 4, shows that for areas where A is close
to 0, P{F|A,v,9,0, ¢} values are significantly lower under
Bpiich = 0° than under ., = 180°. The physical explana-
tion is that for centered hit at pitch 6., = 0°, the first contact
is between camera and human head (e.g., in Figure 6.a). In
such case, the camera gimbal, at the bottom of the drone,
absorbs a significant part of the impact energy. Such absorp-
tion of energy is avoided when the drone is flipped upside
down. The peak values for P{F|A,v,9,0,¢} appear to be
in an off-center area; that is, where the drone firstly con-
tacts head with its main body and therefore transfers more
impact energy directly to the head (e.g., in Figure 6.b). For
other offset combinations, either camera or drone arm con-
tacts headfirst, which reduces impact energy to be absorbed
by human head.

Figure 7.a-b show the relative contributions to Q of first
and second hits on thorax/abdomen for ¢ = 60° and 3 = 70°
respectively. For descent angle ¢ = 60°, the contribution of
first and second hits on thorax and abdomen is on average
5.8% and 1.9% respectively, though with peaks of 20.5% and
12.3%, respectively.

Due to the symmetrical shape of DJI Phantom III, the
effect of varying roll on Q is similar to the effect of varying
pitch. Figure 8 shows examples of two specific combina-
tions of roll and pitch during centered hits of human head,
under vertical descent: a) Pitch 6, = 90° and roll 8, =
0°; b) Pitch B = 90° and roll 8,,; = 90°. In Figure 9.b
arm absorbs significant part of impact energy compared to
Figure 8.a, which results in a much lower central impact
value, that is, P{F|A,v,9,0,¢} =0.235% in Figure 8.b
versus P{F|A,v,9,0,¢} = 0.929% in Figure 9.a.
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TABLE 6

B0 = 0°, v = 18m/s, and face direction ¢ = 0°.

Scenario Al: P{F|A,v,1,0,¢} in percentage (%) as a function of cross offset A, and along offset A. ) = 90°, Opitch = 0°, Byay = 0°,

Cross offset A_ (m)
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 020 0.22
0.28
0.26
0.24 0.00 0.00 0.00 0.00
0.22 0.00 0.00 0.00 0.00 0.00 0.00
0.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.18 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00
0.16 | 0.69 066 088 0.70 0.06 0.00 0.00 0.00 000 0.00 0.00
0.14 | 1.02 100 098 1.15 080 050 0.00 0.00 0.00 0.00 0.00
P 0.12 | 1.37 131 1.14 1.14 1.18 0.78 0.06 0.00 0.00 0.00 0.00
é 0.10 | 0.99 1.02 1.14 123 1.83 1.04 053 0.00 0.00 0.00 0.00
a 0.08 | 0.86 096 1.03 1.11 3.55 1.20  0.69 0.00 0.00 0.00 0.00
51 0.06 | 0.82 087 092 0.71 1.34 1.95 0.98 0.00
tm 0.04 | 095 095 099 081 0.69 9.63 1.08
= 0.02 | 1.00 1.01 1.02 092 043 1624 1.56
%D 0.00 | 1.03 1.01 1.04 101 074 792 1.10
LS 002|102 098 104 100 070 3.78 1.04 0.00
< -0.04 | 1.00 094 1.02 1.00 0.69 1.63 090 0.00 0.00 0.00
-0.06 | 099 096 1.02 099 0.00 1.24 0.74 0.00 0.00 0.00 0.00
-0.08 [ 095 095 099 088 097 097 056 000 0.00 0.00 0.00
-0.10 | 0.86 086 0.84 026 1.14 086 0.00 0.00 0.00 0.00 0.00
-0.12 | 0.00 0.00 0.63 1.09 0.77 0.02 0.00 0.00 0.00 0.00 0.00
-0.14 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00
-0.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-0.20 0.00 0.00 0.00 0.00 0.00
-0.22

Red line shows the boundary outside which the UAS does not touch human body. Integration over A and Dirac densities for (v, %, 8, ¢) yields Q = 0.001m?.

25%

25%

— - —e— First hit on thorax/abdomen, descent angle ¢ = 70
——e— First hit on thorax/abdomen, descent angle 1) = 60 Le= Second hit on thorax/abdomen, d at angle ¥ — 70
— ~e— +Second hit on thorax/abdomen, descent angle 1 = 60 econd A% on ihorex aucomen, Cescentiang e v =
20% - 20%
> [«
g | 5 159 -
% 15% g 5%
Q 8
= 10% S 10%
8 8
5% 5%
.~
0% &= P L ¥ o " i § 0% =~ R e sie pU & e e TS
0 30 60 90 120 150 180 210 240 270 300 330 0 30 60 90 120 150 180 210 240 270 300 330
Opiten Opiteh
o o
(A) descent angle v = 60 (B) descent angle y =70
FIGURE 7 Relative contribution of first and second hit on thorax and abdomen.

4.5 |

Varying face direction

The results in Figure 9 show that Q is symmetrical for face

Figure 9 presents the simulation results of Q as a function
of face direction, for the four descent angles, and for 6, =
150°, that is, the pitch value that yields the highest risk under
non-vertical descends.

direction [0, 180] and [—180, 0] degrees. They also shows that
varying face direction leads to less than a factor 1.3 variation
in 0.

Remark: Whereas the MBS dynamical simulation model of
Rattanagraikanakorn et al. (2020a,b, 2022) can handle head
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=1
(A) 6,,=0",yields P{F|A,v,i,0,¢0} =0.929%

FIGURE 8
Opitch = 90° and no offset, that is, A = (0, 0).

0.02
—=o-=-=Descent angle ¥ = 60
— @ =Descent angle 1) = 70
0.018 - Descent angle ¢ = 80
——e— Descent angle 1) = 90
0.016
=2, -
"" \~\~ _’-’ "\_\
0.014 ¢==—=—"~" e R -~ O S -
,a"‘--..._ e __.—""""'\\
- - - - -~
I 0.012p — - = .-,
0.01 /\\
0.008 -
0.006
0.004 . . . . . . . )
-180 -135 -90 -45 0 45 90 135 180
Face direction ¢
FIGURE 9 Q as a function of face direction and descent angle at

6piu:h = 1500’ V= 18111/@

impacts under any face direction, it can only handle impacts
on thorax and abdomen for zero face direction. Therefore, to
obtain Figure 9, it is assumed that contributions to Q from hits
on thorax and abdomen are for all face directions the same as
for face direction ¢ = 0°.

4.6 | Effect of uniform densities for pitch and
face direction

So far we have evaluated scenarios where the densities for
drone attitude and face direction are Dirac functions. As has
been shown in Equation (3.8), O can also be assessed in case
of arbitrary density shapes. Because face direction and UAS
pitch may adopt various values, in this subsection we evalu-
ate Q under uniform densities for UAS pitch and human face
direction, and compare these results with results obtained for
cases A, Al and B. The novel scenarios considered are A2
and B2. To improve comparison of results, also a scenario
B1 is evaluated, which is a combination of scenario Al and
B. All these six scenarios are specified in Table 7, and with
the assessed Q values given in the right-hand column. For
the assessment of scenarios A2 and B2, grid base versions of
these Uniform pdf’s are used to evaluate grid-based version
(3.11) of Equation (3.8).

(B) 6, =90",yields P{F|A,v,iy,0,p}=0.235%

roll

Examples of energy absorption by UAS arms for combinations of pitch and roll of UAS at descent angle 3 = 90° (scenario A), pitch

Comparison of Q values obtained for scenarios A and Al
shows that due to energy absorption by the camera gimbal,
human risk is reduced by a factor 12, under 0° human face
direction. Scenario A2 takes into account that UAS pitch and
human face direction are not under control, as a result of
which the assessed Q value lies somewhere in between the
O values assessed for scenarios A and Al.

Although the Q values obtained for scenarios B, B1 and
B2 show a similar effect as for scenarios A, A1 and A2, there
also are remarkable differences: i) the O value for scenario B
is 16% lower than for A; ii) the Q value for scenario B1 is
40% higher than for Al; and iii) the Q value for scenario B2
is 30% higher than for A2.

4.7 |
I1I

Discussion of results for DJI Phantom

Section 4 illustrates the application of the method from Sec-
tion 3 to a DJI Phantom III UAS, which is a small UAS
of weight 1.21 kg. For the dynamical simulations the vali-
dated MBS model of Rattanagraikanakorn et al (2020a, b) has
been used. Overall, the obtained results show that the novel
approach provides a much more detailed assessment of the
effect of various UAS design choices on ground TPR than
existing models can do.

Subsections 4.1 and 4.2 showed that P{F|A} strongly
depends on the horizontal offset A, for descent angles of 90°
and 60° respectively. Subsection 4.3 compared the results
obtained for the proposed approach to those from the existing
model combinations of section 2. The newly assessed val-
ues for the product appear to be an order in magnitude lower
than the values produced by the existing methods. It was also
shown that this difference is largely due to the fact that exist-
ing models implicitly assume that the fatality probability of
a head-centered hit also applies for all other offset values in
Aimpact'

Subsections 4.4 and 4.5 showed the influences of atti-
tude of the descending drone and of human horizontal face
direction on these results. The effect of horizontal face direc-
tion ¢ appears to be relative low, that is, less than a factor
1.3 variation. The effect of UAS attitude has a significant
larger influence on the assessed values, with largest effect
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TABLE 7  Combinations of probability density functions P,y (., ) Ppich, (-)s Pyaw, roll, (- ), and Py, (.) for which 0 in Equation (3.8) is numerically
evaluated.

Comb. Py, 4. (.0 Ppitcn, () Pyay. roit, () P, () Q[m?]

A Dirac(18m/s, 90°) Dirac(180°) Dirac(0°, 0°) Dirac(0°) 0.012

Al Dirac(18ml/s, 90°) Dirac(0°) Dirac(0°, 0°) Dirac(0°) 0.001

A2 Dirac(18m/s, 90°) Uniform(0,360°) Dirac(0°, 0°) Uniform(0,360°) 0.0047

B Dirac(18mls, 60°) Dirac(180°) Dirac(0°, 0°) Dirac(0°) 0.010

Bl Dirac(18mls, 60°) Dirac(0°) Dirac(0°, 0°) Dirac(0°) 0.0014

B2 Dirac(18mls, 60°) Uniform(0,360°) Dirac(0°, 0°) Uniform(0,360°) 0.0062

from varying drone pitch. The physical explanation is that
under zero pitch and near-centre hits, the camera gimbal has
a strong damping effect on the risk. Also, when the cam-
era gimbal is not involved in the impact, for example, pitch
90°-270°, the variation remains significant.

Because face direction and UAS attitude are not typically
not under control, in subsection 4.6 an assessment is con-
ducted for cases of uniform densities for face direction and
UAS pitch. This shows that the novel method can take the
effects of such uncontrolled parameters well into account in
TPR risk assessment.

S | CONCLUSIONS AND FOLLOW-ON
RESEARCH

A challenge for commercial UAS-based services is that the
imposed level of ground TPR increases linearly with the den-
sity of potential customers of UAS services. This challenge
asks for the development of complementary directions for
improving safety feedback to the design and use of UAS.
Two of these directions in enhancing safety feedback have
received significant attention in literature: i) To reduce the
rate of a UAS crash to the ground by hazard identification
and mitigation; and ii) To reduce overflying of more densely
populated areas by developing risk-aware UAS path planning
strategies. This paper addressed the complementary direction
of enhancing safety feedback to the design of drone shape and
materials used.

5.1 | Conclusions

Section 1 has explained that the design of drone shape and
materials used have a strong influence on two of the five prod-
uct terms in the ground TPR model, that is, the size Ajypac
of the “crash impact area”, and the probability of fatality
P{F|impact} for an unprotected person in the “crash impact
area’.

Section 2, has shown that in literature, model develop-
ment and assessment of Aj,,,¢ and P{F|impact} has evolved
along separate routes, which leads to a combinatorial number
of combinations for their product. Section 2 also showed, for
a well-studied UAS of 1.21 kg, existing models yield a sig-

nificant range of possible values for each of the two terms.
This explains why regulation tends to adopt conservative val-
ues for both terms, for example, JARUS (2019), and at the
same time offers an open door for UAS developers to develop
and apply dedicated safety assessments, for example, JARUS
(2022, 2023).

Section 3 developed an integrated approach to the mod-
elling and assessment of the product Ajyp.c - P{F|impact}.
First, subsection 3.1 has shown that in the commonly adopted
model for ground TPR, this product can be replaced by
an integration of P{F|A} over horizontal offset value A,
between the center of UAS crash location and center of
human head. This integration approach forms the basis for
the development of a dynamical simulation-based assessment
of the product of the two terms. Subsection 3.2, captures
the dependency of P{F|A} on other encounter parameters,
such as drone speed, descent angle, drone attitude, as well as
human face direction relative to the UAS course. In subsec-
tion 3.3 a numerical method is developed for the assessment
of P{F|A} through conducting dynamical simulations with
an MBS model of a UAS hitting a human.

Section 4 applied the method from Section 3 to a DIJI
Phantom IIT UAS, which has a weight of 1.21 kg. For the
dynamical simulations, the validated MBS model of Rattana-
graikanakorn et al. (2020a,b) has been used. The obtained
results demonstrate that the approach from Section 3 is able
to assess the effect on TPR of various model parameters that
are not covered by existing models. This includes parame-
ters for the shape and material properties of the UAS, as
well as parameters for horizontal offset A, attitude of the
descending drone, and human horizontal face direction. The
dynamical simulation results obtained for the DJI Phantom III
UAS, demonstrate that the enriched ground TPR model and
the dynamical simulation method of section 3 yields three
improvements. Firstly, there is no longer a need to adopt
a separate model for Ay, Secondly, the novel approach
takes into account that off-center fatality probabilities may
differ from the head centered fatality probability. Thirdly, the
novel approach is able to take the effect of UAS shape and
material design aspects into account.

These results support the overall conclusions that the
dynamical simulation method of section 3 offers an innova-
tive method that fits within the commonly used ground TPR
model in use by safety regulation, and at the same time pro-
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vides a more detailed safety feedback to the design of UAS
shapes and materials. This step-change in safety feedback to
UAS design also stimulates various directions along which
the novel approach of section 3 can be further developed and
applied.

5.2 | Follow-on research

The refined ground TPR model of Section 3 includes the sit-
uation that a UAS hits the ground prior to reaching human.
However, the validated MBS model of DJI Phantom III UAS
assumes that upon hitting ground, the UAS simply stops
instead of making a bounce or slide. To also include the effect
of preceding hit(s) on the ground, it is worthwhile to develop
MBS models for ground and for ground contact, and include
these in the dynamical simulations.

The use of the developed method has been illustrated for a
small UAS of 1.21 kg. This raises the question if it can also
provide effective safety feedback to the design of a parcel
delivery UAS, the weight of which is an order in magni-
tude higher. In such case, for the larger part of the “crash
impact area” a hit by such larger UAS will be fatal for
human; this means that the factor reduction of the product
Aimpact * P{F|impact} will no longer be an order in magni-
tude. This would mean that commercial use of larger UAS
in areas with the highest density of customers might remain
out of scope, unless innovative UAS design directions are
developed. The method of section 3 provides the means to
significantly enhance safety feedback in the modelling and
assessment of such innovative design directions. An exam-
ple is to mitigate ground TPR by equipping a UAS both
with a parachute and an airbag (Manta Air, 2023). In car-
crash dynamical simulation, FE model of an airbag is used to
assess the mitigating effect of an airbag (MADYMO, 2020).
The approach of Section 3 makes it possible to follow a
similar approach for the impact of a UAS equipped with
airbag.

The dynamical simulation model used in section 4 is a
validated MBS model of the UAS considered integrated in
the MADYMO platform. It also is possible to use a val-
idated FE model of the UAS considered integrated in the
THUMS platform. Use of an FE-based model may yield a
slightly higher level of precision than an MBS-based model
(Fahlstedt et al., 2016). To manage the significantly higher
computational demand of an FE model, a valid approach is to
take advantage of variance reduction through the use of Latin
Hypercube sampling (Helton & Davis, 2003).

So far, common practice is to consider UAS collision with
a 50-percentile standing male human. However, higher injury
levels are expected for UAS collision with woman and chil-
dren. Because both the MADYMO platform and the THUMS
platform include validated dynamical simulation models of
woman and children, this extension is relative straightforward
once a validated MBS or FE model of the UAS considered has
been integrated in the corresponding platform.
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