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Technology developments has enabled Unmanned Aircraft System (UAS) to be 

adopted for various applications, including Urban Air Mobility (UAM) – an air transportation 

system for passengers and cargo in and around urban environments. The operations of UAS in 

urban environment inevitably raises concerns about the safety impact of UAS.  

The operational characteristic of UAS is largely different from the conventional 

commercial aviation. which brings novel safety issues for which the safety learning process 

has just started. To address these novel safety issues of UAS operations, it is essential to 

systematically study them within a formal setting of safety risk assessment. 

Safety risk assessment involves a process that comprises risk indicators, risk analysis 

and risk evaluation. In recent years, regulators and researcher have dedicated significant efforts 

to developing risk assessment for UAS operations. These approaches are largely adopted from 

safety risk assessment of commercial aviation. However, it is essential to recognize that UAS 

operations have large differences with commercial aviation. Therefore there remains 

shortcomings and improvements to be made to the risk assessment of UAS operations. 

This thesis addresses the further development of risk assessment methods for UAS 

operations for Urban Air Mobility (UAM). The main risk posed by UAM is third party risk 

(TPR) posed to people on the ground. Therefore, the focus of this thesis is on improving risk 

assessment methods for ground TPR. 



     v 
 

The first study focuses on the TPR indicators for UAS operations. Based on these TPR 

indicators of commercial aviation, novel TPR indicators and nine separate third party fatality 

terms are identified. Subsequently, current UAS regulations are evaluated regarding their 

coverage of these nine third party fatality terms. By doing so, the research provides a more 

comprehensive understanding of the overall third party risk posed by UAS operations. 

The second study aims to develop a safety risk assessment method for the novel ground 

TPR indicators proposed in the first study. To achieve this, a Monte Carlo simulation based 

risk assessment approach is proposed and applied to a hypothetical UAS urban parcel delivery 

case. The results show that the proposed annual ground TPR model and indicators provide an 

accumulated understanding of the risk posed to people on the ground. The non-negligible level 

of uncertainty in the models adopted highlights the need for further development of more 

accurate sub models for UAS ground TPR assessment. 

The third study aims to improve the accuracy of the common ground TPR model, where 

a key limitation lays in the assumption that the product of impact PoF and size of impact area 

are independent of each other. To address this, an improved characterization is developed and 

evaluated using dynamical simulation of MBS model of a UAS impacting a human body. The 

comparison of the novel approach to existing approaches shows significant advantages of the 

novel developed approach. 

The fourth study applies the novel approach developed in the third study to an urban 

parcel delivery UAS, weighting 15kg, equipped with airbag and parachute. A key motivation 

is that existing models do not address the risk mitigating effects of equipping a UAS with a 

combination of airbag and parachute. For the UAS equipped with an airbag Multi Body System 

(MBS) and Finite Element (FE) models are developed. Subsequently, these models are used to 

assess ground TPR for different cases with and without airbag and parachute. This analysis 

show that the method developed in the third study is able to quantify the risk reducing effects 

of the combination parachute and airbag.   

The four interrelated series of studies have developed novel insights and methods in 

Third Party Risk assessment of UAS operations. These novel insights and methods can provide 

enhanced safety feedback to a UAS design process, and can stimulate further development of 

UAS regulation. 
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Introduction 

 

 

 

 

This chapter provides an introduction to UAS operations for Urban Air 

Mobility, safety issues and safety risk assessment of UAS operations. It describes 

the thesis focus, overall aim and objectives. Furthermore, the thesis overview will 

be clarified by means of short chapter descriptions which explain how each 

individual chapter is linked to the overall research. 
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1.1 UAS Operations for Urban Air Mobility 

An Unmanned Aircraft (UA), also called Unmanned Aerial Vehicle (UAV) or drone is 

an aircraft flown without a pilot-in-command on-board. A UA is either remotely and fully 

controlled from another place (ground, another aircraft, space) or programmed and fully 

autonomous [ICAO, 2005]. When piloted remotely, an UA and its associated elements are 

referred to as an Unmanned Aircraft System (UAS) [ICAO, 2011]. The UAS with take-off 

weight less than 25 kg is referred to as Small Unmanned Aircraft System (sUAS) [FAA, 2023a]. 

New technologies such as the enhancement of battery technologies and electric 

propulsion as well as major investments made into start-ups have enabled the advancements in 

UAS technology and increased accessibility to UAS. The adoption of UAS has rapidly 

increased in recent year for a variety of applications, e.g. recreation, aerial photography, 

agriculture. For recreational use, UAS are becoming more accessible to hobbyist, allowing for 

individuals to capture unique photographs and videos. UAS equipped with high-resolution 

cameras and sensors have revolutionized the field of aerial photography. UAS can capture 

images and data from previously inaccessible or dangerous locations, providing valuable 

information to various industries. The technology has been widely used in fields such as real 

estate, environmental monitoring, inspection and journalism. For example, in agriculture, UAS 

have become increasingly useful in crop monitoring and pesticides spraying; this helps farmers 

to optimize crop yields, reduce costs, and minimize environmental impact [Merz et al., 2022]. 

A safety improvement application example is employment of UAS for surveillance in support 

of the analysis and mitigation of disaster risks for safety-critical industrial sites [Aiello et al., 

2020]. 

The capability of UAS to transport payloads, has facilitated the development of new 

UAS for Urban Air Mobility (UAM) – defined as an air transportation system for passengers 

and cargo in and around urban environments [EASA, 2021]. In recent years, UAS have been 

employed for UAM applications such as medical services, parcel delivery and passenger 

transport. Companies like Zipline [Zipline, 2023], Antwork [Antwork, 2023], Matternet 

[Matternet, 2023] are exploring the use of UAS in delivering medical supplies and providing 

emergency medical services, improving response times and saving lives. UAS are also used for 

parcel deliveries to customers [JD, 2017; Amazon, 2023; Wing, 2023]. This technology 

promises to revolutionize the delivery industry, reducing delivery time and cost while 

increasing efficiency. Companies like Airbus [Airbus, 2023], Ehang [Ehang, 2023] and 

Volocopter [Volocop, 2023] have designed UAS for passenger transport. The potential benefits 

of UAS passenger transport include reducing traffic congestion, faster travel times, and 

improving accessibility to remote or hard-to-reach areas. 

Depending on the design and application, UAS can range from a small unit to the size 

of a small aircraft, and can be employed in low altitude and urban environment, as well as in 

high altitude airspace integrated into conventional air transportation system. The estimated 

market size of UAM in Europe, including R&D, vehicle manufacturing, operations and 

infrastructure construction, will be approximately 4.2 billion EUR in 2030 [EASA, 2021]. FAA 

forecasted that by 2025, the yearly number of recreational and commercial UAS usage in the 

USA can reach 2-3 million flights per year [FAA,2021]. However, concerns have been raised 

about the impact of increasing UAS operations on society. Public and future UAM users’ 

confidence and acceptance will be critical. Issues such as public safety, noise pollution, and 

privacy invasion have been identified as main factors in the societal acceptance of UAS 

operations. Among these issues, safety concerns come first. On the other hand, it is also shown 

that the public trust the conventional manned aviation safety levels and would be reassured if 

these levels were met by UAS operations [EASA, 2021]. 
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Conventional manned aviation has reached a high level of safety [NTSB, 2021]. This is 

the result of decades of experience with, and lessons learned from safety events; these have 

strongly influenced several safety-critical processes, such as aircraft design, aircraft 

maintenance, air traffic management (ATM), and certification processes. The introduction of 

UAS into the system brings novel safety issues for which the safety learning process has just 

started. Novel safety issues will be posed by UAS operations with large volumes, of different 

aircraft types and sizes performing various tasks, and with close proximity to people. The 

performance envelopes of UAS also greatly differ from those for which today’s air traffic 

procedures were designed [EUROCONTROL, 2018]. A significant challenge for regulatory 

authorities is the lack of well understanding of the novel safety issues posed by UAS operations. 

Therefore, to safely integrate UAS into our society, it is important to improve the understanding 

of novel safety issues posed by UAS operations. 

1.2 Safety Issues of UAS Operations 

Safety issues related to UAS operations can be caused by various factors, including 

UAS malfunctions, operator errors and environmental conditions. These factors can result in 

accidents such as UAS collisions with other aircraft or objects, as well as crashes of the UAS 

to the ground. 

In considering the safety issues for UAS operation, it is important to take into account 

the different parties involved. In terms of societal acceptance, different parties have varying 

perceptions regarding their involvement with an operation, as well as the benefits and harms 

associated with it. This is especially important in determining the safety criteria or thresholds 

that should be adopted for specific operations. Understanding the perspectives of different 

parties and their respective safety concerns can help regulatory authorities to establish 

appropriate safety regulations and guidelines for UAS operations. The types of parties involved 

in UAS operations are [Clothier et al., 2018]: 

- First parties, consisting of people and property directly associated with the operation; 

- Second parties, consisting of people and property not associated with UAS operation, 

but directly derive benefit from the operation; 

- Third parties, consisting of people and property not associated with, nor deriving 

direct benefit from the UAS operation. 

First parties include the UAS operator and observer, as well as UAS itself. Unlike 

manned aviation that has crew members on-board, the first party individuals of UAS operation 

are not on-board and hardly exposed to the safety issues of UAS. Therefore the main 

consideration for the first party safety issues is the UAS itself. 

Regarding second parties, UAS operations can be divided in two types: those with and 

without passengers on board. For UAS without passengers on board, the second party 

encompasses people and property being served by the UAS, such as infrastructure being 

inspected and people receiving delivery packages.  In these cases, the safety concerns mainly 

revolve around property damage or injury to people in close proximity to the UAS. In contrast, 

for UAS with passengers on board, such as autonomous air taxi, the second party individuals 

on board are highly exposed to the UAS safety issues, which are at an equivalent level of 

conventional aviation. Safety issues for UAS operations with passengers on board include 

collision with other aircraft, malfunction of the UAS, and adverse weather conditions. 
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Regarding third parties, UAS can be divided in two types: those operating in segregated 

airspace and those integrated with manned aviation. For UAS operation in segregated airspace, 

the main safety issue is related to people and property on the ground. For UAS operation 

integrated with manned aviation, a significant additional safety issue is collision with other 

manned aircraft or with UAS carrying passengers on-board. Complementary to first, second 

and third party safety issues, UAS operations also create other societal issues, such as noise 

hindrance, as well as privacy and security issues [EASA, 2021]. 

In order to better understand and address these safety issues, it is essential to 

systematically study them within a formal setting of safety risk assessment.  

1.3 Safety Risk Assessment 

Safety risk assessment involves a process that comprises risk indicators, risk analysis 

and risk evaluation. The aim of the analysis part is to examine the safety risk of a safety-critical 

operation using domain-specific risk indicators. Subsequently, in risk evaluation, the outcomes 

of the risk analysis are compared against predefined risk criteria. If the level of risk exceeds the 

risk criteria, risk mitigation strategies can be developed and implemented to reduce the risk to 

an acceptable level.  

Safety Risk Analysis 

Safety risk analysis of a safety-critical operation typically addresses the following three 

questions [Rausand, 2011]:  

i.    What may happen? (Hazards) 

ii.   What is the likelihood of happening? (Probability) 

iii.  What are the consequences? (Severity) 

Safety risk analysis is a process to answer the above questions, i.e. to identify hazards, to 

evaluate the probability and severity of the hazards of a safety-critical operation. Probability 

and severity of a safety-critical operation are commonly measured in terms of well-developed 

safety risk indicator.  

The overall risk R  of an operation satisfies a summation over all hazard types: 

𝑅 = ∑ 𝑃{ℎ} ⋅ 𝑅ℎ

ℎ

 

where 𝑃{ℎ} is the probability of hazard type ℎ, and 𝑅ℎ is the conditional risk given hazard 

type ℎ.  

This equation shows that there are two approaches in conducting a safety risk analysis: 

i.    To quantify 𝑃{ℎ} and 𝑅ℎ per hazard type, followed by a summation over all hazard  

types; 

ii.   To develop a model of the operation that covers all hazard types, and to use this 

      model to quantify the overall risk R  of the operation. 

Both approaches are in use for commercial aviation. The first approach is common practice 

in airworthiness certification, e.g. [FAA, 2011]. The second approach is common practice in 

mid-air collision risk quantification [ICAO, 2002].  

 



     5 
 

Safety Risk Indicators 

The definition of 𝑅  follows from the specific choice of Safety Risk Indicator(s). A risk 

indicator is defined as a mathematical function of the probability of an event and the 

consequences of that event [Jonkman et al., 2003]. In commercial aviation, examples of 

safety risk indicators are “probability of accident per operation”, “probability of fatal accident 

per operation” [Boeing, 2022; IATA, 2022; NTSB, 2021] and “probability of Mid Air 

Collision (MAC) per operation” [ICAO, 2002], with “operation” referring to “flight” or 

“flight hour” 

Safety Risk Criteria 

Outcomes of a safety risk analysis for relevant risk indicators are then compared with risk 

criteria established by regulatory authorities. Each safety risk criterion applies to a specific 

safety risk indicator. There are two approaches in defining safety risk criteria: i) for overall 

risk 𝑅, and ii) for the combination of 𝑃{ℎ} and 𝑅ℎ per hazard type.  

The establishment of risk criteria forms a comprehensive process, requiring regulatory 

decisions that are based on research contributions and public feedback. An implicit part of 

this process is to select the right safety risk indicators and to develop method for their safety 

risk analysis.  

1.4 Existing UAS Safety Risk Indicators, Criteria and Analysis 

In this section, the existing UAS safety risk indicators, criteria, and analysis methods 

are reviewed. Also, a review is given how these are used in regulatory UAS safety risk 

assessment frameworks.  

UAS Safety Risk Indicators  

In UAS literature [e.g. Clothier et al., 2007; Melnyk et al., 2014; la Cour Harbo, 2019; la 

Cour Harbo and Schiøler, 2019; Kim, 2019] and regulations [JARUS, 2015, 2019; FAA, 

2019], safety risk indicators for UAS operations have been identified for two types of safety 

risk: i) air risk, and ii) ground risk. Air risk is the safety risk posed by UAS to other flights 

(UAS, commercial aviation, or general aviation). Ground risk is the safety risk posed to third 

parties on the ground. 

Regarding air risk, for overall risk of UAS operations, the developed safety risk indicators 

are: 

- “Probability of losing detect and avoid functions per UAS flight hour” [JARUS, 

2015]; 

- “Probability of Mid Air Collision (MAC) with other aircraft (manned or unmanned) 

per UAS flight hour” [JARUS, 2015]; 

- “Probability of MAC with manned aircraft per UAS flight hour” [JARUS, 2017; la 

Cour Harbo and Schiøler, 2019].  

In support of a UAS airworthiness certification process, [FAA, 2019] has adopted safety risk 

indicators per hazard type, where the severity includes possible fatalities on the ground. 

Regarding ground risk, only one common safety risk indicator has been adopted: the 

“Expected number of ground fatalities per UAS flight hour” [Clothier et al., 2007; Melnyk et 

al., 2014; Breunig et al., 2018; JARUS, 2019; Kim, 2019; la Cour Harbo, 2019].  
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UAS Safety Risk Criteria 

For UAS operations, a widely used principle in deriving UAS safety risk criteria is Equivalent 

Level of Safety (ELOS). The ELOS principle is to use statistical accident data from 

commercial aviation to set risk criteria value for UAS operations. This means that for ELOS 

two steps have to be adopted: 1) to choose a suitable Risk Indicator; and 2) to identify 

requirements or accident statistics from commercial aviation that allow to assess the Risk 

Criteria for the safety Risk Indicator from step 1).  

Regarding air risk, for the risk indicator “Probability of losing detect and avoid functions per 

UAS flight hour”, the risk criterion is commensurate with that of a large transport aircraft, 

giving a probability of 10−7  per UAS flight hour [JARUS, 2015]. For the risk indicator 

“probability of Mid Air Collision (MAC) with other aircraft (manned or unmanned) per UAS 

flight hour”. Risk criterion of 10−9 per UAS flight hour is used. [JARUS, 2015]. 

Regarding ground risk, for the risk indicator of “expected number of fatalities per UAS flight 

hour”, risk criterion values have been assessed from historical involuntary ground fatalities 

in conventional commercial aviation [Grimsley, 2004; Clothier and Walker, 2006]. This leads 

to risk criterion values ranging from 10−6 to 7.6 × 10−8 fatalities per UAS flight hour; the 

lower value has been proposed by [JARUS, 2017]. 

UAS Safety Risk Analysis 

Regarding air risk analysis, [la Cour Harbo and Schiøler, 2019] proposed a quantitative 

method to analyse the probability of MAC between UAS and General Aviation (GA) aircraft. 

The method assumes that flight directions and geographical positions of UAS and GA aircraft 

are uniformly distributed in the predefined area. The probability of MAC is determined based 

on product of four terms: the probability of horizontal collision, the probability of vertical 

collision, the probability of GA aircraft operating below altitude threshold and the 

effectiveness of mitigations. 

Regarding ground risk analysis, one quantitative method has been developed [Clothier et al., 

2007; Melnyk et al., 2014] and widely adopted [Ancel et al., 2017; Bertrand et al., 2017; la 

Cour-Harbo, 2019; Primatesta et al., 2020; Shao, 2020]. This method evaluates ground TPR 

using a product of five terms: UAS failure rate, population density of the overflown area, 

probability of ground person being sheltered, size of the impact area of the crashing UAS, 

and the Probability of Fatality (PoF) in case a human is hit in the impact area.  

Analytical sub-models have been developed for each of these five terms. For the UAS failure 

rate, various models have been developed, such as Fault Tree Analysis (FTA) [Reimann et 

al., 2014], Failure Modes Effects Analysis (FMEA) [Freeman et al., 2014], Bayesian Belief 

Network (BBN) [Barr et al., 2017, Han et al., 2022], and Petri nets [Goncalves et al., 2017]. 

Accident reports [Schaefer, 2003] and expert knowledges [Murtha, 2009] are also used for 

the estimation of UAS failure rate. For the crash impact area, the models vary from a weight-

based area model [Ale and Piers, 2000], to a planform area model [Weibel & Hansman, 2004], 

and a gliding area model [RCC, 2001]. For the PoF of impact, one model stems from the 

injury model derived from explosive [RCC, 2000, 2001]; another model stems from blunt 

force experimental data [Magister, 2010]. The models adopted for impact PoF and crash 

impact area produce a large variation of outcomes [Melnyk et al., 2014; Washington et al., 

2017]. 

Regulatory UAS Safety Risk Assessment Frameworks 

Regulators had to adopt UAS risk assessment frameworks while research is ongoing. Existing 

UAS regulatory frameworks distinguish low-risk, medium-risk, and high-risk UAS 

categories. In Europe, these are defined as Open, Specific and Certified categories 
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respectively [EASA, 2015]. In USA, these are defined as Recreational, Under Part 107 rule 

and Advanced categories respectively [FAA, 2023b]. The high-risk category includes UAS 

that pose a level of risk similar to manned aviation. The medium-risk category typically 

addresses UAS, often weighting less than 25kg, for which risk assessment is needed. For the 

low-risk category UAS, no risk assessment is required.  

For the high-risk categories of UAS operation, risk indicators and analysis methods from 

airworthiness certification process of manned aircraft are adopted [NATO, 2007; JARUS, 

2015; FAA, 2019]. [JARUS, 2015] adopts risk criteria from conventional commercial aircraft 

for equivalent classes of UAS. [FAA, 2019] and [NATO, 2007] adopt for airworthiness 

certification a matrix from commercial aviation, showing combinations of frequency and 

severity that define hazard types to be acceptable or not. 

For medium-risk categories of UAS operation, [JARUS, 2019] developed the Specific 

Operations Risk Assessment (SORA) method. Both for air risk and ground risk, SORA 

adopts qualitative assessment approaches. 

1.5 Discussion and Focus of The Thesis 

Although significant research has been dedicated to developing risk indicators, risk 

criteria and risk analysis methods for UAS operations, need for further improvements remain. 

These needs are discussed below; first for safety risk indicators, then safety risk analysis, and 

finally for safety risk criteria. 

 

Regarding safety risk indicators, there are two important shortcomings: 

- Existing UAS ground risk indicators do not take into account that the risk posed to 

persons at a specific ground location, depends on the annual amount of UAS 

overflying this specific location.  

- Existing UAS air risk indicators do not differentiate between UAS with or without 

on-board passengers. 

 

Regarding safety risk analysis, different limitations apply to ground risk and air risk. 

The common model adopted for ground risk has important limitations: 

- One notable drawback is the lack of validation of the developed sub-models for UAS 

impact.  

- Furthermore, it is shown that there is a significant diversity in the parametric models 

for impact PoF and for crash impact area [Melnyk et al., 2014; Washington et al., 

2017].  

- In recent years, researchers have started to utilize dynamical modelling and 

simulation approach for impact risk analysis, employing Finite Element (FE) model 

[Koh et al., 2018; Arterburn et al., 2017, 2019; Weng et al., 2021] and Multi Body 

System (MBS) model [Rattanagraikanakorn et al., 2019, 2020a,b, 2022]. The 

dynamical simulation has demonstrated the ability to produce risk results that align 

with experimental tests. However, these dynamical simulation approaches remain to 

be integrated with risk analysis. 



     8 
 

For air risk, safety risk analysis methods do not make proper distinction between second 

and third parties in the air. Similar as for ground risk, an additional shortcoming is that 

the annual number of UAS flights in an airspace area are not considered in the existing 

safety risk analysis methods. The importance of both shortcomings will increase with 

the future expected increase of passenger UAS flights. 

 

Regarding safety risk criteria, the existing ones consider for UAS operation only the 

unit of UAS flight hour. Similarly, as has been identified for safety risk indicators and 

safety risk analysis, this poses important limitations regarding air risk and ground risk.  

It can be concluded that existing UAS safety risk assessment approaches are largely 

adopted from airworthiness certification and ground fatality statistics per flight hour of a 

conventional commercial aircraft. However, it is essential to recognize that UAS operations 

have large differences with commercial aviation in terms of aircraft characteristics, operation 

environment, task types, and commercial incentives to operate in urban areas.  

1.6 Overall Aim and Objectives of This Thesis 

This thesis addresses the further development of risk assessment methods for UAS 

operations for Urban Air Mobility (UAM). Future UAM is expected to involve high operational 

volumes in urban areas. The main risk posed by UAM is third party risk (TPR) posed to people 

on the ground. Therefore, the focus of this thesis is on improving risk assessment methods for 

ground TPR. During the thesis work, it was found that relevant experimental data was available 

for small UAS; for this reason, the application examples typically are for small UAS. 

From a research perspective, it is important to gain an in-depth understanding of existing 

literature on safety risk of UAS operations, and to further improve this understanding for UAS 

operations in urban environments. This improved understanding of safety risk of UAS 

operations will provide regulators and other parties with enriched information in further 

improving the regulatory framework. Therefore the overall aim of this thesis is:  

To improve the understanding and analysis of safety risk posed by  

UAS operations for UAM 

To achieve this overall aim, a series of objectives are addressed in the subsequent chapters: 

 

Objective 1: To identify TPR indicators for UAS operations 

In literatures TPR indicators for UAS operations are not yet well established. In 

commercial aviation such TPR indicators has been well developed in the form of individual 

risk and collective risk. As UAS is a new type of operation integrated into the conventional 

airspace, it is logical to extend the TPR indicators from commercial aviation to UAS operation. 

Objective 1 is addressed in Chapter 2. Firstly, reviews are made of existing TPR 

indicators in use for annual commercial flights around an airport. Based on these TPR indicators 

of commercial aviation, novel TPR indicators and nine separate third party fatality terms are 

identified. Subsequently, current UAS regulations are evaluated regarding their coverage of 

these nine third party fatality terms. The conclusion is that for most current regulations the nine 

third party fatality terms are partially covered, and none of them consider the accumulation of 

risk by multiple UAS flights. 
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Objective 2: To develop a safety risk assessment approach for the novel ground TPR 

indicators identified in chapter 2 

Literature on safety risk analysis primarily focuses on ground TPR posed by a single 

UAS flight. However, as shown in chapter 2, there is also need for indicators of ground TPR 

that are posed by multiple UAS flights over a specific area during a given time period, such as 

a year. Objective 2 is to develop a safety risk assessment method for these novel ground TPR 

indicators, and to illustrate its application to a UAS based parcel delivery operation. 

Objective 2 is addressed in Chapter 3. A Monte Carlo simulation based risk assessment 

approach is developed for the indicators of ground TPR that are posed by the annual UAS flights 

over a given area. This simulation-based assessment method is applied to a hypothetical UAS 

urban parcel delivery case, and compared to ground TPR of a single UAS flight. The results 

show that from a societal perspective, the proposed annual ground TPR model and indicators 

provide an accumulated understanding of the unsafety posed to people on the ground, rather 

than the established UAS flight hour oriented ground TPR indicator. 

 

Objective 3: To enhance the commonly adopted ground TPR model and its assessment 

through dynamical simulation of a Multi Body System (MBS) model 

A key limitation of the common ground TPR model is the assumption that the product 

of impact PoF and size of impact area are independent of each other. This assumption is not 

valid, as the laboratory controlled impact experiments have shown that the impact PoF is highly 

dependent of the impact geometries between UAS and human [Arterburn et al, 2017; 

Campolettano et al., 2017; Koh et al., 2018; Arterburn et al., 2019]. To address this limitation, 

there is a need for an improved mathematical model for UAS TPR. 

Objective 3 is addressed in Chapter 4. An improved characterization is proposed, that 

replaces the product of crash impact area and impact PoF with an integration over risk values 

for different locations of a human relative to the UAS crash centre, and taking into consideration 

of various impact geometries (UAS attitude, human face direction, etc.). The proposed model 

is evaluated using dynamical simulation of MBS model of a UAS impacting on human body. 

The comparison of proposed model to common model results shows that the common model 

overestimates the risk up to two orders in magnitude. 

 

Objective 4: To evaluate the effect of risk mitigation measures implementing the enhanced 

TPR model with dynamical simulation approach 

UAS operations are considered not (yet) safe enough to be allowed to operate in urban 

areas with high population density. To abridge this safety gap, further UAS developments have 

been proposed, such as designing more reliable UAS, risk aware path planning, and use of risk 

mitigation measures of parachute and airbag. Among the developments, the effect parachute 

combined with airbag haven’t been explored. Such exploration becomes possible with the 

enhanced TPR model and dynamical simulation risk analysis methodology developed in 

Chapter 4. 

Objective 4 is addressed in Chapter 5 where a 15kg urban parcel delivery UAS with 

airbag and parachute systems is considered. The ground TPR of the UAS is evaluated adopting 

the enhanced TPR model with dynamical simulation. Risk is assessed for different cases with 

or without airbag and parachute. The obtained results shows that a combination of parachute 

and airbag may provide effective risk mitigation for use of a 15 kg delivery UAS. 
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1.7 Recommended Reading of This Thesis  

Figure 1.1 shows the recommended reading paths for this thesis. Each chapter can be 

read on its own and each are published articles with fully written story line. There are two 

research line within this thesis. Chapter 3 is based on the novel ground TPR indicators proposed 

in Chapter 2. Chapter 5 adopts the improved ground TPR model from Chapter 4. Chapter 6 

draws conclusions.  

Chapter 1

Chapter 2 Chapter 4

Chapter 3 Chapter 5

Chapter 6

     
Figure 1.1 The recommended reading paths for this thesis 

In reading chapters 2 through 5, one should be aware that these are copied from 

published papers. Hence, in these chapters no reference is made to preceding chapters in this 

thesis, instead reference is made to the published papers: 

Chapter 2: “Third party risk indicators and their use in safety regulations for UAS 

operations” 

Paper with the same title has been published in the Proceedings of 2020 AIAA 

Conference [Jiang et al., 2020].  

Chapter 3: “Third party risk modelling of unmanned aircraft system operations with 

application to parcel delivery service” 

Paper with the same title has been published in the journal Reliability Engineering and 

System Safety [Blom et al., 2021] 

Chapter 4: “Improved characterization of third party risk posed by UAS flights to ground 

population” 

Paper with the same title has been submitted to the journal Risk Analysis in January 2023. 

[Jiang et al., 2023]  

Chapter 5: “Effect of Parachute and Airbag in Reducing Safety Risk Posed by Small UAS 

to People on the Ground” 

Paper with the same title has been submitted to the journal Transportation Research 

Interdisciplinary Perspectives in August 2023 [Jiang et al., 2023]  
  



     11 
 

References 

Aiello, G., Hopps, F., Santisi, D., & Venticinque, M., 2020. The employment of unmanned 

aerial vehicles for analyzing and mitigating disaster risks in industrial sites. IEEE transactions 

on engineering management, 67(3), 519-530. 

Airbus, 2023, Urban Air Mobility, URL: https://www.airbus.com/en/innovation/low-carbon-

aviation/urban-air-mobility [retrieved 20th, July, 2023] 

Ale, B. J. M., & Piers, M. (2000). The assessment and management of third party risk around 

a major airport. Journal of hazardous materials, 71(1-3), 1-16. 

Amazon, 2023, Amazon Prime Air prepares for drone deliveries, URL: 

https://www.aboutamazon.com/news/transportation/amazon-prime-air-prepares-for-drone-

deliveries [retrieved 20th, July, 2023] 

Antwork, 2023, Antwork Introduction, URL: https://www.antwork.link/introduction.html 

[retrieved 20th, July, 2023] 

Arterburn, D., M. Ewing, R. Prabhu, F. Zhu, D. Francis, 2017. UAS Ground Collision 

Severity Evaluation, ASSURE Task A4 Final Report. FAA UAS Center of Excellence. , 

URL: https://www.assureuas.org/projects/completed/a4/ASSURE_A4  

Arterburn, D., G. Olivares, J. Bolte, R. Prabhu and S. Duma, 2019. UAS Ground Collision 

Severity Evaluation 2017-2019, ASSURE Task A14 Final Report. FAA, Atlamtic City, NJ, 

URL: https://www.assureuas.org/projects/completed/a14/ASSURE_A14 

Barr, L. C., Newman, R., Ancel, E., Belcastro, C. M., Foster, J. V., Evans, J., & Klyde, D. H., 

2017. Preliminary risk assessment for small unmanned aircraft systems. In 17th AIAA 

Aviation Technology, Integration, and Operations Conference (p. 3272). 

Bertrand, S., Raballand, N., Viguier, F., & Muller, F., 2017. Ground risk assessment for long-

range inspection missions of railways by UAVs. In 2017 International Conference on 

Unmanned Aircraft Systems (ICUAS) (pp. 1343-1351). IEEE. 

Blom H A P, Jiang C, Grimme W B A, Mitici M, & Cheung Y S, 2021. Third party risk 

modelling of Unmanned Aircraft System operations, with application to parcel delivery 

service. Reliability Engineering & System Safety, 2021: 107788. Volume 214  

Boeing, 2022, Statistical summary of commercial jet airplane accidents, August, 2022. 

Breunig, J., Forman, J., Sayed, S., Audenaerd, L., Branch, A., & Hadjimichael, M., 2018, 

Modeling risk-based approach for small unmanned aircraft systems. MITRE CORP 

MCLEAN VA. 

Clothier, R., & Walker, R., 2006, Determination and evaluation of UAV safety objectives. In 

Proceedings of the 21st international conference on unmanned air vehicle systems (pp. 18-1). 

University of Bristol. 

Clothier, R., Walker, R., Fulton, N., & Campbell, D., 2007. A casualty risk analysis for 

unmanned aerial system (UAS) operations over inhabited areas. In Proceedings of AIAC12: 

2nd Australasian Unmanned Air Vehicles Conference (pp. 1-16). Bristol UAV Conference. 

Clothier, R. A., Williams, B. P., & Hayhurst, K. J., 2018. Modelling the risks remotely piloted 

aircraft pose to people on the ground. Safety science, 101, 33-47.  

EASA, 2015, Concept of Operations for Drones: A risk based approach to regulation of 

unmanned aircraft, European Union Aviation Safety Agency 

https://www.airbus.com/en/innovation/low-carbon-aviation/urban-air-mobility
https://www.airbus.com/en/innovation/low-carbon-aviation/urban-air-mobility
https://www.aboutamazon.com/news/transportation/amazon-prime-air-prepares-for-drone-deliveries
https://www.aboutamazon.com/news/transportation/amazon-prime-air-prepares-for-drone-deliveries
https://www.antwork.link/introduction.html


     12 
 

EASA, 2021, Study on the societal acceptance of Urban Air Mobility in Europe, European 

Union Aviation Safety Agency, 19th, May, 2021 

Ehang, 2023, Passenger transportation an logistics, URL: https://www.ehang.com/uam/ 

[retrieved 20th, July, 2023] 

EUROCONTROL, 2018, UAS ATM Integration Operational Concept. European 

Organisation for the Safety of Air Navigation. Edition: 1.0. 27th, Nov, 2018. 

FAA, 2011, AC 23.1309-1E: System Safety Analysis and Assessment for Part 23 Airplanes, 

Federal Aviation Administration. 

FAA, 2019. FAA Safety Management System Manual. Federal Aviation Administration Air 

Traffic Organization. April, 2019. 

FAA, 2021, Aerospace Forecast Fiscal Years 2021–2041. Federal Aviation Administration 

FAA, 2023a, Part 107 of CFR 14 - Small Unmanned Aircraft System. Federal Aviation 

Administration, URL: https://www.ecfr.gov/current/title-14/chapter-I/subchapter-F/part-107 

[retrieved 7th, July, 2023]. 

FAA, 2023b, "Drones". Federal Aviation Administration, URL: https://www.faa.gov/uas 

[retrieved 20th, July, 2023] 

Freeman, P., & Balas, G. J., 2014. Actuation failure modes and effects analysis for a small 

UAV. Proceedings of 2014 IEEE American Control conference, pp. 1292-1297. 

Grimsley, F., 2004, Equivalent safety analysis using casualty expectation approach. In AIAA 

3rd" Unmanned Unlimited" Technical Conference, Workshop and Exhibit (p. 6428). 

Han, P., Yang, X., Zhao, Y., Guan, X., & Wang, S., 2022. Quantitative ground risk 

assessment for urban logistical unmanned aerial vehicle (UAV) based on Bayesian network. 

Sustainability, 14(9), 5733. 

IATA, 2023, IATA releases 2022 airline safety performance, International Air Transport 

Association, 7th March 2023. 

ICAO, 2002, Manual on airspace planning methodology for the determination of separation 

minima. Doc. 9689-AN/953, amended version, August 2002, Montreal Canada, International 

Civil Aviation Organization, tech. rep., 2002 

ICAO, 2005, Global Air Traffic Management Operational Concept. Doc 9584. International 

Civil Aviation Organization. 

ICAO, 2011, Unmanned Aircraft Systems (UAS). Circular 328-AN/190. International Civil 

Aviation Organization.  

JARUS, 2015, "AMC RPAS.1309: Safety Assessment of Remotely Piloted Aircraft Systems," 

Joint Authorities for Rulemaking of Unmanned Systems, Issue: 2, Nov, 2015. 

JARUS, 2017,  JARUS guidances on Specific Operations Risk Assessment (SORA), Edition: 

1.0. 

JARUS, 2019,  JARUS guidances on Specific Operations Risk Assessment (SORA), Edition: 

2.0. 

JD, 2017, Drone delivery program, JD.com, Inc. May, 2017 

Jiang C., Blom H.A.P., Sharpanskykh A., 2020. Third Party Risk Indicators and their use in 

safety regulations for UAS operations. Proceedings AIAA Aviation Forum 2020, 

10.2514/6.2020-2901. 

https://www.ehang.com/uam/


     13 
 

Jiang C, Blom H.A.P., Rattanagraikanakorn, B., 2023. Improved characterization of Third 

Party Risk posed by UAS flights to ground population, Submitted to Risk Analysis, January 

2023. 

Jiang C, Blom H. A. P., Rattanagraikanakorn, B., 2023. Effect of parachute and airbag in 

reducing safety risk posed by small UAS to people on the ground.  Submitted to 

Transportation Research Interdisciplinary Perspectives, August 2023. 

Jonkman SN, Van Gelder PHAJM, Vrijling JK. An overview of quantitative risk measures for 

loss of life and economic damage. J Hazard Mater 2003;A99:1–30. 

Kim, S. H., 2019, Third-party risk of mid-air collision between small unmanned aircraft 

systems. In AIAA Aviation 2019 Forum (p. 3052). 

Koh, C. H., Low, K. H., Li, L., Zhao, Y., Deng, C., Tan, S. K., Chen, Y., Yeap, B. C., & Li, 

X., 2018. Weight threshold estimation of falling UAVs (Unmanned Aerial Vehicles) based on 

impact energy. Transportation Research Part C: Emerging Technologies, 93, 228-255. 

doi:https://doi.org/10.1016/j.trc.2018.04.021 

la Cour-Harbo, A., 2019, Quantifying Risk of Ground Impact Fatalities for Small Unmanned 

Aircraft. Journal of Intelligent & Robotic Systems, 93(1), 367-384. doi:10.1007/s10846-018-

0853-1 

la Cour‐Harbo, A., & Schiøler, H., 2019, Probability of Low‐Altitude Midair Collision 

Between General Aviation and Unmanned Aircraft. Risk Analysis, 39(11), 2499-2513. 

Magister, T., 2010, The small unmanned aircraft blunt criterion based injury potential 

estimation. Safety science, 48(10), 1313-1320.  

Matternet, 2023, On-demand delivery platform, URL: https://mttr.net/product [retrieved 20th, 

July, 2023] 

Melnyk, R., Schrage, D., Volovoi, V., & Jimenez, H. (2014). A third-party casualty risk 

model for unmanned aircraft system operations. Reliability Engineering & System Safety, 

124, 105-116 

Merz, M., Pedro, D., Skliros, V., Bergenhem, C., Himanka, M., Houge, T., Martos-Carvalho, 

J. P., Lundkvist, H., Curuklu, B., Hamren, R., Ameri, A. E., Ahlberg, C.,. & Johansen, G., 

2022. Autonomous UAS-based agriculture applications: general overview and relevant 

European case studies. Drones, 6(5), 128. 

Murtha, J. F., 2009. An evidence theoretic approach to design of reliable low-cost UAVs 

(Doctoral dissertation, Virginia Tech). 

NATO, 2007, UAV Systems Airworthiness Requirements (USAR), STANAG 4671, North 

Atlantic Treaty Organization.  

NTSB, 2021, Aviation accident statics 2002-2021, National Transportation Safety Board. 

Rattanagraikanakorn, B., Schuurman, M., Gransden, D.I., Happee, R., De Wagter, C., 

Sharpanskykh, A., & Blom, H.A.P., 2019. Modelling Head Injury due to Unmanned Aircraft 

Systems Collision: Crash Dummy vs Human Body, Proc. 19th AIAA Aviation Technology, 

Integration, and Operations Conference (ATIO2019), June 2019, Dallas, TX, 10.2514/6.2019-

2835. 

Rattanagraikanakorn, B., Gransden, D. I., Schuurman, M., De Wagter, C., Happee, R., 

Sharpanskykh, A., & Blom, H.A.P., 2020a. Multibody system modelling of unmanned aircraft 

system collisions with the human head. International Journal of Crashworthiness, 25(6), 689-

707.  

https://mttr.net/product


     14 
 

Rattanagraikanakorn, B., Blom, H.A.P., Sharpanskykh, A., De Wagter, C., Jiang, C., 

Schuurman, M. J., Gransden, D. I., & Happee, R., 2020b. Modeling and Simulating Human 

Fatality due to Quadrotor UAS Impact. Proceedings of AIAA AVIATION 2020 FORUM. 

June 2020, 10.2514/6.2020-2902. 

Rattanagraikanakorn, B., 2022, Modelling Collision Consequences of Unmanned Aircraft 

Systems on Human, PhD thesis. 

Rausand, M., 2011, Risk Assessment–Theory, Methods, and Applications. John Wilwy & 

Sons. Inc., Hoboken, New Jersey. Volocopter, 2023 

RCC, 2000, Common risk criteria for National test ranges; Inert debris, Supplement to 

Standard 321-00. Range Commanders Council.  

RCC, 2001, Range Safety criteria for Unmanned Air Vehicles, Rationale and methodology 

supplement. Supplement to Document 323-99, Range Commanders Coucil, April 2001.  

Reimann, S., Amos, J., Bergquist, E., Cole, J., Phillips, J., & Shuster, S., 2013. UAV for 

Reliability. Aerospace Vehicle Design. AEM, 4331. 

Schaefer, R., 2003. Unmanned aerial vehicle reliability study. Office of the Secretary of 

Defense, Washington, DC, 4-5. 

Shao, P. C., 2020. Risk assessment for UAS logistic delivery under UAS traffic management  

environment. Aerospace, 7(10), 140. 

Washington, A, Clothier, R.A., Silva, J., 2017, A review of unmanned aircraft system ground 

risk models, Progress in Aerospace Sciences, Vol. 95, pp. 24-44. 

Weibel, R., & Hansman, R. J., 2004, Safety considerations for operation of different classes 

of UAVs in the NAS. Unmanned Unlimited, Technical Conf., Workshop and Exhibit, 20-23 

Sept. 2004, Chicago, IL, AIAA-2004-6421, pp. 1-11. 

Weng, Y. B. Bian, K. Gunasekaran, J. Gholipour, C. Vidal and H. Mao, 2021. Modelling 

Small Remotely Piloted Aircraft System to Head Impact for Investigating Craniocerebral 

Response, J. of Biomechanics, doi:https://doi.org/10.1016/j.jbiomech.2021.110748 

Wing, 2023, Drone delivery, URL: https://wing.com/ [retrieved 20th, July, 2023] 

Zipline, 2023, Instant delivery & logistics, URL: https://www.flyzipline.com/ [retrieved 20th, 

July, 2023] 

  

https://wing.com/
https://www.flyzipline.com/


     15 
 

2 
Third Party Risk Indicators and Their 

Use in Safety Regulations for UAS 

Operations 

 

 

Use of Unmanned Aircraft Systems (UAS) is growing rapidly around the 

world. Very different types of UAS are used for applications such as aerial 

photography, inspection, emergency and Urban Air Mobility (UAM), operating in 

low altitude and urban environment, as well as in high altitude airspace integrated 

with the conventional air transportation system. As a new airspace user, UAS 

brings novel safety challenges to the current aviation system. For current aviation 

the main safety issues concern first and second parties, i.e. lives and property of 

crew and passengers. In contrast, the main safety concern of UAS operations is 

third party risk (TPR), i.e. the risk posed to people and properties that have no 

responsibility for the UAS operation and neither benefit in some way from the UAS 

operation. In order to ensure the safe operation of UAS, there is a need for an 

evaluation of safety regulation developments for UAS operations against relevant 

TPR indicators. The aim of this paper is to identify relevant TPR indicators for UAS 

operations and to evaluate safety regulations against these TPR indicators. The 

main finding is that current UAS safety regulations do not consider the 

accumulation of TPR contributions from many UAS flights per annum over rural 

or urban populations. 

 

 

 

 

 

 

This chapter has been published as “Jiang, C., Blom, H. A. P., & Sharpanskykh, A. (2020). Third party 

risk indicators and their use in safety regulations for UAS operations. In AIAA aviation 2020 forum 

(p. 2901).”  
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Nomenclature 

ARC = Air Risk Class 

ATC = Air Traffic Control 

ATO = Air Traffic Organizations 

CAT = Commercial Air Transport 

ConOps = Concept of Operations 

GA = General Aviation 

GRC = Ground Risk Class 

OSO = Operational Safety Objectives 

RPAS  = Remotely Piloted Aircraft System 

SAIL = Specific Assurance and Integrity Levels 

SORA = Specific Operations Risk Assessment 

SRM = Safety Risk Management 

TPR = Third Party Risk 

UA = Unmanned Aircraft 

UAM = Urban Air Mobility 

UAS = Unmanned Aircraft System 

2.1 Introduction 

Unmanned Aircraft System (UAS) - including Remotely Piloted Aircraft System 

(RPAS) and automated air vehicles - are increasingly becoming a part of our day-to-day lives. 

The major driver of this development is that UAS can be employed for novel operations – e.g. 

recreation, aerial photography, emergency, inspection, urban air transport, long distance cargo 

transport – both in low altitude and urban environment, as well as in high altitude airspace 

integrated with the current air transportation system. Depending on the design, UAS can range 

from a small unit to the size of a small aircraft. Having UAS as part of daily operations is getting 

closer to reality as the immense effort has been put into developing UAS Concept of Operations 

(ConOps), rules, regulations and supporting infrastructures that are crucial to a safe operation 

[1]. 

The current aviation system has become so safe due to the contributions of many factors 

such as initial airworthiness (design, manufacturing quality), continuing airworthiness 

(maintenance) and operational approvals, Air Traffic Management (ATM), airborne safety nets, 

cockpit automation, etc. Moreover, an overarching factor is that all this has been reached thanks 

to decades of evolutionary developments that benefitted from feedback from experience and 

the diligent application of lessons learned from safety events. The introduction of UAS brings 

uncertainties into the system, with a large number of flights, of different types and sizes for 

various tasks, and with performance envelopes greatly different from those for which today's 

air traffic procedures were designed [1].  

For current aviation the main safety issues concern first and second parties, i.e. lives 

and property of crew and passengers. In contrast, the main safety concern of UAS operations is 

third party risk (TPR), i.e. the risk posed to people and properties that have no responsibility 

for a UAS flight and neither benefit in some way from a UAS flight. In order to ensure the safe 

operation of UAS, there is a need to identify relevant TPR indicators for UAS operations and 

to evaluate safety regulation for UAS operations against these TPR indicators. An early study 

of this type has been conducted by [2], however significant UAS regulations updates have been 

developed since then [3]. The aim of this paper is to develop relevant TPR indicators for UAS 
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operations and to compare EASA/JARUS and FAA safety regulations against these TPR 

indicators. 

The paper is organized as follows. Section 2.2 reviews existing TPR indicators, and use 

this to identify relevant TPR indicators and TPR fatality terms for UAS operations. Section 2.3 

reviews the safety regulations from EASA/JARUS and FAA. Section 2.4 evaluates these 

regulations against the relevant TPR indicators and third party fatality terms identified in 

section 2.2. Section 2.5 draws conclusions. 

2.2 Relevant TPR Indicators and TPR Fatality Terms 

This section starts with a review of relevant TPR indicators in use for commercial 

aviation. Subsequently these indicators are used as a basis for the definition of relevant TPR 

indicators for UAS operations, as well as the relevant TPR fatality terms. This approach differs 

from a straightforward application of TPR indicators in commercial aviation to UAS operation, 

e.g. [2].  

2.2.1 TPR indicators in commercial aviation 

In commercial aviation [4] first party is the aviation personnel (who provide the air 

transportation service); second party are the passengers (for whom the air transportation is 

provided); third party are the people exposed for reasons unrelated to the flight, for instance 

people living in the airport vicinity. Common indicators for TPR in commercial aviation are 

Individual Risk, Collective Risk and the so-called FN curve for societal risk, e.g. [5,6]. 

Individual risk 𝑅𝐼(𝑠) of commercial air transport is defined as: “The probability that an 

average unprotected person, who resides permanently at ground location s, would get killed 

due to the direct consequences of aircraft accidents during a given annum.” It should be noted 

that the Individual risk indicator is population-independent, i.e. it does not make any difference 

if a ground location s is in a wasteland or in the center of a large city. Individual risk defines 

iso-risk contours that can be used for zonal policies regarding any current or future use of an 

(urban) area that is exposed to non-negligible Individual risk levels. For example, in The 

Netherlands the maximum acceptable level of 𝑅𝐼(𝑠) is 10-6 per annum for populated areas 

around hazardous installations, transport routes and airports [7]. 

Collective risk 𝑅𝐶 is the expected number of third party fatalities 𝑅𝐶 = 𝐸{𝑛𝐹} in a given 

area X due to the direct consequences of aircraft flight accidents during a given annum [8]. If 

there are N flights to happen in a given annum then we know [9]: 

𝑅𝐶 = 𝐸{𝑛𝐹} = ∑ 𝐸{𝑛𝐹
𝑖 }𝑁

𝑖=1 = ∑ 𝑅𝐶
𝑖𝑁

𝑖=1       (1) 

with 𝑅𝐶
𝑖 = 𝐸{𝑛𝐹

𝑖 } the expected number of third party fatalities due to a potential accident of the 

i-th flight. 

In commercial aviation, another well-established societal risk indicator is the FN curve 

𝑅𝐹𝑁(𝑛): 

𝑅𝐹𝑁(𝑛) ≜ 𝑃{𝑛𝐹 ≥ 𝑛}, for 𝑛 ≥ 1       (2) 

which reads in words, e.g. [9]: “The probability that a group of n or more third party persons 

will be fatally injured due to the direct consequences of aircraft accidents during a given 

annum.”  

Some literature sources, e.g. [5] refer to “more than n” in this definition, which defines 

𝑅𝐹𝑁
> (𝑛) as follows: 
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𝑅𝐹𝑁(𝑛) ≜ 𝑃{𝑛𝐹 ≥ 𝑛} = 𝑅𝐹𝑁(𝑛 + 1), for 𝑛 ≥ 0     (3) 

The relation between the FN curve 𝑅𝐹𝑁(𝑛) and collective risk 𝑅𝐶 = 𝐸{𝑛𝐹} has been 

well established, e.g. [9]: 

𝑅𝐶 = 𝐸{𝑛𝐹} = ∑ 𝑅𝐹𝑁(𝑛) =∞
𝑛=1 ∑ 𝑅𝐹𝑁

> (𝑛)∞
𝑛=0      (4) 

[5] explains that the FN curve 𝑅𝐹𝑁(𝑛) is used in various countries to express and limit 

third party risks, predominantly of hazardous installations. Regulation in these countries 

typically adopts an 𝑅𝐹𝑁(𝑛) limiting criterion of the following form: 

𝑅𝐹𝑁(𝑛) < 𝐶/𝑛𝛼         (5) 

where 𝛼 is the steepness of the limit line and C a constant that determines the position of the 

limit line. A steepness 𝛼 = 1 is called risk neutral (e.g. in UK); a steepness 𝛼 = 2 is called risk 

averse (e.g. in the Netherlands). In the latter case larger accidents are weighted more heavily 

and are thus only accepted with a relatively lower probability. The different views regarding 

risk aversion parameter 𝛼 make 𝑅𝐹𝑁(𝑛) less useful as a common risk indicator than Collective 

risk 𝑅𝐶 = 𝐸{𝑛𝐹} [10].  

2.2.2 TPR indicators for UAS 

For UAS operations, risks involved with first, second and third parties are defined as 

follows [11]. First party risk applies to people and property directly associated with the UAS 

operation (e.g. pilot, Unmanned Aircraft itself). Second party risk applies to people and 

property not associated with the UAS operation, but directly derive benefit from the UAS 

operation (e.g. passenger on-board, infrastructure being inspected, parcel being delivered). 

Third party risk applies to people and property not associated with, nor deriving direct benefit 

from the UAS operation. 

By comparing this definition of first, second and third parties with those in commercial 

aviation, some differences can be observed. Although these differences may look futile at first 

impression, they do have significant consequences. To make this explicit let’s compare first, 

second and third party fatalities for the following two mid-air collisions: i) mid-air between two 

commercial aircraft; vs. ii) mid-air of a UAS to a commercial aircraft. In case i), first party 

fatalities may be among the crew of the two aircraft, second party fatalities may be among the 

passengers on-board the two aircraft, and third party fatalities may be among persons on the 

ground if one or both aircraft crash to the ground. In case ii) there typically are no first or second 

party fatalities for the UAS operation; instead all on-board fatalities among crew and passengers 

of the commercial flight are third party fatalities, which add to fatalities on the ground if the 

UAS and/or the commercial aircraft crash to the ground. These significant differences in third 

party fatalities for these two cases, illustrate the need to explicitly define TPR indicators for 

UAS operations. 

For a commercial UAS operation involving many flights we define the following three 

TPR indicators: Collective risk, Collective ground risk, and Individual risk as follows: 

Collective risk 𝑅𝐶  of UAS operations is defined as: “The expected number of third 

party fatalities in a given area X due to the direct consequences of UA flight accidents during 

a given annum.” 

Collective ground risk 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑  of UAS operations is defined as: “The expected 

number of third party fatalities on the ground in a given area X due to the direct consequences 

of UA flight accidents during a given annum.” 
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Individual risk 𝑅𝐼(𝑠)  of UAS operations is defined as: “The probability that an 

average unprotected person, who resides permanently at ground location s, would get killed or 

fatally injured due to the direct consequences of UA flight accidents during a given annum.” 

For each of these TPR indicators we denote the contribution by the i-th UA flight as 𝑅𝐶
𝑖 , 

𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖 , and 𝑅𝐼

𝑖(𝑠) respectively. Hence for an UAS operation that conducts N UA flights per 

annum, we have: 

𝑅𝐶 = ∑ 𝑅𝐶
𝑖𝑁

𝑖=1           (6) 

𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑 = ∑ 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖𝑁

𝑖=1         (7) 

If there are many UAS flights per annum, then the probability of a person at location s 

missed by all UAS flights per annum equals the product over the miss probabilities of all UAS 

flights. Hence, the probability 𝑅𝐼(𝑠)  that an Unprotected average person, who resides 

permanently at location s, is per annum killed or fatally injured due to the direct consequences 

of one of the N UA flights satisfies:   

𝑅𝐼(𝑠) = 1 − ∏ [1 − 𝑅𝐼
𝑖(𝑠)]𝑁

𝑖=1        (8) 

To characterize the relation between Collective risk 𝑅𝐶  and Collective ground risk 

𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑, one should notice that the following five types of UAS accidents have the potential 

of third party fatalities:  

• Type 1: i-th UA flight collides with a commercial air transport (CAT) flight; 

• Type 2: i-th UA flight collides with a general aviation (GA) flight; 

• Type 3: i-th UA flight collides with an urban air mobility (UAM) UA carrying on-

board passenger(s); 

• Type 4: i-th UA flight collides to the ground as a consequence of a mid-air collision 

of types 1-3 or with another UA flight.  

• Type 5: i-th UA flight collides to the ground without preceding mid-air collision. 

Hence the Collective risk of the i-th UAS flight, 𝑅𝐶
𝑖 , satisfies the following sum of five 

terms: 

𝑅𝐶
𝑖 = 𝐸{𝑛𝐹

𝑖 } = 𝐸{𝑛𝐹𝐶𝐴𝑇

𝑖 } + 𝐸{𝑛𝐹𝐺𝐴

𝑖 } + 𝐸{𝑛𝐹𝑈𝐴𝑀

𝑖 } + 𝐸{𝑛𝐹𝑈𝐴𝑆𝑎𝑖𝑟

𝑖 } + 𝐸{𝑛𝐹𝑈𝐴𝑆𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 } (9) 

where 𝐸{𝑛𝐹𝐶𝐴𝑇

𝑖 } denotes the expected number of on-board and ground fatalities at the side of a 

CAT flight due to a collision of type 1, 𝐸{𝑛𝐹𝐺𝐴

𝑖 }denotes the expected number of on-board and 

ground fatalities at the side of a GA flight due to a collision of type 2, 𝐸{𝑛𝐹𝑈𝐴𝑀

𝑖 } denotes the 

expected number of on-board and ground fatalities at the side of a UAM flight due to a collision 

of type 3, 𝐸{𝑛𝐹𝑈𝐴𝑆𝑎𝑖𝑟

𝑖 } denotes the expected number of fatalities on the ground due to a collision 

of type 4, and 𝐸{𝑛𝐹𝑈𝐴𝑆𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 }denotes the expected number of fatalities on the ground due a 

collision of type 5.  

For Collective risk 𝑅𝐶 of a UAS operation involving N UAS flights per annum the above 

means: 

𝑅𝐶 = 𝐸{𝑛𝐹} = ∑ [𝐸{𝑛𝐹𝐶𝐴𝑇

𝑖 } + 𝐸{𝑛𝐹𝐺𝐴

𝑖 } + 𝐸{𝑛𝐹𝑈𝐴𝑀

𝑖 } + 𝐸{𝑛𝐹𝑈𝐴𝑆𝑎𝑖𝑟

𝑖 } + 𝐸 {𝑛𝐹𝑈𝐴𝑆𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 }]𝑁
𝑖=1 (10) 

Furthermore, each of the expected number of third party fatalities at the side of CAT, 

GA and UAM due to a collision with the i-th UA flight can be written as a sum of onboard 

fatalities and fatalities on the ground, i.e. 
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      𝐸{𝑛𝐹𝐶𝐴𝑇

𝑖 } = 𝐸{𝑛𝐹𝐶𝐴𝑇𝑜𝑛𝑏𝑜𝑎𝑟𝑑

𝑖 } + 𝐸{𝑛𝐹𝐶𝐴𝑇𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 } 

      𝐸{𝑛𝐹𝐺𝐴

𝑖 } = 𝐸{𝑛𝐹𝐺𝐴𝑛𝑏𝑜𝑎𝑟𝑑

𝑖 } + 𝐸{𝑛𝐹𝐺𝐴𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 } 

      𝐸{𝑛𝐹𝑈𝐴𝑀

𝑖 } = 𝐸{𝑛𝐹𝑈𝐴𝑀𝑜𝑛𝑏𝑜𝑎𝑟𝑑

𝑖 } + 𝐸{𝑛𝐹𝑈𝐴𝑀𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 } 

For Collective ground risk of the i-th UA flight, 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖 , this means: 

𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖 = 𝐸 {𝑛𝐹𝐶𝐴𝑇𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 } + 𝐸 {𝑛𝐹𝐺𝐴𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 } + 𝐸 {𝑛𝐹𝑈𝐴𝑀𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 } + 𝐸{𝑛𝐹𝑈𝐴𝑆𝑎𝑖𝑟

𝑖 } + 𝐸 {𝑛𝐹𝑈𝐴𝑆𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 } (11) 

Similarly, Collective ground risk 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑 of a UAS operation involving N UAS flights 

per annum satisfies: 

𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑 = ∑ [𝐸 {𝑛𝐹𝐶𝐴𝑇𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 } + 𝐸 {𝑛𝐹𝐺𝐴𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 } + 𝐸 {𝑛𝐹𝑈𝐴𝑀𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 } + 𝐸{𝑛𝐹𝑈𝐴𝑆𝑎𝑖𝑟

𝑖 } + 𝐸 {𝑛𝐹𝑈𝐴𝑆𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 }]

𝑁

𝑖=1

 

(12) 

2.3 UAS Safety Management Frameworks 

This section evaluates the UAS safety management frameworks from EASA/JARUS 

and from FAA. 

2.3.1 EASA/JARUS UAS safety management frameworks 

EASA and JARUS developed a regulatory concept introducing three risk categories for 

UAS, which are Open, Specific, and Certified [12,13].  

• Open category represents very low risk UAS operations requiring no involvement of 

aviation authorities;  

• Specific category UAS presents a limited risk to people and property requiring risk 

mitigation, depending on the type of operation and nature of the risk, airworthiness 

requirement may be included;  

• Certified category UAS is regulated following the traditional approach to 

conventional aircraft, including type certification and compliance to airworthiness 

requirement.  

Different regulation limitations and requirements between Open, Specific and Certified 

UAS operations [14,15] are shown in Table 1. The Open category is divided into three 

subcategories A1, A2 and A3 with different operational limitations and technical requirements. 

Specific UAS operations are required to obtain an operational authorisation where the above 

requirements for Open category are not met, and the operator shall perform a risk assessment 

and submit to a competent authority. Certified category operations are conducted with relatively 

high risk (e.g. flying over assemblies of people, carrying people or dangerous goods, etc.) or 

when the competent authority, based on the risk assessment by the operator, considers the risk 

cannot be adequately mitigated.  
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Table 1. Characteristics of Open, Specific and Certified UAS Operations [14,15] 

Category Open Specific Certified 

Sub-category A1 A2 A3 N/A N/A 

Class C0 / C1 C2 C2 / C3 / C4 N/A N/A 

MTOW <900g <4kg <25kg N/A N/A 

Flying altitude <=120m <=120m <=120m <=120m N/A 

Range VLOS VLOS VLOS VLOS/BVLOS VLOS/BVLOS 

Autonomous 
level 

Manually Manually/Autonomous Manually/Autonomous 

Over assemblies 
of people 

Not allowed Not allowed Not allowed Not allowed Allowed 

Over uninvolved 
person 

C0 (<250g, 
<19m/s) 

30m away or 
5m away in 
low speed 

mode(<3m/s) 

150m from 
residential, 

commercial, 
industrial, 

recreational 
area 

Allowed 
Not 

allowed 
Allowed 

Risk assessment 
requirement 

Not required 

Risk assessment 
conducted by operator/ 
Hold of LUC (Light UAS 

operator certificate) 

Required, RPAS.1309 [13] 
applies 

Authorisation/ 
certification 
requirement 

Online 
examination 

of the 
operator 

Certificate of 
remote pilot 
competency 

Certificate of 
remote pilot 
competency 

Application for 
operational 

authorisation 

Certificate of design, 
production and 

maintenance 

Size <3m (C3 UAS operation) <=1m <=3m No requirement 

Airspace Uncontrolled 
Uncontrolled/ 

Controlled 
(coordination required) 

Uncontrolled/controlled 

Transportation No transportation of people or dangerous goods 
Allowed for transportation 
of people/dangerous goods 

SORA Method for Specific category 

For Specific category UAS operations, JARUS developed the SORA (Specific 

Operations Risk Assessment) method [16,17] to support the application for authorization. [17] 

explains the risk assessment aim of SORA through the three quantitative equations that are 

shown in Figure 1. The 1st and 3rd equations capture fatality and economic risks respectively 

posed to third parties on the ground. The 2nd equation captures fatality risk to third parties on-

board manned aircraft. [17] also explains that it would not be realistic to conduct a quantitative 

risk assessment for a UAS operation in the Specific category. Therefore the SORA method [16] 

has been developed as an expert-based decision process to determine qualitative levels of risk 

posed by a UAS operation to third parties on the ground and to third parties in the air.  

The SORA method is a decision process to assign requirements to the UAS operation 

that bring it under proper control with a sufficient level of confidence. The main steps of the 

SORA method are:  

• Determination of the Ground Risk Class (GRC). Intrinsic GRC is determined using 

Table 5. Subsequently Table 6 show how mitigation measures reduce Intrinsic GRC 

to Final GRC. 

• Determination of the Air Risk Class (ARC). Initial ARC is determined using the 

process in Figure 3. Strategic mitigations are identified to reduce the Initial ARC 

level to Residual ARC level. Subsequently Table 7 translates Residual ARC to 

Tactical Mitigation Performance Requirements (TMPR). 

• Assignment of requirements. Table 8 translates Final GRC and Residual ARC into 

Specific Assurance and Integrity Level (SAIL); Table 9 translates SAIL into 

Operational Safety Objectives (OSO).  
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Neither [16] nor [17] provide an explanation how these main SORA steps make use of 

the quantitative equations in Figure 1. 

 

Figure 1. Third party risk equations forming the basis of SORA (source: Figure 5 in [17]) 

AMC RPAS.1309 for Certified Category 

For Certified category UAS operations, an airworthiness certification process (AMC 

RPAS.1309 [13]) is adopted for UAS. Note that the use of this process is also applicable to 

other UAS categories (Open / Specific) if high airworthiness standard is needed (e.g. flight over 

crowds of people). Different types of UAS ranging from light UAS to conventional aircraft 

equivalent UAS are considered:  

• LUAS (Light Unmanned Aeroplane System) [18]; 

• LURS (Light Unmanned Rotorcraft System) [19]; 

• RPAS-23 (Small unmanned airplane) [20]; 

• RPAS-25 (Large unmanned airplane) [21]; 

• RPAS-27 (Unmanned rotorcraft with MGTOW <= 6000 pounds) [22]; 

• RPAS-29 (Unmanned rotorcraft with MGTOW > 6000 pounds) [23]. 

The risk requirements for these types of UAS are given in Table 10.  

The definitions for the severity classes are shown in Table 11. Note that for the manned 

aircraft equivalent UAS (RPAS-23 Class IV, RPAS-25 and RPAS-29), existing mean of 

compliance for conventional aircraft ( [20], [21] and [23]) are applied, however the severity 

definitions are different from that of UAS. The main difference lays in the hazardous and 

catastrophic classes. UAS severity definitions consider consequence of one or multiple fatalities 

as catastrophic, while conventional aircraft standards consider fatal injury to one occupant as 

hazardous and multiple fatalities as catastrophic. 

2.3.2 FAA UAS safety management frameworks 

FAA regulatory framework [24] for UAS operations distinguishes the following three 

categories, the characteristics for each of these are shown in Table 2. 

• Recreational UAS operation,  

• Work/Business UAS operation, 

• Advanced UAS operation.  

For the recreational UAS category no safety risk assessment is required [25, 26]. For 

Work/Business UAS operation small unmanned aircraft rules apply [27] under certain 

constraints such as less than 55 lbs, VLOS only, not over persons (see Table 2). For the risk 

assessment of a work/business UAS operation, Advisory Circular 107-2 [28] applies, in which 
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a qualitative overall safety risk assessment is encouraged though not obliged. All other UAS 

operations are considered to fall in the Advanced category; for such UAS operation a Safety 

Risk Management (SRM) is mandatory. Figure 2 shows that the applicable SRM process 

depends on the UAS operating airspace. The two main risk management processes for 

Advanced UAS operations are: 

• SRM [29] for UAS operation in uncontrolled airspace applying Order 8040.4B [30], 

• SRM for UAS operation in controlled airspace applying ATO SMS Manual [31]. 

Order 8040.4B / UAS SRM Policy for Advanced Category 

Order 8040.4B [30] is established for SRM for manned aviation. As a supplement to 

Order 8040.4B, UAS SRM policy [29] is established for conducting SRM for UAS requesting 

to operate in uncontrolled airspace (e.g. below 400ft in Class G airspace). UAS SRM Policy 

adopts the risk criteria for general aviation from Order 8040.4B. The risk matrix, likelihood and 

severity definitions are shown in Table 12 to Table 14. 

Table 2. Characteristics of UAS Operations in FAA Safety Regulations [26,27,32-34] 

Category Recreational Work/Business Advanced 

MTOW N/A <=25kg N/A 

Flying altitude 
<= 400ft (Class G 

airspace) /  
Within UASFM altitude 

<= 400ft N/A 

Range VLOS VLOS VLOS / BVLOS 

Collaboration level Single-UAS Single-UAS Single / Multi-UAS 

Autonomous level Manually Manually Manually/Autonomous 

Flight ground speed N/A <=100 mph N/A 

Flight time N/A Daylight  Daylight / Night 

Over uninvolved 
person 

Not allowed Not allowed Allowed 

Risk assessment 
requirement 

Not required Encouraged Required 

Authorisation/ 
certification 
requirement 

Aeronautical 
Knowledge and Safety 

Test, 
Registered aircraft 

Remote pilot certificate,  
Registered aircraft  

Remote pilot certificate, 
Application for waiver / 

exemption / certification 

Airspace 
Uncontrolled / 

Controlled (FAA 
authorized fixed sites) 

Uncontrolled /  
Controlled (ATC permission) 

Uncontrolled / Controlled 

Transportation N/A No carriage of hazardous materials N/A 

 

 
Figure 2. SRM for an Advanced UAS Operation [29] 
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ATO SMS Manual for Advance Category 

ATO SMS Manual [31] provides principles and guidelines for ATO (Air Traffic 

Organizations) to ensure safety operation, in which SRM is part of it. SRM in ATO SMS 

Manual is adopted for UAS operations in controlled airspace (e.g. above 400ft in Class G 

airspace or out of Class G airspace). The risk matrix and severity definitions are given in Table 

15 and Table 16. The quantitative criteria for likelihood are given in Table 17 in terms of 

expected occurrence rate per operation/flight hour/operational hour. Which of these three 

occurrence rate units applies depends on the type of NAS change in ConOps [31]: 

• per operation is applicable for a Terminal Radar Approach Control (TRACON) 

center, Air Route Traffic Control Center (ARTCC) with small, busy sectors, or an 

airport traffic control tower;  

• per flight hour is applicable for the oceanic domain or for an ARTCC with a larger 

sector;  

• per operational hour is applicable for a system acquisition or modification.  

2.4 Evaluation of UAS TPR Indicator and TPR Fatailty Terms 

This section first evaluates which of the eight third-party fatality terms defined in 

section III are covered by each of the EASA and FAA regulations. The details of this evaluation 

is shown in Table 3. Subsequently Eq. (9)-(12) are used to translate this in terms of the UAS 

TPR indicators; these results are shown in Table 4. Subsequently the findings in Table 3 and 

Table 4 are discussed. 

Table 3. Third-party fatality terms that are addressed by EASA and FAA regulations 

Third-party 
fatality terms of  
i-th UAS flight 

Regulations & Operation category 

EASA/JARUS 
SORA 

EASA/JARUS 
AMC RPAS.1309 

FAA 
Advisory 

Circular 107-
2 

FAA 
UAS SRM 

policy /order 
8040.4B  

FAA 
ATO SMS 
Manual 

Open 
/Specific 
/Certified  

Certified 
(for 

ground 
risk) 

Certifie
d 

(for air 
risk) 

Work  
/business 

Advanced 
(in 

uncontrolled 
airspace) 

Advanced 
(in 

controlled 
airspace) 

1.𝐸 {𝑛𝐹𝑈𝐴𝑆𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 } Yes*) Yes - Yes*) Yes Yes 

2.𝐸{𝑛𝐹𝑈𝐴𝑆𝑎𝑖𝑟

𝑖 } - - - - - Yes 

3.𝐸{𝑛𝐹𝐶𝐴𝑇𝑜𝑛𝑏𝑜𝑎𝑟𝑑

𝑖 } Yes*) - Yes - - Yes 

4.𝐸{𝑛𝐹𝐶𝐴𝑇𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 } - - - - - Yes 

5.𝐸{𝑛𝐹𝐺𝐴𝑛𝑏𝑜𝑎𝑟𝑑

𝑖 } Yes*) - Yes - - Yes 

6.𝐸{𝑛𝐹𝐺𝐴𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 } - - - - - Yes 

7.𝐸{𝑛𝐹𝑈𝐴𝑀𝑜𝑛𝑏𝑜𝑎𝑟𝑑

𝑖 } Yes*) - Yes - - Yes 

8.𝐸{𝑛𝐹𝑈𝐴𝑀𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 } - - - - - Yes 

 *) No quantification 
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Table 4. Applicable UAS TPR Indicators 

Regulation/Policy Operation Category Applicable TPR Indicator  

EASA/JARUS   
SORA 

Open/Specific/Certified - 

EASA/JARUS 
AMC RPAS.1309 

Certified  
(for ground risk) 

𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖 *) per hazard 

and per flight hour 

Certified  
(for mid-air collision risk) 

𝑅𝐶
𝑖  on-board per hazard 
and per flight hour 

FAA  
Advisory Circular 107-2 

Work/business - 

FAA  
Order 8040.4B 

Advanced 
 (in uncontrolled 

airspace) 

𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖 *) per hazard 

and per year UAS 
operation 

FAA  
ATO SMS Manual 

Advanced  
(in controlled airspace) 

𝑅𝐶
𝑖  per hazard and per 

flight hour 
  *) excluding ground fatalities due to a preceding mid-air collision  

EASA/JARUS SORA 

From the explanation provided in section 2.3.1, it is clear that the SORA method aims 

to cover both third party fatalities on the ground and on-board of manned aircraft. However 

none of these assessments is aimed to be quantitative. Moreover the SORA method does not 

aim to address any of the even terms in Table 3, i.e. follow-up consequences of a preceding 

mid-air collision of a UAS with a manned aircraft or with another UAS. The qualitative nature 

of SORA means that there is no contribution in Table 4. 

EASA/JARUS AMC RPAS.1309 

AMC RPAS.1309 is adopted for EASA/JARUS Certified category. Risk is evaluated 

per hazard and per UAS flight hour. In [35], catastrophic failure condition refers to “one or 

more fatalities that can occur either in the air (mid-air collision) or on the ground”. Subsequently 

risk posed to third parties on the ground and in the air risk are addressed separately. 

• For third parties on the ground, [2,35] assumes that risk is a function of accident rate, 

population density, impact dynamics, and area of impact. It is further explained that 

accident rate is here meant to include accidents due to system failures instead of mid-

air collision. For Table 3 this means that the first term 𝐸 {𝑛𝐹𝑈𝐴𝑆𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 } is covered, 

but not the second term 𝐸{𝑛𝐹𝑈𝐴𝑆𝑎𝑖𝑟

𝑖 }. For Table 4 this means that 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖  is partly 

covered. 
• For third parties in the air, a mid-air collision with a manned aircraft is considered as 

having catastrophic consequences [35]. For Table 3 this means that the on-board 

third-party fatality terms (𝐸{𝑛𝐹𝐶𝐴𝑇𝑜𝑛𝑏𝑜𝑎𝑟𝑑

𝑖 }, 𝐸{𝑛𝐹𝐺𝐴𝑛𝑏𝑜𝑎𝑟𝑑

𝑖 } and 𝐸{𝑛𝐹𝑈𝐴𝑀𝑜𝑛𝑏𝑜𝑎𝑟𝑑

𝑖 }) are 

covered. However the ground fatality terms that represent ground fatalities after a 

mid-air collision are not covered. Mid-air collisions between UAS is not covered; 

hence the second term 𝐸{𝑛𝐹𝑈𝐴𝑆𝑎𝑖𝑟

𝑖 } is not covered. For Table 4 the above means that 

the on-board parts of 𝑅𝐶
𝑖  are covered. 

FAA Advisory Circular 107-2   

Advisory Circular 107-2 [28] provides an example of risk assessment for UAS operation, 

in which third-party fatality for ground collision of an UAS is considered. For Table 3 this 

means that the first term 𝐸 {𝑛𝐹𝑈𝐴𝑆𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 } is covered. However there is no quantification as the 

evaluation of likelihood is qualitative. For Table 4 this means there is no contribution.  
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FAA Order 8040.4B / UAS SRM Policy 

Order 8040.4B [30] and UAS SRM Policy [29] is adopted for FAA Advanced category 

with UAS operation in uncontrolled airspace. Risk is evaluated per hazard and per year of the 

UAS operation. Third party risk for persons on the ground is addressed; hence the first term 

𝐸 {𝑛𝐹𝑈𝐴𝑆𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 } is covered. Because in uncontrolled airspace there is no collision of a UAS 

with a manned aircraft the terms 3 through 8 are not covered. Possible collisions between two 

UAS are neither considered; hence the second term 𝐸{𝑛𝐹𝑈𝐴𝑆𝑎𝑖𝑟

𝑖 } in Table 3 is not covered. For 

Table 4 this means that 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖  is partly covered.  

FAA ATO SMS Manual 

FAA ATO SMS Manual is adopted for FAA Advanced category with UAS operation 

in controlled airspace. Risk is evaluated per hazard and per UAS flight hour. In Table 16, the 

phrase “fatality or fatal injury to persons other than the unmanned aircraft system crew” refers 

to all types of third-party fatalities. This means that both third parties on board and on the 

ground due to an accident involving a UAS are covered; hence all eight terms in Table 3 are 

covered. For Table 4 this means that 𝑅𝐶
𝑖  is fully covered. 

Discussion of results in Tables 3-4 

The results in Table 3 and Table 4 show that for medium risk UAS operations the safety 

management frameworks of EASA/JARUS and FAA do not address TPR indicators. Table 3 

and Table 4 also show that the situation is better for high risk UAS operations. For UAS 

operations in controlled airspace the FAA safety risk management framework covers all eight 

third party terms. For UAS operations in uncontrolled airspace the FAA safety risk management 

framework only considers the first term, i.e. ground fatalities due to a UAS crash to the ground, 

if this UAS has not been subject of a preceding mid-air collision with another UAS. The 

Certified risk management framework of EASA/JARUS even excludes all ground fatality 

consequences from a preceding mid-air collision, i.e. both between two UAS and between a 

UAS and a manned aircraft. The results also show that none of the risk management frameworks 

evaluated address the accumulation of contributions from multiple UAS flights to the TPR 

indicators 𝑅𝐶, 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑 and 𝑅𝐼(𝑠). 

2.5 Conclusion 

This paper has studied TPR indicators and TPR fatality terms for UAS operations and 

their use in EASA/JARUS and FAA safety regulations. In commercial aviation the TPR 

indicators are Individual risk, Collective risk and Societal risk; each of these three addresses 

fatality risk posed to persons on the ground only. In addition to posing risk to persons on the 

ground, UAS operations may also pose third party risks to crew and passengers on board 

manned aircraft. In section 2.2 this is captured through the definition of three TPR indicators 

for UAS operations: i) Collective risk 𝑅𝐶  for expected number of fatalities due to UAS 

operations; ii) Collective ground risk 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑 for expected number of fatalities on the ground 

due to UAS operations; and iii) Individual risk 𝑅𝐼(𝑠) for the probability that an unprotected 

person at ground location s will be killed due to UAS operations. The latter two (ii and iii) 

consider ground fatalities only, which is similar to Collective risk and Individual risk of 

commercial aviation. The newly proposed TPR indicator (i) also considers fatalities on-board 

manned aircraft due to a collision with a UAS. To make the definitions of 𝑅𝐶, 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑 and 

𝑅𝐼(𝑠) explicit, the contributions 𝑅𝐶
𝑖 , 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑

𝑖  and 𝑅𝐼
𝑖(𝑠) by the i-th UAS flight have been 

characterized in detail. 
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In Section 2.3 the UAS safety regulations from EASA/JARUS and FAA for different 

types of UAS operations are identified and subsequently analysed regarding the applicable risk 

assessment methods. Both EASA/JARUS and FAA distinguish three categories of UAS 

operations: i) Low risk category (Open in EASA/JARUS, Recreation in FAA); ii) Medium risk 

category (Specific in EASA/JARUS, Work/Business in FAA); and iii) High risk category 

(Certified in EASA/JARUS, Advanced in FAA). For the low risk category safety risk 

assessment is not required. For the medium risk category, both EASA/JARUS and FAA 

propose qualitative assessment methods (SORA and Advisory Circular 107-2 respectively). For 

high risk category, both EASA/JARUS and FAA prescribe quantitative safety risk assessment 

methods. For each of these safety risk assessment methods the basic steps have been reviewed. 

In section 2.4 the safety assessment frameworks of EASA/JARUS and FAA have been 

evaluated against the TPR indicators and TPR fatality terms for UAS operations which have 

been developed in section 2.2. This evaluation shows that the EASA/JARUS and FAA methods 

for the medium risk category UAS operations (SORA and Advisory Circular 107-2) do not 

address any of the TPR indicators. For the high risk category of UAS operations the safety 

frameworks of EASA/JARUS and FAA address relevant contributions to 𝑅𝐶
𝑖  and 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 . For 

controlled airspace the FAA methods cover all possible contributions. For uncontrolled airspace 

the FAA methods cover ground fatalities due to a UAS crash to the ground that was not been 

preceded by a mid-air collision. The EASA/JARUS risk assessment methods addresses either 

on-board fatalities due to a mid-air collision or ground fatalities due to a UAS crash to the 

ground that was not preceded by a mid-air collision. None of the safety methods from 

EASA/JARUS and FAA cover the accumulation to TPR indicators 𝑅𝐶 and 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑 and 𝑅𝐼(𝑠) 

by many UAS flights per annum over a given area.   

The main conclusions that can be drawn from this study are twofold. Firstly, for medium 

risk UAS operations none of the current regulations require assessment of any contribution to 

relevant TPR indicators. Secondly, the identified focus of EASA/JARUS and FAA on methods 

that assess the TPR contributions per individual UAS operation, means that these methods fall 

short in capturing the accumulation of contributions by many UAS flights per annum to TPR 

indicators 𝑅𝐶 and 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑 and 𝑅𝐼(𝑠) for rural or urban areas.  

To grasp the criticality of these main conclusions, imagine a commercial UAS operation 

involving a very large number of UAS flights per annum over a rural or urban area that falls 

outside controlled airspace. For each individual UAS flight at most a quantitative assessment 

of (a part of) 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖  is required. However, what is not required is to assess if the 

accumulation of the 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖  contributions to 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑 and 𝑅𝐼(𝑠) remain acceptably safe if 

the annual number of UAS flights in an urban area keeps on growing. This example shows that 

in order to safely manage future increase of UAS flights over rural and urban areas, there is a 

need for the development of a quantitative safety management framework which addresses the 

accumulation of individual UAS flight contributions to Collective ground risk 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑 and to 

Individual risk 𝑅𝐼(𝑠). 
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Appendix 

2A. SORA Method 

Table 5. SORA’s Intrinsic GRC Determination [16] 

 

Table 6. SORA’s Mitigations for Final GRC determination [16] 

 

 

Figure 3. SORA ARC assignment process [16] 
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Table 7. SORA’s TMPR and TMPR level of Robustness Assignment [16] 

 

Table 8. SORA SAIL determination [16] 

 

Table 9. SORA’s Recommended OSO [16] 
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2B. JARUS safety risk criteria 

Table 10. AMC RPAS.1309 Safety Risk Requirement [13] 

 

Classification of failure Conditions 

No safety effect Minor Major Hazardous Catastrophic 

Allowable Qualitative Probability 

No Probability 
Requirement 

Probable Remote 
Extremely 
Remote 

Extremely 
Improbable 

Classes of 
RPAS 

Complexity 
Level 

Allowable Quantitative Probabilities (per flight hour) 

CS-LUAS / 
CS-LURS 

I 
No Probability 
Requirement 

<10-3 <10-4 <10-5 <10-6 

II 
No Probability 
Requirement 

<10-3 <10-5 <10-6 <10-7 

RPAS-23 
Class I 

I 
No Probability 
Requirement 

<10-3 <10-4 <10-5 <10-6 

II 
No Probability 
Requirement 

<10-3 <10-5 <10-6 <10-7 

RPAS-23 
Class II 

I 
No Probability 
Requirement 

<10-3 <10-5 <10-6 <10-7 

II 
No Probability 
Requirement 

<10-3 <10-5 <10-7 <10-8 

RPAS-23 
Class III 

I 
No Probability 
Requirement 

<10-3 <10-5 <10-7 <10-8 

II 
No Probability 
Requirement 

<10-3 <10-5 <10-7 <10-9 

RPAS-27 
I 

No Probability 
Requirement 

<10-3 <10-4 <10-5 <10-6 

II 
No Probability 
Requirement 

<10-3 <10-5 <10-6 <10-7 

RPAS-23 
Class IV 1 

N/A4 
No Probability 
Requirement 

<10-3 <10-5 <10-7 <10-9 

RPAS-25 2 N/A4 
No Probability 
Requirement 

<10-3 <10-5 <10-7 <10-9 

RPAS-29 3 N/A4 
No Probability 
Requirement 

<10-3 <10-5 <10-7 <10-9 

1. The probability requirement is from AC 23.1307-1E [20]. 

2. The probability requirement is from AMC 25.1309 [21]. 

3. The probability requirement is from AC 29-2C [23]. 

4. Large RPAS systems are deemed to be complex (i.e. Equivalent to CL II) 

Table 11. AMC RPAS.1309 Safety Risk Severity Definitions [13] 

No safety effect Minor Major Hazardous Catastrophic 
Failure conditions that 
would have no effect 
on safety. For example, 
failure conditions that 
would not affect the 
operational capability 
of the RPAS or increase 
the remote crew 
workload. 

Failure conditions that 
would not significantly 
reduce RPAS safety and 
that involve remote crew 
actions that are within 
their capabilities. Minor 
failure conditions may 
include a slight reduction 
in safety margins or 
functional capabilities, a 
slight increase in remote 
crew workload, such as 
flight plan changes. 

Failure conditions that would 
reduce the capability of the RPAS 
or the ability of the remote crew 
to cope with adverse operating 
conditions to the extent that 
there would be a significant 
reduction in safety margins, 
functional capabilities or 
separation assurance. In 
addition, the failure condition 
has a significant increase in 
remote crew workload or impairs 
remote crew efficiency. 

Failure conditions that would reduce the 
capability of the RPAS or the ability of 
the remote crew to cope with adverse 
operating conditions to the extent that 
there would be the following: 
(i) Loss of the RPA where it can be 
reasonably expected that a fatality will 
not occur, 
(ii) A large reduction in safety margins or 
functional capabilities, 
(iii) High workload such that the remote 
crew cannot be relied upon to perform 
their tasks accurately or completely. 

Failure conditions 
that could result in 
one or more 
fatalities. 
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2C.  FAA Order 8040.4B / UAS SRM Policy Safety Risk Criteria 

Table 12. Risk Matrix of UAS SRM Policy and Order 8040.4B [30] 

 
 

Table 13. Severity Definitions of UAS SRM Policy and Order 8040.4B [30] 

Minimal 
5 

Minor 
4 

Major 
3 

Hazardous 
2 

Catastrophic 
1 

Negligible 
safety effect 

Physical 
discomfort to 
persons 
Slight damage to 
aircraft/vehicle 

Physical distress 
or injuries to 
persons 
Substantial 
damage to 
aircraft/vehicle 

Multiple serious injuries; 
fatal injury to a relatively 
small number of persons 
(one or two); or a hull 
loss without fatalities 

Multiple fatalities 
(or fatality to all on 
board) usually with 
the loss of aircraft/ 
vehicle 

Table 14. Likelihood Definitions of UAS SRM Policy and Order 8040.4B [30] 

 
Qualitative Quantitative 

Frequent 
A 

Expected to occur 
routinely 

Expected to occur more than 100 times per 
year (or more than approximately 10 times 
a month) 

Probable 
B Expected to occur often 

Expected to occur between 10 and 100 
times per year (or approximately 1-10 
times a month) 

Remote 
C 

Expected to occur 
infrequently 
 

Expected to occur one time every 1 month 
to 1 year 

Extremely 
Remote 

D 

Expected to occur 
rarely 
 

Expected to occur one time every 1 to 10 
years 

Extremely 
Improbable 

E 

Unlikely to occur, but 
not impossible 
 

Expected to occur less than one time every 
10 years 
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2D. ATO SMS Safety Risk Criteria 

Table 15. ATO SMS Manual Risk Matrix [31]  
 
                            Severity 
   
           Likelihood 

Minimal 
5 

Minor 
4 

Major 
3 

Hazardous 
2 

Catastrophic 
1 

Frequent 
A 

Low Medium High High High 

Probable 
B 

Low Medium High High High 

Remote 
C 

Low Medium Medium High High 

Extremely Remote 
D 

Low Low Medium Medium High 

Extremely Improbable 
E 

Low Low Low Medium 

       

Table 16. ATO SMS Manual Severity Definitions [31] 

Minimal 5 Minor 4 Major 3 Hazardous 2 Catastrophic 1 

Discomfort to 

those on the 
ground. 

Loss of 

separation 
leading to a 

measure of 

compliance 
greater than or 

equal to 66 

percent. 

Low Risk 

Analysis Event 
severity, two or 

fewer indicators 

fail*. 
Non-serious 

injury to three 

or fewer people 
on the ground 

Medium Risk Analysis Event 

severity, three indicators fail. 
Non-serious injury to more 

than three people on the 

ground. 
A reduced ability of the crew 

to cope with adverse operating 

conditions to the extent that 
there would be a significant 

reduction in safety margins. 

Manned aircraft making an 
evasive maneuver, but 

proximity from unmanned 

aircraft remains greater than 
500 feet. 

High Risk Analysis 

Event severity, four 
indicators fail. 

Incapacitation to 

unmanned aircraft 
system crew. 

Proximity of less 

than 500 feet to a 
manned aircraft. 

Serious injury to 

persons other than 
the unmanned 

aircraft System 

crew. 

A collision with a 

manned aircraft. 
Fatality or fatal 

injury to persons 

other than the 
unmanned aircraft 

system crew. 

*Risk Analysis Event severity indicators are as follows: 

a. Proximity. Failure transition point of 50 percent of required separation or less. 

b. Rate of Closure. Failure transition point greater than 205 knots or 2,000 feet per minute (consider both 

aspects and utilize the higher of the two if only one lies above the transition point). 

c. ATC Mitigation. ATC able to implement separation actions in a timely manner. 

d. Pilot Mitigation. Pilot executed ATC mitigation in a timely manner. 

Table 17. ATO SMS Manual Likelihood Definition [31] 

Likelihood 
Operations: Expected Occurrence Rate 

(per operation / flight hour / operational hour) 

Frequent 
A 

(Probability) ≥ 1 per 1000 

Probable 
B 

1 per 1000 > (Probability) ≥ 1 per 100,000 

Remote 
C 

1 per 100,000 > (Probability) ≥ 1 per 10,000,000 

Extremely Remote 
D 

1 per 10,000,000 > (Probability) ≥ 1 per 1,000,000,000 

Extremely Improbable 
E 

1 per 1,000,000,000 > (Probability) ≥ 1 per 1014 

  

 
Medium 

High* 
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3 
Third Party Risk Modelling of 

Unmanned Aircraft System Operations, 

with Application to Parcel Delivery 

Service 
 

 

 

Commercial aviation distinguishes three indicators for third party risk 

(TPR): i) Expected number of ground fatalities per aircraft flight hour; ii) 

Individual risk; and iii) Societal risk. The latter two indicators stem from TPR posed 

to population by operation of hazardous installations. Literature on TPR of 

Unmanned Aircraft System (UAS) operations have focused on the development of 

the first TPR indicator. However the expected increase of commercial UAS 

operations requires an improved understanding of third party risk (TPR). To 

support such improvement, this paper extends the existing TPR model for UAS 

operations with societal and individual risk indicators. The extension is developed 

both at modelling level and at assessment level. Subsequently the extended 

approach is applied to a hypothetical UAS based parcel delivery service in the city 

of Delft. The results obtained for the novel UAS TPR indicators show that this aligns 

commercial UAS operations with land use policies and standing TPR regulation 

for airports and hazardous facilities. 

 

 

 

 

 

This chapter has been published as “Blom, H. A.P., Jiang, C., Grimme, W. B., Mitici, M., & Cheung, 

Y. S. (2021). Third party risk modelling of Unmanned Aircraft System operations, with application to 

parcel delivery service. Reliability Engineering & System Safety, 214, 107788.”  
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3.1 Introduction 

An Unmanned Aircraft (UA) is an aircraft which is intended to operate with no pilot on 

board. A UA is either piloted from the ground or is autonomous. When piloted from the ground 

the UA and associated ground elements are referred to as an Unmanned Aircraft System (UAS) 

[1]. UAS have the ability to virtually replace manned aircraft and aerial platforms in many 

applications due to the considerable cost savings for not having to fly a helicopter or airplane 

with associated crew and fuel costs or transportation of a heavy aerial platform. The future 

possibilities are endless: imagine flying taxis, parcel delivery, medical aid; the list goes on and 

on. Because the safety risks of these UAS based operations are not well understood, under 

current regulations such commercial UAS operations over rural areas are not allowed [2,3]. To 

manage the future risk of commercial UAS operations over an urban area there is a need for 

models of third party risk (TPR) posed to persons on the ground by a large number of UA flights 

per annum.  

For conventional aviation, third party risk (TPR) models have been well developed 

[4,5,6]. These models allow to assess changes in risk posed to persons on the ground due to 

changes in the amount of flights, new departure/arrival routes, the impact of a new airport, the 

risk of constructing a residential building in a certain area, etc. TPR models of conventional 

aviation are typically quantified using statistical analysis of large scale collected incident and 

accident data. Because sufficient statistical incident/accident data is not available for UA flights, 

TPR analysis of UA flights is largely based on prospective models. Modelling ground TPR of 

a UAS operation involves an off-nominal UAS behaviour model, an off-nominal UA flight 

descent model, and a ground crash impact consequence model. The latter model captures 

population density, crash impact area, shelter and injury effects. Weibel and Hansman [7] show 

that the large range of UA types affects each of these model elements. Clothier and Walker [8] 

identifies and evaluates safety objectives of UAS operations. Dalamagkidis et al. [9] provides 

an in-depth overview of the spectrum of research issues in integrating UAS in the National 

Airspace System. Lum and Waggoner [10] show that a key bottleneck for safe integration of 

UAS operations in the National Airspace System is the risk posed to persons on the ground in 

a metropolitan area (e.g. Seattle area). Melnyk et al. [11] provides literature reviews for each of 

the five terms in the product of this ground TPR model. Subsequently, [11] uses this 

accumulated knowledge for the assessment of prospectively calculated TPR per flight hour for 

flying various UA types over various population densities. Finally these prospectively 

calculated TPR per flight hour are compared against statistically calculated TPR per flight hour 

for manned aviation and each difference is translated into a requirement on UAS system failure 

rate, i.e. the rate of events that cause an inability to maintain coordinated flight. For UAS 

operations in an urban area the derived requirement on UAS system failure rates range from 

3.42 × 10−4 per flight hour for a mini UA (≤ 2 kg), to 2.01 × 10−8 per flight hour for a heavy 

UA (> 4550 kg).  

The potential of commercial use of small UAS for various applications has directed 

further development of TPR modelling and simulation. For small fixed-wing UAS, Rudnick-

Cohen et al. [12,13], Bertrand et al. [14] and La Cour-Harbo [15,16] develop MC simulation 

approaches to evaluate the crash location density and its effect on ground TPR. [16] also extends 

this to small helicopter UA flights. Monte Carlo simulation of crash location density of a multi-

rotor UA flight poses complementary challenges. Foster and Hartman [17] conduct large scale 

simulations of a high fidelity model of multi-rotor UA behaviour under different propulsion 

failures. Under abrupt power failure, the resulting tumbling mode descend yields a near-ballistic 

trajectory. Under a cascading power failure the multi-rotor UA enters into erratic transition 

dynamics and an out-of-control descent. In order to make UA behaviour under failure 
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conditions better predictable, Cunningham et al. [18] develops a model of controlled 

termination of an anomaly UA flight. This creates a near-vertical descent by putting the UA in 

a sustained condition of high angle of attack and high drag using pro-spin controls. Ancel et al. 

[19] adopts the latter model for ground TPR assessment of a small multi-rotor UA flight. La 

Cour-Harbo [20] models ballistic descent of small UAs. Primatesta et al. [21] uses these TPR 

models for real-time navigation of a small UA flight such that it approximately minimizes TPR 

in flying over an urban area. 

The above mentioned studies consider TPR from a UA flight perspective. However, 

there also is a need to assess TPR from a population perspective, i.e. to assess the accumulated 

TPR that is posed to a population by a UAS based operation that conducts a large number of 

flights per annum. For commercial aviation this population perspective on TPR has been well 

developed in the form of individual and societal risk [4,5,6]. The objective of this paper is to 

extend the existing TPR model for UAS flights with individual and societal risk models that 

can be assessed through conducting MC simulations. The existing and novel TPR approaches 

are subsequently compared for a hypothetical UAS-based parcel delivery service. 

This paper is organized as follows. Section 3.2 reviews existing TPR models for 

commercial aviation and for UAS operations. Section 3.3 extends these TPR models to UAS 

operations involving a large number of flights per annum over an urban area. Section 3.4 

develops a Monte Carlo simulation method for the assessment of the extended TPR models. 

Section 3.5 develops a model for UAS based parcel delivery service in the city of Delft. Section 

3.6 evaluates the TPR risks for this parcel delivery service using the model and simulation 

approach from sections 3.3 and 3.4. Section 3.7 draws conclusions and identifies follow-on 

research. 

3.2 TPR Models in Aviation Research Literature 

3.2.1 TPR models for commercial aviation 

In commercial aviation almost all fatalities concern persons onboard aircraft. This 

explains why in commercial aviation the TPR indicator of the expected number of ground 

fatalities per flight hour plays a marginal role. Instead, commonly used indicators for TPR in 

commercial aviation are defined from a ground population perspective; these are individual risk 

and for societal risk the FN curve and collective risk [4,5,6]. 

Individual risk 𝑅𝐼(𝑦) of commercial air transport is defined as: “The probability that an 

average unprotected person, who resides permanently at ground location y, would get killed or 

fatally injured due to the direct consequences of an aircraft accident during a given annum.”  

Notice that by its definition, the individual risk indicator 𝑅𝐼(𝑦) does not make any difference if 

a ground location 𝑦 is in a rural area or in the center of a city. Individual risk defines risk 

contours on a location map that are used for zonal policies regarding any current or future use 

of a given area that is exposed to non-negligible Individual risk levels.  

The mathematical characterization of Individual risk of 𝑅𝐼(𝑦) satisfies [5]: 

𝑅𝐼(𝑦) = ∑ [𝑁𝑑𝑃(𝐶|𝑑)𝑝𝑠(𝑦|𝑑) |𝐴(𝑑)| 𝑃(𝐹|𝑦 ∈ 𝐴(𝑑))]𝑑     (2.1) 
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where 𝑁𝑑 is the annual number of flights of type d, 𝑃(𝐶|𝑑) is the accident probability 

model, 𝑝𝑠(. |𝑑) is the crash location model, |𝐴(𝑑)| is the crash area size, and 𝑃(𝐹|𝑦 ∈ 𝐴(𝑑)) is 

the fatality model. Formal definitions of these five terms are given in the box below. 

To capture societal risk the FN curve 𝑅𝐹𝑁(𝑛) is defined as [22]: “The probability that a 

group of n or more third party persons will be killed or fatally injured due to the direct 

consequences of an aircraft accident during a given annum.”, i.e. for 𝑛 ≥ 1:  

𝑅𝐹𝑁(𝑛) = 1 − ∏ [1 − 𝑃{𝑛𝐹
𝑑 ≥ 𝑛}]𝑁𝑑

𝑑 ≌ ∑ [𝑁𝑑𝑃{𝑛𝐹
𝑑 ≥ 𝑛}]𝑑           (2.2) 

with 𝑛𝐹
𝑑 the number of third party fatalities due to an accident of a type d flight. Some 

literature sources, e.g. [6] refer to “more than n”, which defines 𝑅𝐹𝑁
> (𝑛) as 𝑅𝐹𝑁

> (𝑛) = 𝑅𝐹𝑁(𝑛 +
1), for 𝑛 ≥ 0.  

Safety regulation of hazardous installations in various countries typically adopts an 

𝑅𝐹𝑁(𝑛) limiting criterion of the following form, e.g. [6]: 

𝑅𝐹𝑁(𝑛) < 𝐶/𝑛𝛼         (2.3) 

where 𝛼 is the steepness of the limit line and 𝐶 a constant that determines the position 

of the limit line. A steepness 𝛼 = 1 is called risk neutral (e.g. in UK); a steepness 𝛼 = 2 is 

called risk averse (e.g. in the Netherlands). In the latter case larger accidents are weighted more 

heavily and are thus only accepted with a relatively lower probability. Within Europe there is 

an effort to develop a common approach in setting values for 𝐶 and 𝛼 [23]. 

Another societal risk indicator is Collective risk 𝑅𝐶, which is defined as 

𝑅𝐶 = 𝐸{𝑛𝐹}           (2.4) 

where 𝑛𝐹 is the number of persons on the ground in a given area Y that are killed or fatally 

injured due to the direct consequences of aircraft flight accidents during a given annum [24]. 

Collective risk 𝑅𝐶 is known to be equal to a summation over the FN-curve, e.g. [22]:  

𝑅𝐶 = ∑ 𝑅𝐹𝑁(𝑛) = ∑ 𝑅𝐹𝑁
> (𝑛)∞

𝑛=0
∞
𝑛=1 .       (2.5) 

To express the relation between Collective risk and Individual risk common practice is 

to assume that people on the ground are unprotected to a crash of a commercial aircraft. Under 

this assumption [22] shows: 

𝑅𝐶 = ∫ 𝑅𝐼(𝑦)𝜌(𝑦)𝑑𝑦
𝑌

        (2.6) 

where 𝜌(𝑦) is the population density as a function of crash center location 𝑦, and 𝑌  is the area 

that may be affected by aircraft accidents. 

Formal definitions of the terms in equations (2.1-2.2) 

𝑁𝑑 = number of flights of type d per annum flying in area Y. 

𝑃(𝐶|𝑑) = conditional probability that type d flight crashes to ground. 

𝑝𝑠(. |𝑑) = pdf of the crash location of a type d flight. 

|𝐴(𝑑)| = size of the crash impact area 𝐴(𝑑) of a type d flight. 

𝑃(𝐹|𝑦 ∈ 𝐴(𝑑)) = conditional probability that crash of a type d flight is fatal for an unprotected 

average person in crash impact area 𝐴(𝑑). 

𝑛𝐹
𝑑= number of third party fatalities due to an accident of a type d aircraft flight.  
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3.2.2 TPR models for UAS operations 

Literature on TPR models for UAS operations has focused on 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖 = 𝐸{𝑛𝐹,𝑖

𝑈𝐴𝑆}, 

where 𝑛𝐹,𝑖
𝑈𝐴𝑆 is the number of persons on the ground that are killed or fatality injured due to the 

i-th UA flight colliding to the ground, This has resulted in the following characterization [14,19]: 

𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖 = 𝐸{𝑛𝐹,𝑖

𝑈𝐴𝑆} = ∫ 𝑅𝐼
𝑖(𝑦)[1 − 𝑃(𝑆|𝑦, 𝑖)]𝜌(𝑦)𝑑𝑦

𝑌
    (2.7) 

where 𝑅𝐼
𝑖(𝑦) is the individual risk for an unprotected person at location y posed by the i-th flight, 

𝑃(𝑆|𝑦, 𝑖)  is the shelter protection model and 𝜌(𝑦)  is the population density in the area 𝑌 

considered.  

The characterization of 𝑅𝐼
𝑖(𝑦) in UAS literature satisfies [14, 16, 21]: 

𝑅𝐼
𝑖(𝑦) = ∑ [𝑃(𝑒|𝑖)𝑝𝑠(𝑦|𝑖, 𝑒) |𝐴(𝑑𝑖, 𝑒)| 𝑃(𝐹|𝑦 ∈ 𝐴(𝑑𝑖, 𝑒))]𝑒∈𝐸    (2.8) 

where 𝐸 is the set of possible crash event types, 𝑃(𝑒|𝑖) is ground crash probability, 𝑝𝑠(. |𝑖, 𝑒) is 

the crash location model, |𝐴(𝑑𝑖, 𝑒)| is the size of the crash impact area, 𝑃(𝐹|𝑦 ∈ 𝐴(𝑑𝑖, 𝑒)) is 

the unprotected fatality model.  

Formal definitions of the terms in eqs. (2.7-2.8) are given in the box below. 

3.2.3 Submodels developed in literature 

The difference between eq. (2.7) and eq. (2.6) is that (2.7) includes shelter protection 

and (2.6) not. The main difference between eq. (2.8) and eq. (2.1) is that eq. (2.1) accumulates 

over all annual flights, and (2.8) not. Another difference is that eq. (2.8) differentiates regarding 

types of flight and crash event, while (2.1) differentiates regarding type of flight only. In spite 

of the similarities there are significant differences in the approaches used for the numerical 

evaluation of the product terms in these equations. For commercial aviation the numerical 

evaluation of (2.1-2.2) is largely based on statistical modelling of accident data from the past 

[5]. Because for future UAS operations such accident data is not available, use has to be made 

of dedicated submodels.   

An event 𝑒 ∈ 𝐸 types consists of two indicators: 𝑒𝐻 for the hazard causing the UA crash 

and 𝑒𝜃 the mode of the descend path to the ground. La Cour-Harbo [16] distinguishes four 𝑒𝜃 

modes: ballistic descend, uncontrolled glide, parachute descend, and fly-away. For a quadcopter 

[17] distinguishes several complementary 𝑒𝜃  modes. The 𝑒𝐻  types include all UAS system 

Formal definitions of the terms in equations (2.7-2.8) 

𝑅𝐼
𝑖(𝑦) = probability that an unprotected average person at ground location y is killed or 

fatally injured due to ground crash by i-th flight. 

𝑃(𝑆|𝑦, 𝑖) = probability that a person at location y is sheltered against a crash of the i-th 

UA flight. 

𝜌(𝑦) = population density as a function of location 𝑦. 

𝑃(𝑒|𝑖) = probability of event type e ground crash by i-th UA flight. 

𝑝𝑠(. |𝑖, 𝑒) = pdf of crash location of i-th UA flight due to event type e.  

|𝐴(𝑑𝑖, 𝑒)| = size of event type e crash impact area of UA type 𝑑𝑖. 

𝑃(𝐹|𝑦 ∈ 𝐴(𝑑𝑖, 𝑒)) = 𝑃(𝐹|𝑦 ∈ 𝐴(𝑑𝑖, 𝑒), 𝑑𝑖 , 𝑒) = probability that a crash of a UA flight of 

type 𝑑𝑖 due to event type e is fatal for an unprotected average person in the crash impact 

area 𝐴(𝑑𝑖, 𝑒). 
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failures, i.e. events that would cause an inability to maintain coordinated flight [11]. UAS 

system failure causes may vary from human error, unexpected adverse weather, or collision 

with a bird, a building or with another UA. Weibel and Hansman [7], Lum et al. [25], 

Dalamagkidis et al. [9], Melnyk et al. [11] consider effects of system failures of UA flights over 

areas with homogeneous population density. The homogeneous population density assumption 

simplifies the assessment of equations (2.7-2.8) in the sense that there is no need to take the 

shape of crash location density 𝑝𝑠(. |𝑖, 𝑒) into account. 

Melnyk et al. [11] provides a very good review of the various submodels needed to 

evaluate equations (2.7-2.8). More recent studies have further extended the submodels for 

location density 𝑝𝑠(. |𝑖, 𝑒) and event types 𝑃(𝑒|𝑖). For the latter, Barr et al. [26] developed a 

Bayesian Belief Net, Bertrand et al. [14] developed a Fault Tree model, while Kim [27, 28] and 

La Cour-Harbo and Schioler [29] developed collision probability models between UAs and 

between a UA and low-flying General Aviation. For the evaluation of the location density 

𝑝𝑠(. |𝑖, 𝑒) in equation (2.8), probabilistic models and MC simulation methods have also been 

developed for fixed wing UA [12-15], for helicopter [30,16], and for multi-rotor UA [17,18,20]. 

3.3 Novel TPR Indicators for UAS Operation 

For a commercial UAS operation involving many flights per annum, there is need for 

novel TPR indicators from a population perspective. Based on the TPR indicators in subsection 

3.2.1, this section elaborates for UA crash to the ground: Individual risk 𝑅𝐼
𝑈𝐴𝑆(𝑦) and societal 

indicators FN-curve 𝑅𝐹𝑁
𝑈𝐴𝑆 and Collective ground risk 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑

𝑈𝐴𝑆  in subsections 3.3.1 and 3.3.2 

respectively. In subsection 3.3.3 impact velocity is incorporated. 

3.3.1 Individual risk of UAS operations 

Individual risk 𝑅𝐼
𝑈𝐴𝑆(𝑦) due to possible crashes to the ground by a UAS operation 

involving multiple flights per annum is defined as: “The probability that an average unprotected 

person, who resides permanently at ground location y, would get killed or fatally injured due to 

the direct consequences of a ground crash by a UA flight during a given annum.” 

Aalmoes et al. [31] proposed a version of equation (2.1) as the basic model for 

Individual risk 𝑅𝐼
𝑈𝐴𝑆(𝑦). To take advantage of the TPR model development in literature, it has 

an advantage to connect the above Individual risk definition to equations in subsection 2.2 and 

the developed sub-models in subsection 2.3. To make the connection N UA flights per annum 

over the area Y are assumed. Then the probability of a person at location y being missed by all 

N UA flights per annum equals the product over the miss probabilities [1 − 𝑅𝐼
𝑖(𝑦)] for the 𝑖 =

1, . , 𝑁 UA flights. Hence, Individual risk 𝑅𝐼
𝑈𝐴𝑆(𝑦) satisfies:   

𝑅𝐼
𝑈𝐴𝑆(𝑦) = 1 − ∏ [1 − 𝑅𝐼

𝑖(𝑦)]N
𝑖 =1       (3.1) 

with 𝑅𝐼
𝑖(𝑦) satisfying equation (2.8). Often 𝑅𝐼

𝑈𝐴𝑆(𝑦) ≪ 0.1, then eq. (3.1) can be approximated 

by 𝑅𝐼
𝑈𝐴𝑆(𝑦) ≅ ∑ 𝑅𝐼

𝑖(𝑦)𝑁
𝑖=1 .  

3.3.2 FN-curve and Collective ground risk of UAS operations 

For a UAS operation involving multiple flights per annum over an area Y the FN curve 

𝑅𝐹𝑁
𝑈𝐴𝑆(𝑛) is defined as the “The probability that in an area Y a group of n or more third party 

persons will be killed or fatally injured due to the direct consequences of ground crashes by 

UA flights during a given annum”, i.e. for 𝑛 ≥ 1: 
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𝑅𝐹𝑁
𝑈𝐴𝑆(𝑛) = 1 − ∏ [1 − 𝑃{𝑛𝐹

𝑖 ≥ 𝑛}]𝑁
𝑖=1 ≌ ∑ [𝑃{𝑛𝐹

𝑖 ≥ 𝑛}]𝑁
𝑖=1          (3.2) 

where 𝑛𝐹
𝑖  is the number of persons on the ground that are killed or fatally injured due to a 

ground crash of the i-th UA flight. In contrast to commercial aviation ground crashes, for almost 

all UAS ground crashes 𝑛𝐹
𝑖 ≤ 1. This implies that the FN-curve 𝑅𝐹𝑁

𝑈𝐴𝑆(𝑛) for UAS will decrease 

more steeply with increasing n than the FN-curve 𝑅𝐹𝑁(𝑛) does for commercial aviation. 

Collective ground risk 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑈𝐴𝑆  of a UAS operation involving multiple flights per 

annum over an area Y is defined as: “The expected number of persons on the ground in a given 

area Y that are killed or fatally injured due to the direct consequences of ground crashes by 

flights of the UAS operation during a given annum”. Hence for a UAS operation conducting N 

flights per annum: 

𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑈𝐴𝑆 = ∑ 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑

𝑖𝑁
𝑖=1         (3.3) 

where 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖  satisfies (2.7). Also for a UAS operation, collective ground risk equals the 

summation over the FN-curve, i.e.  

𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑈𝐴𝑆 = ∑ 𝑅𝐹𝑁

𝑈𝐴𝑆(𝑛) ∞
𝑛=1         (3.4) 

Adopting FN requirement (2.3) also on 𝑅𝐹𝑁
𝑈𝐴𝑆(𝑛) and substituting this into (3.4) yields 

the following bound on collective ground risk  

𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑈𝐴𝑆 < 𝐶 ∑

1

𝑛𝛼 = 𝐶 ζ(𝛼) ∞
𝑛=1        (3.5) 

with ζ(. ) the Riemann zeta function [32, p.807]. For 𝛼 = 2 this yields ζ(2) = 𝜋2/6. For 𝛼 =
1 this yields ζ(1) = ∞, which means that the FN-curve requirement does not imply a bound on 

UAS collective ground risk 𝑅𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑈𝐴𝑆 . Because the FN-curve for UAS operations will be steep 

in eq. (3.5) 𝛼 should always be larger than 1, hence ζ(𝛼) is bounded. 

3.3.3 Incorporating impact velocity  

The last term in eq. (2.8), i.e. 𝑃(𝐹|𝑦 ∈ 𝐴(𝑖, 𝑒)), depends on the kinetic energy ½𝑚𝑣2 

of the i-th UA flight at the moment of impact of crash type e. In evaluating this term, common 

practice is to adopt a certain impact velocity, e.g. [14,16,21]. Because the impact velocity may 

assume values from a set V, a better approach is to incorporate the impact velocity 𝑣  in 

𝑃(𝐹|𝑦 ∈ 𝐴(𝑖, 𝑒)). To do so we make use of the law of total probability: 

𝑃(𝐹|𝑦 ∈ 𝐴(𝑖, 𝑒)) = ∫ 𝑃(𝐹, 𝑣|𝑦 ∈ 𝐴(𝑖, 𝑒))𝑑𝑣
𝑉

     (3.6) 

Application of conditional probability to 𝑃(𝐹, 𝑣|𝑦 ∈ 𝐴(𝑖, 𝑒)) yields: 

𝑃(𝐹|𝑦 ∈ 𝐴(𝑖, 𝑒)) = ∫ 𝑃(𝐹|𝑣, 𝑦 ∈ 𝐴(𝑖, 𝑒))𝑝(𝑣|𝑦 ∈ 𝐴(𝑖, 𝑒))𝑑𝑣
𝑉

   (3.7) 

where 𝑝(𝑣|𝑦 ∈ 𝐴(𝑖, 𝑒)) is the conditional density of impact velocity v given 𝑦 ∈ 𝐴(𝑖, 𝑒) and 

𝑃(𝐹|𝑣, 𝑦 ∈ 𝐴(𝑖, 𝑒)) is “The conditional probability that an average person at a location in the 

crash impact area 𝐴(𝑖, 𝑒) of the i-th UA flight under event e, will be killed or fataly injured, 

given the velocity v of the UA at the moment of crash.” Rudnick-Cohen et al. [13] and Haartsen 

et al. [30] propose MC simulation to evaluate 𝑝(𝑣|𝑦 ∈ 𝐴(𝑖, 𝑒)). 

3.4 Novel TPR Indicators for UAS Operation 

This section specifies the steps to numerically evaluate the novel TPR models for 

Individual risk and Collective risk. Subsection 3.4.1 explains the Monte Carlo simulation steps. 
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Subsection 3.4.2 explains the steps for the evaluation of Individual risk. Subsection 3.4.3 

explains the follow-on steps for the evaluation of Collective ground risk, both for each 

individual flight and for the population in the area considered. 

3.4.1 Monte Carlo simulation approach 

We consider a UAS based operation conducting N flights per annum over an area Y, 

using different types of UAs. We assume the volume of airspace used by these N flights is 

separated from airspace in use by Commercial Air Transport, General Aviation and Urban Air 

Mobility operations. The objective is to estimate Individual risk 𝑅𝐼
𝑈𝐴𝑆(𝑦) for each position 𝑦 ∈

𝑌. 

A straightforward way to accomplish this is to first conduct a Monte Carlo simulation 

for the generation of N nominal flight plans, and subsequently to conduct a Monte Carlo 

simulation of K flights for each of these N nominal flight plans. This approach would lead to a 

MC simulation consisting of simulating NK flights. However, for ground TPR assessment it 

suffices to only simulate the fraction of those flights that are subject to a failure event leading 

to a ground crash. Elaboration of this approach for MC based assessment of Individual risk 

yields the following series of Steps. 

Step 0: Determine N delivery locations and UA types 

Draw N independent delivery destination locations in the area Y according to the 

population density 𝜌(𝑦). Subsequently draw for each of these N destinations a delivery payload 

according to a known probability density of these payloads. Based on the i-th payload sample, 

select for the i-th flight a suitable UA type 𝑑𝑖 from those in use by the parcel delivery service.  

Step 1: Determine nominal flight plans for each of the N delivery flights 

Determine for each of the N parcel delivery flights (outbound and inbound), a series of 

3-dimensional waypoints, the nominal states 𝑥𝑡
𝑖,𝑛𝑜𝑚, 𝑡 ∈ [0, 𝑇𝑖

𝑛𝑜𝑚], of a 4-dimensional nominal 

flight path through these waypoints, of nominal duration 𝑇𝑖
𝑛𝑜𝑚, i = 1,.., N. The components of 

the nominal state 𝑥𝑡
𝑖,𝑛𝑜𝑚

 are 3D position 𝑠𝑡
𝑖,𝑛𝑜𝑚

, 3D velocity 𝑣𝑡
𝑖,𝑛𝑜𝑚

 and mode 𝜃𝑡
𝑖,𝑛𝑜𝑚

. 

Step 2: Evaluate ground crash probability. Calculate for each of the N flights and each 

𝑒 ∈ 𝐸 the probability of crash:  

𝑃(𝑒|𝑖) = 1 − exp {− ∫ λ𝑖,𝑒(𝑡)𝑑𝑡
𝑇𝑖

𝑛𝑜𝑚

0
}      (4.1) 

with λ𝑖,𝑒(𝑡) the rate of event e to happen at moment t during the i-th flight. A relevant event 

type for which λ𝑖,𝑒(𝑡) is not constant in time is mid-air collision rate of the i-th UA flight with 

any of the other UA flights [28].  

Step 3: Simulation of UA flights that crash.  

Conduct for eac̟h of the N flights and each 𝑒 ∈ 𝐸 a Monte Carlo simulation consisting 

of 𝐾𝑖 runs that crash to the ground, i.e. for 𝑘 = 1, . . , 𝐾𝑖. The typical value for 𝐾𝑖 = ⌈𝑇𝑖
𝑛𝑜𝑚⌉. For 

each (𝑖, 𝑒) this is done in substeps 3.1-3.3: 

Substep 3.1: Draw𝐾𝑖 independent event time samples 𝑡𝑒
𝑖,𝑘

 from the density λ𝑖,𝑒(𝑡) on 

the time interval [0, 𝑇𝑖
𝑛𝑜𝑚]. 

Substep 3.2: Simulate for the i,k-th flight, for each 𝑒 ∈ 𝐸 the UA state at moment of 

failure event 𝑡𝑒
𝑖,𝑘

. The UA state components to be generated are 3D position 𝑠𝑡𝑒
𝑖,𝑘

 , 3D velocity 

𝑣𝑡𝑒
𝑖,𝑘

 and attitude ө𝑡𝑒
𝑖,𝑘

: 
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𝑠𝑡𝑒
𝑖,𝑘 = 𝑠𝑡𝑒

𝑖,𝑛𝑜𝑚 + 𝜀𝑡𝑒
𝑠          (4.2a) 

𝑣𝑡𝑒
𝑖,𝑘 = 𝑣𝑡𝑒

𝑖,𝑛𝑜𝑚 + 𝜀𝑡𝑒
𝑣          (4.2b) 

ө𝑡𝑒
𝑖,𝑘 = 𝑒𝜃          (4.2c) 

where 𝑒𝜃  is the applicable non-nominal descend mode component of e, 𝜀𝑡𝑒
𝑠  is a Gaussian 

navigation error in horizontal and vertical position with standard deviations (𝜎𝐻
𝑠 , 𝜎𝑉

𝑠), and 𝜀𝑡𝑒
𝑣  

is an independent Gaussian deviation from nominal velocity with standard deviations (𝜎𝐻
𝑣 , 𝜎𝑉

𝑣).  

Substep 3.3: For each 𝑒𝜃  that applies to the i,k-th flight, simulate the non-nominal 

descend on the time interval [𝑡𝑒
𝑖,𝑘, 𝑡𝑐,𝑒

𝑖,𝑘], i.e. from 𝑡𝑒
𝑖,𝑘

 until moment of ground crash 𝑡𝑐,𝑒
𝑖,𝑘

. This 

yields the UA state 𝑥𝑐,𝑒
𝑖,𝑘

, at moment 𝑡𝑐,𝑒
𝑖,𝑘

. The applicable differential equations to be used depend 

of the event type e and the desired model fidelity. As an example we provide the differential 

equations from [20] for a ballistic descent model of a quadcopter: 

𝑠�̇� = 𝑣𝑡          (4.3a) 

𝑣�̇� = 𝐶𝑜𝑙{0,0, 𝑔} − 𝐶𝐷𝐴𝑆𝜚𝑡‖𝑣𝑡 − 𝑤𝑡‖(𝑣𝑡 − 𝑤𝑡)/2𝑚    (4.3b) 

where 𝑔 is the gravitational constant, 𝐶𝐷 is the drag coefficient, 𝐴𝑠 the surface area, m is the 

mass of UA with payload, 𝜚𝑡  and 𝑤𝑡  are air density and wind velocity vector at moment 𝑡, 

respectively. The latter two are considered to be functions of 3-dimensional position 𝑠𝑡. Rather 

than adding the wind effect in the differential equation for the position as is done in [18], 𝑤𝑡 is 

incorporated in the drag component of the acceleration [33].  

3.4.2 Evaluation of Individual risk 

The results from the Monte Carlo simulation approach of subsection 4.1 are now used 

to estimate Individual risk in a number of steps. 

Step 4: Evaluation of the crash location model.  

Calculate for each 𝑒 ∈ 𝐸 and each 𝑖 = 1, . . , 𝑁 the estimate �̂�𝑠(𝑦𝑗|𝑖, 𝑒) of the local hit 

density 𝑝𝑠(𝑦𝑗|𝑖, 𝑒) for an arbitrary location 𝑦𝑗 in grid cell 𝐺𝑗 in area Y:  

�̂�𝑠(𝑦𝑗|𝑖, 𝑒) = �̂�(𝑗|𝑖, 𝑒)/|𝐺𝑗|        (4.4a) 

where |𝐺𝑗| is the area size of the j-th grid cell and �̂�(𝑗|𝑖, 𝑒) the estimated probability that the 

simulated crash locations 𝒔𝑐,𝑒
𝑖,𝑘

 , 𝑘 = 1, . . , 𝐾𝑖 , is in grid cell 𝐺𝑗, i.e.  

�̂�(𝑗|𝑖, 𝑒) = ∑ [1[𝑠𝑐,𝑒
𝑖,𝑘 ∈ 𝐺𝑗]] /𝐾𝑖

𝐾𝑖
𝑘=1        (4.4b) 

where 𝒔𝑐,𝑒
𝑖,𝑘

 is the simulated UA position at crash moment 𝑡𝑐,𝑒
𝑖,𝑘

, and 1 is an indicator function, i.e. 

1[𝑡𝑟𝑢𝑒] = 1, 1[𝑓𝑎𝑙𝑠𝑒] = 0.  

Step 5: Evaluation of unprotected fatality model.  

To estimate �̂�(𝐹|𝑗, 𝑖, 𝑒) of 𝑃(𝐹|𝑦 ∈ 𝐴(𝑖, 𝑒)) in eq. (3.7) we evaluate for each j, i, e for 

which �̂�(𝑗|𝑖, 𝑒) > 0: 

�̂�(𝐹|𝑗, 𝑖, 𝑒) = �̂�(𝐹, 𝑗|𝑖, 𝑒)/�̂�(𝑗|𝑖, 𝑒)       (4.5a) 

with nominator 

�̂�(𝐹, 𝑗|𝑖, 𝑒) = ∑ [1[𝑠𝑐,𝑒
𝑖,𝑘 ∈ 𝐺𝑗]𝑃(𝐹|𝑣𝑐,𝑒

𝑖,𝑘, 𝑠𝑐,𝑒
𝑖,𝑘 ∈ 𝐴(𝑖, 𝑒))]/𝐾𝑖

𝐾𝑖
𝑘=1    (4.5b) 
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Step 6: Evaluation of Individual risk per UA flight.  

To estimate �̂�𝐼
𝑖(𝑦) of 𝑅𝐼

𝑖(𝑦) in eq. (2.8) we evaluate for an arbitrary location 𝑦𝑗 in grid 

cell 𝐺𝑗 , for each i-th flight: 

�̂�𝐼
𝑖(𝑦) = ∑ [𝑃(𝑒|𝑖) �̂�𝑠(𝑦𝑗|𝑖, 𝑒) |𝐴(𝑖, 𝑒)| �̂�(𝐹|𝑗, 𝑖, 𝑒)]𝑒∈𝐸     (4.6) 

Step 7: Evaluation of Individual risk. Calculate the estimated individual risk for an 

arbitrary location 𝑦𝑗 in grid cell 𝐺𝑗 following eq. (3.1):    

�̂�𝐼
𝑈𝐴𝑆(𝑦𝑗) = 1 − ∏ [1 − �̂�𝐼

𝑖(𝑦)]N
𝑖 =1        (4.7) 

Step 8: Compare, for each j, �̂�𝐼
𝑈𝐴𝑆(𝑦𝑗) versus applicable threshold values of acceptable 

level of Individual risk for commercial aviation around an airport. The applicable threshold in 

UK and The Netherlands for Individual risk is 10−6 per annum [34,35]. If �̂�𝐼
𝑈𝐴𝑆(𝑦𝑗) is higher, 

then evaluate what this means to the UAS operation considered. 

3.4.3 Evaluation of Collective ground risk by Monte Carlo simulation 

For the evaluation of Collective ground risk, population density has to be taken into 

account as well as shelter protection using equations (2.7) and (3.3). This yields the following 

series of additional steps.  

Step 9: Assess the population map �̂�𝑗 = 𝜌(𝑦𝑗)|𝐺𝑗| for each grid cell 𝐺𝑗 . 

Step 10: Assess for each grid cell 𝐺𝑗  the probability of shelter protection against a 

ground crash of the i-th UA flight. This yields estimated shelter probability �̂�(𝑆|𝑗, 𝑖) for each 

j,i. 

Step 11: Estimate Collective ground risk per flight. Calculate �̂�𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖 , i.e. the 

estimated Collective ground risk per UA flight in area Y using eq. (2.7): 

�̂�𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖 = ∑ [�̂�𝐼

𝑖(𝑦) [1 − �̂�(𝑆|𝑗, 𝑖)] �̂�𝑗]𝑗       (4.8) 

Step 12: Estimate Collective ground risk per flight hour for each flight. Calculate, for 

each i, the collective ground risk per UA flight hour �̂�𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖 /𝑇𝑖

𝑛𝑜𝑚, and present the results 

for N flights in a histogram. 

Step 13: Verify if a part of this empirical density passes an applicable threshold level. 

For example, [3] proposed a threshold of 10−6 fatal injuries on the ground per UA flight hour. 

For the part above the threshold it has to be evaluated what this means for the UAS operation 

considered.  

Step 14: Calculate the estimated Collective ground risk using eq. (3.3): 

�̂�𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑈𝐴𝑆  =   ∑ �̂�𝐶𝑔𝑟𝑜𝑢𝑛𝑑

𝑖𝑁
𝑖=1         (4.9) 

Step 15: Compare the estimated Collective ground risk versus an applicable threshold 

level of Collective ground risk. In eq. (3.5) such a threshold has been based on requirements 

posed on an FN-curve [34,35]. If the risk is higher, then evaluate what this means to the UAS 

operation considered.  

3.5 Parcel Delivery Service by UAS 

In this section we specify a hypothetical scenario of a UAS based parcel delivery service 

in the city of Delft. In section 3.5.1 the hub location is shown together with the population and 
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service radius while in section 3.5.2 the number of UA flights, parcel weight and parcel delivery 

locations are determined. In section 3.5.3 the wind distribution used for the scenario simulation 

is addressed. The UAS specifications are discussed in section 3.5.4, and the flight profile of a 

parcel delivery UA is shown in section 3.5.5. 

3.5.1 Hub location, population and service area 

For the UAS delivery area Y the city Delft is chosen. The hub is at an industrial area 

within the city, and the service radius is 2.5 km. An overview of the hub location, service radius 

and population distribution can be seen in Figure 1. The number of people living within the 

service area is estimated to be 120,838 using census data of Delft [36]. 

3.5.2 Number of UA flights, parcel weight and delivery locations 

To estimate the number of UA flights per annum, we firstly estimate the number of 

parcel deliveries per person per year. The latter has been done by [37] for UAS based deliveries 

in Paris, France. The estimated number of deliveries per person per year is assumed to be 70% 

of the 2018 number of parcels delivered in Paris. With 12.3 million people and an estimated 

161 million eligible parcels for the year 2018, that results in about 13.1 parcels per person per 

year. Based on the census data for the Delft area, this yields N=1,582,985 UAS based deliveries 

per year within the service radius in Figure 1.  

The density of the parcel delivery locations is assumed to be the same as the population 

density within the delivery circle in Figure 1. The weight of the parcels is assumed to be 

uniformly distributed between 0.1 and 2.2 kg. 

 
Figure 1: Hub location, service radius and population density [35] 

3.5.3 Wind distribution 

For the scenario vertical wind is assumed to be zero, and horizontal wind is based on 

actual wind measurements. Hourly wind data over the years 2013-2018 is used from the wind 

measurement post of Rotterdam [38]. The empirical wind vector we is measured over an open 

area at an altitude of 10m. In order to compensate for the altitude and air stability measurement 
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conditions, [33] has conversed this to the applicable height under an air stability exponent for 

an average urban area. The resulting empirical distribution of w𝑠 at 120 m altitude is shown by 

the wind velocity distribution in Figure 2 and the wind rose in Figure 3. It is furthermore 

assumed that UA parcel delivery flights do not start when the expected wind velocity at cruise 

level is higher than ‖w𝑚𝑎𝑥‖ = 10 m s−1.  

 

Figure 2: w𝑠 velocity distribution at 120 m based on converted wind data; parcel delivery is stopped if w𝑠 is above 10 m/s. 

 

 

Figure 3: Wind rose of w𝑠 velocity based on converted wind data. 

3.5.4 Hypothetical UA specifications and UA selection 

Two types of UAs are used for the parcel deliveries: a smaller UA with a payload of up 

to 1 kg and a larger UA with a payload of up to 3 kg. For every parcel that must be delivered, 
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the smallest UA that can deliver the parcel in terms of both payload and range is selected. A 

full list of parameter values for both UAs are given in Table 1. 

Table 1: Adopted UAS parameter values 

 UASmall UALarge Units 

𝑚𝑑𝑟𝑜𝑛𝑒 2.7 6.0 Kg 

𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑  1 3 Kg 

Range 15 25 Km 

𝑣𝑐𝑟𝑢𝑖𝑠𝑒  12 20 m s−1 

𝑣𝑎𝑠𝑐𝑒𝑛𝑡  7.5 10 m s−1 

𝑣𝑑𝑒𝑠𝑐𝑒𝑛𝑡 6 8 m s−1 

𝐶𝐷 N(0.7,0.2) N(0.7,0.2)  

𝐴𝑠 0.1 0.4 m2 

Planform area 1.1 3.9 m2 

𝜎𝐻
𝑠  3.68 3.68 m 

𝜎𝑉
𝑠 7.65 7.65 m 

𝜎𝐻
𝑣 2.0 2.0 m/s 

𝜎𝑉
𝑣 2.0 2.0 m/s 

The hypothetical larger UA in the parcel delivery scenario is based on the “MicroUAS 

MD4-3000 quadcopter UA” [39] which was used as an example for a delivery in the 

METROPOLIS report [40]. The hypothetical smaller UA is based on the MD4-1000 quadcopter 

from the same company for the sake of consistency [41]. The descent velocity is set to 80% of 

the ascent velocity to prevent vortex ring state of the rotors [42]. It is assumed that the drag 

coefficient 𝐶𝐷  satisfies the probabilistic model adopted by [20] for ballistic descent of DJI 

Phantom 4. The latter has a symmetrical aerodynamic configuration that is similar to MD4-

3000 and MD4-1000. The front area 𝐴𝑠 is measured based on front images of MD4-3000 and 

of MD4-1000. Typically UA navigation is based on Global Positioning System, for which 

(𝜎𝐻
𝑠 , 𝜎𝑉

𝑠)  values have been standardized under good satelluite coverage [43]. For (𝜎𝐻
𝑣 , 𝜎𝑉

𝑣) 

values from [20] are adopted. 

3.5.5 Flight profile of a parcel delivery UA 

One delivery flight consists of outbound and inbound paths. Hence for each parcel 

delivery a nominal flight profile from the hub to the delivery location and back is determined. 

A one-way profile is depicted in Figure 4. A UA with mass 𝑚𝑈𝐴 + 𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑  starts at the 

delivery hub, where it flies straight up (hover-ascent) with velocity 𝑣𝑎𝑠𝑐𝑒𝑛𝑡  until it reaches 

altitude ℎℎ𝑜𝑣𝑒𝑟 = 50𝑚, where it transitions to a cruise-ascent, with horizontal velocity 𝑣𝑐𝑟𝑢𝑖𝑠𝑒 

an vertical velocity 𝑣𝑎𝑠𝑐𝑒𝑛𝑡. The UA continues this flight path until it reaches ℎ𝑐𝑟𝑢𝑖𝑠𝑒=120m, 

where the UA transitions to a level cruise flight with velocity 𝑣𝑐𝑟𝑢𝑖𝑠𝑒. At some distance from 

the target, the UA transitions to a cruise-descent, with horizontal velocity 𝑣𝑐𝑟𝑢𝑖𝑠𝑒 and vertical 

velocity −𝑣𝑑𝑒𝑠𝑐𝑒𝑛𝑡, until it reaches ℎℎ𝑜𝑣𝑒𝑟 again. At that point, the UA transitions into a straight 

down path (hover-descent) with velocity −𝑣𝑑𝑒𝑠𝑐𝑒𝑛𝑡. During the return path the mass is 𝑚𝑈𝐴 

and the flight profile is obtained in a similar way. Because vascent ≠ vdescent the return profile 

differs from the return profile, it rather is a mirror image. To avoid conflicts with outbound 

flights, return flights climb to a slightly higher level. 
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Figure 4: One-way flight profile for a parcel delivery UA. 

 

3.6 Monte Carlo Simulation Results 

The aim of this section is to assess and compare for the hypothetical parcel delivery 

service of section 3.5 the existing TPR indicator of Collective ground risk per flight (subsection 

3.2.2) and the two novel TPR indicators: Individual risk per annum (subsection 3.3.1) and 

Collective ground risk per annum (subsection 3.3.2). For this assessment the MC simulation 

method of Section 3.4 is used. First subsection 3.6.1 describes the adopted TPR submodels. 

Then subsection 3.6.2 presents the results for the existing TPR indicator. Subsequently 

subsection 3.6.3 and 3.6.4 present the results for the two novel TPR indicators. Subsection 3.6.5 

compares the results obtained for the three TPR indicators, and addresses effects of model 

assumptions. 

3.6.1 TPR submodels adopted in the MC simulation 

The TPR submodels that remain to be selected concerns equations (2.6-2.7). For 

operations by a mini UA over an urban area [11] derives a UAS system failure rate requirement 

of 0.342 per 1000 flight hour; the latter value we adopt, i.e. λ𝑖,𝐻 = 3.42 × 10−4  per hour, where 

the subscript H refers to all 𝑒𝐻  that would cause a crash to the ground (due to inability to 

maintain coordinated flight). Regarding the mode 𝑒𝜃 of a quadcopter descend path to the ground 

we adopt the conservative assumption that the ballistic descent model of [20,33] applies (see 

substep 3.3).  

For the probability of fatality, use is made of the Range Commanders Council [44] 

adopted Feinstein model: 

𝑃(𝐹|𝑦 ∈ 𝐴(𝑖, 𝐻), 𝑣) = 𝑍(
ln𝐸𝑖𝑚𝑝−ln𝑎

𝑏
)       (6.1) 

where Z is the cumulative standard normal distribution [9, p. 102]. 𝐸𝑖𝑚𝑝 = 𝑚|𝑣|2/2 is 

the kinetic energy of UA at moment of impact, with impact velocity vector 𝑣 and with impact 

mass 𝑚 = 𝑚𝑈𝐴 + 𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑 during outbound, or 𝑚 = 𝑚𝑈𝐴 during inbound. Hence Z defines 

an S-shaped curve that starts at probability zero for 𝐸𝑖𝑚𝑝 = 0  , reaches probability ½ for 

𝐸𝑖𝑚𝑝 = 𝑎 and asymptotically goes to probability 1 for large 𝐸𝑖𝑚𝑝. Feinstein et al. [45] have 

used impact data to assess the mid-point value 𝑎 = 101.6 Joule and standard deviation 𝑏 =
0.538 of the effect of ln𝐸𝑖𝑚𝑝.   

The size of the crash impact area |𝐴(𝑖, 𝐻)| is assumed to be equal to the size of the 

planform rectangle area of the i-th flight. The rationale for selecting this relative small crash 

impact area is that a ballistic UA descent leads to hitting a human mainly on the head, and that 

the UA weight has less effect if the head is hit off-center, e.g. by one of the rotor engines. 
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Regarding the shelter model, a fixed probability value of shelter protection is assumed. 

For the USA, [11] provides statistical value for the time spent outdoors of 7.8 % and for the 

time spent in vehicle of 5.5%. To take into account that in The Netherlands cycles and mobility 

scooters are frequently used instead of cars, for Delft we adopt a value of 10% that persons are 

unprotected outdoors, i.e. �̂�(𝑆|𝑖, 𝐻) = 0.9. 

For the MC simulation, the adopted size of grid cells |𝐺𝑗| = 25 𝑚2. The MC simulation 

took 6.1 hours on an ASUS RS700A-E9-RS4 with an AMD Epyc 7551 processor having 32 

cores and 64 threads and 256 GB of RAM.  

3.6.2 Estimated Collective ground risk per UA flight hour 

In Step 12, for each of the N flights the collective ground risk per UA flight hour 

�̂�𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖 /𝑇𝑖

𝑛𝑜𝑚 is calculated. The results are presented in the form of a histogram in Figure 5; 

this shows two increasing patterns with peaks at 3.2 × 10−7 and 1.2 × 10−6 stemming from 

flights by the small and large UA types respectively. The maximum value is 1.93 × 10−6 per 

flight hour; the mean value is 6.73 × 10−7 per flight hour. 

For Step 13, the histogram in Figure 5 to compare �̂�𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖 /𝑇𝑖

𝑛𝑜𝑚  against the 

applicable threshold value of 10−6   per UA flight hour. Although the mean value of  

�̂�𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖 /𝑇𝑖

𝑛𝑜𝑚 is clearly smaller than the threshold value of 10−6, �̂�𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖 /𝑇𝑖

𝑛𝑜𝑚 > 10−6 

for 497,401 of the 1,582,985 UA flights, i.e. 31.4%. The good news is that of these 31.4% of 

the UA flights the passing over the 10−6 threshold is rather limited, i.e. almost all less than a 

factor 1.5. In Figure 6, these flight paths of the UA flights with �̂�𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑖 /𝑇𝑖

𝑛𝑜𝑚 > 10−6 are 

projected on the population map. These paths fly across an area with relative high population 

density. 

 
Figure 5: Histogram of �̂�𝐶𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 /𝑇𝑖
𝑛𝑜𝑚; blue = large UA, red = small UA 
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Figure 6: UA Flight Paths with �̂�𝐶𝑔𝑟𝑜𝑢𝑛𝑑

𝑖 𝑇𝑖
𝑛𝑜𝑚⁄ > 10−6 

3.6.3 Estimated Collective ground risk per annum 

In Step 14, the estimated collective ground risk �̂�𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑈𝐴𝑆 = 0.063 fatalities per annum 

for the UAS-based parcel delivery service in the city of Delft. For Step 15, we adopt eq. (3.5) 

as threshold. Standing regulation in The Netherlands for airports and hazardous installations 

[34,35] sets 𝐶 = 10−3 and 𝛼 = 2 . This yields a threshold of 0.00165 fatalities per annum, 

which is 38x lower than the assessed �̂�𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑈𝐴𝑆 = 0.063 fatalities per annum.  

3.6.4 Estimated Individual Risk 

For Step 7, estimated Individual risk �̂�𝐼
𝑈𝐴𝑆(𝑗) for the considered area is shown in Figure 

7. Because each delivery flight makes a steep climb and a steep descent near the hub, a relative 

large percentage of UA flight time is near the hub, which leads to the highest value of 

�̂�𝐼
𝑈𝐴𝑆(𝑗) = 0.023 per annum at the hub location. This reflects that the ascend/descent frequency 

is orders in magnitude higher near the delivery centre than it is at other areas, including the area 

with the highest population density.  
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Figure 7: Individual risk �̂�𝐼

𝑈𝐴𝑆(𝑗) within service area, with contours for �̂�𝐼
𝑈𝐴𝑆(𝑗) =10-6, 10-5 and 10-4.  

For Step 8 in comparing individual risk �̂�𝐼
𝑈𝐴𝑆(𝑗)  to applicable threshold, Figure 7 

projects the 10−6, 10−5 and 10−4 contours on the surface plot of �̂�𝐼
𝑈𝐴𝑆(𝑗). This shows that for 

most of the area the threshold value of 10-6  per annum is passed. In Figure 8, individual risk 

contours of 10−6, 10−5 and 10−4 are projected on the population map. This shows that the area 

within the 10−5 contour includes a significant part of the population. Calculated percentages in 

size and population of the areas within the three contours in Figure 8 are given in Table 2. This 

shows that the 10−6  individual risk contour includes 81.5% of the population within the 

delivery area considered. The 10−5 individual risk contour includes 13.9% of the population. 

The 10−4 individual risk contour includes 0.004% of the population only (5 persons). 

 
Figure 8: Individual Risk Contours of �̂�𝐼

𝑈𝐴𝑆(𝑗) = 10−6, 10−5 and 10−4 projected on population map in Figure 1. 
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Table 2: Area and population within individual risk contours in Figure 9. 

Individual Risk contour % of area % of population 

�̂�𝐼
𝑈𝐴𝑆(𝑗) > 10−6 64.5% 81.5% 

�̂�𝐼
𝑈𝐴𝑆(𝑗) > 10−5 9.0% 13.9% 

�̂�𝐼
𝑈𝐴𝑆(𝑗) > 10−4 0.1% 0.004% 

 

3.6.5 Discussion of simulation results 

For a hypothetical UAS-based parcel delivery service to the population in Delft, three 

TPR models for UAS operations have been assessed, i.e. Collective ground risk per UA flight 

hour, Collective ground risk per annum, and Individual risk. In literature on TPR of UAS 

operations only the Collective ground risk per UA flight hour is assessed. Therefore we first 

discuss the simulation results obtained for this commonly used model, and subsequently address 

the results obtained for the two novel TPR models. 

If the assessed Collective ground risk per UA flight hour is averaged over all N = 

1,582,985 UA delivery flights per annum, then it is about a factor 1.5 lower than the applicable 

threshold of 10−6 per flight hour proposed for Europe [3]. However for 31.4% of the individual 

UA flights the applicable threshold is passed, by at most a factor 1.9. The passing of this 

threshold does not apply to parcel deliveries by the small UA; it only applies to about 50% of 

the parcels delivered by the larger UA. 

In contrast to the existing Collective ground risk per UA flight hour, the two novel TPR 

models pose more serious safety obstacles. For the novel TPR indicator Collective ground risk 

per annum the simulation results show a level that is a factor 38 higher than the standing 

regulation for airports and hazardous installations [34, 35].  

The simulation results for the Individual risk show for most locations, except those near 

the outer range, assessed �̂�𝐼
𝑈𝐴𝑆(𝑗)  values that go beyond the applicable threshold of 10−6 

probability of fatality per annum due to UA hit of an unprotected person [34,35]. The 

percentages where this threshold is not satisfied accounts for 64.5% of the area and 81.5% of 

the population within the considered area. In view of standing regulation in The Netherlands, if 

this threshold value of 10−6 is not satisfied for commercial air traffic around Schiphol, then the 

following zonal policies have been implemented around the airport. All housing within the 

10−5 contour have been demolished, all housing development inside the 10−6 contour has been 

banned, and a waiver has been given for the houses in between these two contours. Introducing 

a similar zonal policy to the hypothetical UAS-based parcel delivery service in Delft would 

mean that 13.9% of the population in the area has to leave their housing, and that 81.5% - 13.9% 

= 67.6% of the population a waiver is needed to remain living in their current housing. 

A factor 10 improvement in UAS system failure rate would mean that the assessed levels 

for each of the three TPR indicators go a factor 10 down. For the Individual risk �̂�𝐼
𝑈𝐴𝑆(𝑗) this 

would mean that the 10−6 contour would shrink to the location of the 10−5 contour in Figure 

8. Similarly, the 10−5 contour would shrink to the location of the 10−4 contour in Figure 8. 

Hence, only five persons would have their housing within the novel 10−5 contour. For the zonal 

policy this would mean that these 5 persons have to give up their housing and a waiver has to 

be given for 13.9% of the population to continue living in their houses within the shrinked 10−6 

contour (9.0 % of area). Even on this basis it will be difficult for Delft to welcome the parcel 

delivery service considered. In addition, the novel Collective ground risk per annum �̂�𝐶𝑔𝑟𝑜𝑢𝑛𝑑
𝑈𝐴𝑆  
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would still be a factor 3.8 higher than allowed by standing TPR regulation for airports and 

hazardous installations. 

Because the assessed TPR levels are based on models, instead of statistical data, there 

is a non-negligible level of uncertainty in these point estimates. Such uncertainties stem from 

the following model assumptions: 

- Wind does not lead to significant deviation from the nominal flight path.  

- There is no general aviation in the airspace used by the UAS flights. 

- During uncoordinated descent to the ground other UA’s are ignored. 

- All crashes to the ground are outcomes of a ballistic descent. 

- During ballistic descent there is no tumbling and no rotor wind-milling. 

- Buildings and other infrastructure do not influence accident location.  

- The Range Commanders Council adopted fatality probability model [44]. 

- The small size assumption of the crash impact area. 

- The estimated percentage of the population that is not sheltered. 

Of these model assumptions all except the latter have a similar effect on all three model 

based TPR assessments. Moreover the sheltering assumption has similar effects on the two 

Collective risk models. This means that the model assumptions do not have significant effect 

on the Monte Carlo simulation based comparison of the two novel TPR models versus the 

existing TPR model. 

 

3.7 Conclusions 

This paper has studied third party risk (TPR) that is posed by commercial use of a UAS 

operation that consists of a large number of UA flights per annum, e.g. UAS based parcel 

delivery in an urban area. Under current regulations such commercial UAS operations over an 

urban area is not allowed. However with the further development of reliable small UA these 

operations might prove to be sufficiently safe in future, as a result of which future regulations 

could allow small UA commercial operations over urban areas. From the literature review in 

Section 3.2 it has become clear that TPR literature has focussed on the risk posed to persons on 

the ground per UA flight hour. However to manage the future risk of commercial UAS 

operations over an urban area there is a need for TPR models that capture the risk posed to the 

population by a large number of UA flights per annum. For commercial aviation the latter has 

been established through the use of models for Collective ground risk and Individual risk posed 

to the persons on the ground. Similar model extensions in terms of Individual risk and 

Collective ground risk for UAS operations have been developed in Section 3.3. Subsequently, 

Section 3.4 has developed a MC simulation method to assess these TPR models. 

In section 3.5 a scenario of a UAS based parcel delivery service for the city of Delft in 

The Netherland has been developed. This includes number of parcel deliveries, parcel weights, 

types of UAs to be used, wind effects, and flight profiles for the parcel deliveries. Subsequently 

in Section 6 this parcel delivery service scenario has been assessed using the TPR models 

developed in section 3.3 and the MC simulation steps of section 3.4.  

The MC simulation results in Section 6 show that for the hypothetical UAS based parcel 

delivery service in the city of Delft the existing TPR requirement in terms of expected number 

of ground fatalities per UA flight hour will largely be satisfied. However the MC simulation 

results in Section 3.6 also show that the levels assessed for the two novel TPR models are an 
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order in magnitude higher than standing TPR requirements on airports and hazardous 

installations. 

The overall conclusion is that the two novel TPR indicators fill a gap in understanding 

third party risk from a population perspective. The novel Collective ground risk per annum 

accumulates the risk contributions by a large number of UA flights in a rural area. The added 

value of Individual risk is that it identifies population areas which are posed to relatively high 

TPR; and therefore supports zonal policies. 

The TPR evaluation of a hypothetical application to a UAS based parcel delivery service 

in the city of Delft shows that from a population perspective there is a need for substantial 

further developments in UAS operations. Recently, Petritoli et al. [47] has studied the 

development of a highly reliable UAS design; the overall reliability of this design is a factor 10 

better than the UAS system failure rate assumed in the current simulation study. However 

overall reliability of a design covers only the technical share of UAS system failures; it does 

not cover non-technical issues such as human error, unexpected adverse weather, or collision 

with a bird, a building or with another UA. Hence to realize a factor 10 improvement in UAS 

system failure rate requires much more than the design by [47] alone. An important 

development is the mitigation of remaining TPR risks by safety management systems integrated 

on-board UAs [48,49] and ground-based support [50].  

Because the assessed TPR levels are based on models, instead of statistical data, there 

is a non-negligible level of uncertainty in these point estimates. To reduce this level of 

uncertainty there is a need for further development in TPR submodels. Each of the uncertainties 

mentioned in subsection 3.6.5 are valuable candidates for follow-on research. This includes the 

development of further models for quadcopter non-ballistic descents as well as the development 

of submodels for non-technical hazards such as human error, unexpected weather change, and 

mid-air collisions. In [51] Multi-Body System (MBS) modelling and simulation is used to get 

insight in the validity of the human impact fatality model of [44]. A logical follow-up is to 

extend this MBS modelling and simulation to better understand the quantification in equation 

(2.8) of the product of the two right hand terms, i.e. size of the crash impact area multiplied by 

the human fatality probability. Another aspect that deserves further research is that TPR of UAS 

operations does not only address persons on the ground, though also persons on board of aircraft 

that are hit by a UA [8,52]. To gain a better understanding [53] has identified the extra TPR 

terms and which are covered by current regulation and which not. For the studied parcel 

delivery service in the city of Delft there is need to manage the third party risk posed by fly-

away UAS to passengers onboard aircraft to and from Rotterdam The Hague airport, e.g. [54].   
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4 
Joint Assessment of Impact Area and 

Human Fatality of Ground Crash by an 

Unmanned Aircraft System 

 

Unmanned Aircraft System (UAS) flight imposes Safety Risk on ground 

population; this is also referred to as ground Third Party Risk (TPR). A commonly 

used ground TPR indicator is the expected number of ground fatalities per UAS 

flight hour. The in literature established model involves a product of impact area 

𝐴𝑖𝑚𝑝𝑎𝑐𝑡  and probability of fatality 𝑃{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡}  for a person impacted by a 

crashing UAS. Although, in literature, various models have been developed for both 

terms, a validated model for the product 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × 𝑃{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} is still missing. A 

promising direction is to conduct dynamical simulations of 𝑃{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡}  by 

making use of Finite Element (FE) or Multi-Body System (MBS) models of collision 

between a UAS and a human body. This dynamical modelling and simulation 

approach has been well developed for crash risk analysis in automotive industry; 

including model validation against measurements from controlled impacts with 

crash dummies and post-mortem human bodies. This paper develops a method to 

use this dynamical simulation approach for the joint assessment of the product 

𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × 𝑃{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} in the ground TPR model. The key step in this development, 

is to show that in the ground TPR model, this product can be replaced by an 

integration over simulated risk values for different offsets between the UAS crash 

centre and the location of the impacted human. The subsequent step is to develop a 

method for the numerical evaluation of this enriched ground TPR model, by making 

use of a validated dynamical simulation model of a UAS impacting a human body 

under various offsets and geometries. Application of this novel approach is 

illustrated for a DJI Phantom III UAS crashing to the ground, including a 

comparison with existing models. 

This chapter has been submitted to Risk Analysis in January 2023 as “Jiang, C., Blom, H. A. P., 

Rattanagraikanakorn, B., Joint Assessment of Impact Area and Human Fatality of Ground Crash by an 

Unmanned Aircraft System”  
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4.1 Introduction 

Unmanned Aircraft System (UAS) technology has the potential 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. 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 potential customers of UAS services. Therefore, a key factor in the 

further development of safe commercial UAS services are validated models of ground TPR 

posed by UAS flights.  

A commonly adopted indicator for ground TPR is E{𝑛𝐹}, i.e. the expected number of 

ground fatalities per UAS flight hour. In literature, e.g. [RCC, 2001; Weibel and Hansman, 

2004; Melnyk et al. ,2014], the common model for this indicator reads as:  

E{𝑛𝐹} = 𝜆𝑠𝑦𝑠𝑡𝑒𝑚 × 𝜌𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 × (1 − 𝑃𝑠ℎ𝑒𝑙𝑡𝑒𝑟) × 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 ×  P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡}  (1.1) 

where 𝜆𝑠𝑦𝑠𝑡𝑒𝑚  is the failure rate of the UAS system, 𝜌𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛  is the population 

density of the overflown area, 𝑃𝑠ℎ𝑒𝑙𝑡𝑒𝑟 is the probability that a person on the ground is sheltered 

to the crashing UAS, 𝐴𝑖𝑚𝑝𝑎𝑐𝑡  is the size of the area on the ground that is impacted by the 

crashing UAS, and P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} is the probability of Fatality (F) for a person on the ground 

that is impacted by a crashing UAS. The product of the first four terms yield the expected 

number of impacted persons on the ground per UAS flight hour. The last term P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} is 

a measure for the consequences of a UAS impacting a person on the ground. Ground TPR eq. 

(1.1) has been extended for UAS flights over areas with non-homogeneous 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, i.e. on E{𝑛𝐹} [ICAO, 2011; FAA, 2016; JARUS, 2017; EASA, 2021; EC, 

2021]. Equation (1.1) shows that a commercial UAS service has three complementary 

directions in adhering to an upper bound on E{𝑛𝐹}. The first direction is to reduce UAS system 

failure rate 𝜆𝑠𝑦𝑠𝑡𝑒𝑚 by improving the system design of the own UAS [Clothier et al., 2018; 

Petrioli et al., 2018] as well as the interaction with other UAS or other low flying object [Kim, 

2019; la Cour-Harbo and Schioler, 2019]. The second direction is to reduce the effect of 

𝜌𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 × (1 − 𝑃𝑠ℎ𝑒𝑙𝑡𝑒𝑟) by applying risk-aware UAS path planning and emergence landing 

strategies [Ippolito, 2019; Ancel et al., 2019; Primatesta et al., 2020; Hu et al., 2020, Oh et al., 

2020; He et al., 2022]. The third direction is to reduce the effect of 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} by 

improving physical UAS design in shape and material. In contrast to the former two directions, 

the physical UAS design direction has not yet received much attention; its further development 

asks for validated models to quantify effects of physical UAS design on 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 ×

P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡}. 

The ground TPR model for commercial aviation also involves the product 

𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} [Ale and Piers, 2000]. In contrast to UAS operations, in commercial 

aviation sufficient accident data are available to quantify both terms. Unfortunately, accident 

data for different UAS types is too scarce to allow a similar statistical quantification. Hence, 

for ground TPR of UAS, non-statistical parametric models have been developed in literature. 
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Overviews [Melnyk et al., 2014; Washington et al., 2017] have shown that there is a significant 

diversity in the parametric models for𝐴𝑖𝑚𝑝𝑎𝑐𝑡 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 

centre 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 [Koh et al., 2018; Arterburn et al, 2019; 

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 [THUMS, 

2015, 2018; MADYMO, 2017a,b]. For UAS impact on human body, validation of this 

dynamical simulation approach is accomplished by showing that detailed simulated results 

correspond with dynamical impact measurements under laboratory controlled UAS collisions 

with human dummies [Arterburn et al, 2017; Campolettano et al., 2017; Koh et al., 2018; 

Arterburn et al., 2019] and with human cadavers [Stark et al., 2019].  

The objective of this paper is to further improve the situation by developing a method 

for using this dynamical simulation approach for the joint assessment of the product 

𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} rather than P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} alone. A key step in this development is to 

show that ground TPR eq. (1.1) can be enriched through replacing the product 

𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} by an integration over dynamically simulated risk values for various 

offsets between UAS crash centre and human location. The subsequent step is to capture this 

in a numerical evaluation process that makes use of a validated dynamical simulation model of 

a UAS impacting a human body.  

The paper is organized as follows. Section 4.2 provides a literature overview of models 

for 𝐴𝑖𝑚𝑝𝑎𝑐𝑡  and for P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡}, including an illustration of the large variety in resulting 

values for a UAS of 1.21 kg crashing to the ground. Section 4.3 develops the enrichment of eq. 

(1.1), and subsequently shows how this enriched model can be numerically evaluated by using 

dynamical simulations of a UAS collision with a human body. Section 4.4 evaluates the 

enriched model through the evaluation of a validated dynamical simulation model of the 1.21kg 

UAS, and compares the obtained results with existing models of section 4.2. Section 4.5 draws 

conclusions. 

4.2 Existing Models for 𝑨𝒊𝒎𝒑𝒂𝒄𝒕 and P{𝑭|𝒊𝒎𝒑𝒂𝒄𝒕} 

Subsections 4.2.1 and 4.2.2 outline parametric models for 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 and P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} 

respectively. Subsection 4.2.3 outlines dynamical simulation model for P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} . In 

subsection 4.2.4, these models are used to quantify and compare the product 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 ×

P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} for the scenario of a vertical drop of a DJI Phantom III on the head of a standing 

human. 
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4.2.1 Parametric models for𝑨𝒊𝒎𝒑𝒂𝒄𝒕 

From the overviews by [Melnyk et al., 2014; Washington et al., 2017] , there are three 

main types of parametric models for impact area 𝐴𝑖𝑚𝑝𝑎𝑐𝑡: Planform area, Gliding area model, 

and Aircraft mass based model. The Gliding area model [RCC, 2001] satisfies: 

𝐴𝑖𝑚𝑝𝑎𝑐𝑡 = (𝑊𝑖𝑑𝑡ℎ𝑈𝐴𝑆 + 2𝑅𝑃) × (𝐿𝑒𝑛𝑔𝑡ℎ𝑈𝐴𝑆 +
𝐻𝑃

tan(𝜓)
+ 2𝑅𝑃)   (2.1) 

with 𝑅𝑃 and 𝐻𝑃the diameter and height of person, and 𝜓 the UAS descend angle. The 

planform area model [Weibel and Hansman, 2004] adopts (2.1) with values 𝑅𝑃 = 𝐻𝑃 = 0.  

The aircraft mass based model satisfies [Ale and Piers, 2000]: 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 = 𝑐𝐹𝑖𝑡 × 𝑚𝑀𝑇𝑂𝑊, 

with 𝑚𝑀𝑇𝑂𝑊the Maximum Take-Off Weight in kg, and the statistically fitted coefficient value 

𝑐𝐹𝑖𝑡 = 0.2 m2/kg. 

4.2.2 Parametric models for 𝐏{𝑭|𝒊𝒎𝒑𝒂𝒄𝒕} 

From the overviews by [Melnyk et al., 2014; Washington et al., 2017], there are two 

main types of 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]: 

P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} = 𝑍(
ln 𝐸𝑖𝑚𝑝−ln 𝑎

𝑏
)        (2.2) 

where 𝑍 is the cumulative standard normal distribution [Dalamagkidis et al., 2011]. 

𝐸𝑖𝑚𝑝 is the impact energy. Hence Z defines an S-shaped curve that starts at probability zero for 

𝐸𝑖𝑚𝑝 = 0, reaches probability 1/2 for 𝐸𝑖𝑚𝑝 = 𝑎 and asymptotically goes to probability 1 for 

large 𝐸𝑖𝑚𝑝. The parameter values for 𝑎 and 𝑏 for a standard male human for different body 

parts as shown in Table 1. 

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 

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 𝐿𝐵𝐶 satisfies: 
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𝐿𝐵𝐶 = ln
𝐸𝑖𝑚𝑝

𝑚𝑏
1/3𝑙𝑏𝐷𝑖𝑚𝑝

         (2.3) 

where 𝐸𝑖𝑚𝑝 is the impact energy, 𝑚𝑏 is the mass of the impacted body part, 𝑙𝑏 is the 

thickness (in cm) of body wall of the impacted body part, 𝐷𝑖𝑚𝑝 is the diameter (in cm) of the 

impacting object, e.g. an impacting UAS. For thorax and abdomen, 𝑙𝑏 depends on the body part 

mass: 

𝑙𝑏 = 𝑚𝑏
1/3

𝑐𝑏           (2.4)  

where 𝑐𝑏  is the thickness parameter of the body part considered. Table 2 gives the 

parameter values adopted for BC impacts of head [CASA, 2013], and of thorax and abdomen 

[Sturdivan et al., 2004]. 

Table 2. BC model values for impact on standard male  

Parameter Head Thorax Abdomen Source 

Mass ratio of body part 8% 21% 21% [Sturdivan et al., 2004] 

𝑐𝑏 n.a. 0.711 0.711 [Sturdivan et al., 2004] 

𝑙𝑏 (cm) 1.3 n.a. n.a. [CASA, 2013] 

Values for P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡}  are obtained by applying two successive mappings. First, 

injury level 𝐿𝐵𝐶 is converted to AIS level 𝐿𝐴𝐼𝑆 [Bir & Viano, 2004] using: 

𝐿𝐴𝐼𝑆 = 1.33 ⋅ 𝐿𝐵𝐶 + 0.6       (2.5) 

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]. 

4.2.3 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 human 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. Examples of 

well-developed and validated simulation platforms are: [THUMS, 2015, 2018] and 

[MADYMO, 2017a, b]. The former makes use of Finite Element (FE) models of human body 

or crash dummy involved in a car collision, while the latter makes use of Multi-Body System 

(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 considers the consequences of head 

movements on neck forces and moments [Klinich et al., 1996; Parr et al., 2012]. VC takes into 

account that injury to soft tissue injury is compression and rate dependent [Lau and 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 
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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 models have been validated against acceleration measurements 

of drop tests on a head of a human dummy. [Weng et al., 2021] developed and integrated an FE 

model of DJI Phantom 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 1, this MBS model consists of multiple body 

part masses that are connected via restraint joints, with ellipsoid surface to realistically represent 

external surfaces.  

 

Figure 1. MBS model of the DJI Phantom III UAS. Source: [Rattanagraikanakorn et al., 2020a]  

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] also a comparison is 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 differences 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 estimation 

bias, in the sequel MBS dynamical simulation based HIC values are increased by 11%. 

Subsequently, the corresponding 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 (Viscous Criterion) injury level [Lau & Viano, 1986] is obtained during 

MBS dynamical simulation. The VC level is then converted 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, 2006]. 

 

 



     64 
 

4.2.4 Comparison for a DJI Phantom III UAS 

In this subsection we evaluate the existing models for 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 and P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} and 

their products 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 final equilibrium descend speed is 18 m/s [Arterburn et al., 

2019, Annex A].  

Table 3 presents the calculated values for 3 models of 𝐴𝑖𝑚𝑝𝑎𝑐𝑡  and 3 models of 

P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} and their 3x3 products. For impact area 𝐴𝑖𝑚𝑝𝑎𝑐𝑡  , the evaluated models are: 

planform area [Weibel and Hansman, 2004], the extrapolation of the MTOW based area [Ale 

and Piers, 2000], and the gliding area at descend angle of 60 degree [Clothier et al., 2007]. 

These 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 values are shown in the left column of Table 3.  

For P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡}, the evaluated models 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 followed, i.e. the DJI Phantom III makes a vertical drop in 

an upside-down attitude, on the centre of a head of a standing 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.   

Table 3. Results of existing models for 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 ×  P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} of a DJI Phantom III UAS. The Dynamical Simulation result 

is obtained for a vertical drop on the centre of human head, with UAS in upside-down attitude to avoid energy absorption by 

the camera gimbal. 

                                      P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} 

              𝐴𝑖𝑚𝑝𝑎𝑐𝑡  (m2) 

BC Dyn. Sim. RCC 

0.188 0.706 1.0 

Planform area 0.063 0.012 0.044 0.063 

Extrapolated MTOW based area 0.242 0.045 0.171 0.242 

Gliding area (descend angle of 60 degree) 0.984 0.186 0.696 0.984 

The 9 estimated values for 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 ×  P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} in Table 3, range from 0.012𝑚2  

to 0.984𝑚2, which is more than a factor 80. This factor is due to a factor 15.6 in estimated 

𝐴𝑖𝑚𝑝𝑎𝑐𝑡 values, and a complementary factor 5.3 in the estimated P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} values. Of all 

results in Table 3, only the Dynamical Simulation based P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} value is from a validated 

model. This means that validation is lacking for each of the 9 estimated values for the product 

𝐴𝑖𝑚𝑝𝑎𝑐𝑡 ×  P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡}. 

This DJI Phantom III example reveals that the range of estimated values for 

𝐴𝑖𝑚𝑝𝑎𝑐𝑡 ×  P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} from existing models may vary two orders in magnitude. Moreover, 

the true value may even fall outside this large range. This clearly illustrates the need of an 

improved method for quantifying the product 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 ×  P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} in ground TPR posed 

by a small UAS.  

4.3 Enriched Ground TPR Model 

This section starts by showing that in ground TPR eq. (1.1), the product 

𝐴𝑖𝑚𝑝𝑎𝑐𝑡 ×  P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} can be replaced by an integration of fatality probability values over 

different locations of the centre of a UAS relative to the human location. Subsequently, the 

effects of human face direction and drone state at impact are taken into account, and a numerical 
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integration procedure is presented for the evaluation of the enriched model using a dynamical 

simulation model.    

4.3.1 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, i.e.: 

P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} = ∑ [P{𝐹|hit on body part 𝐵} ×
Area of body part 𝐵

Area of human body
]𝐵    (3.1) 

In case of a UAS crashing from the air to the ground, the impact location of UAS can 

be at any horizontal offset ∆ relative to the location of a human. To capture this falling UAS 

situation, the summation over body parts in eq. (3.1) is replaced by an integration over all 

horizontal offsets ∆ in the set {𝐴𝑖𝑚𝑝𝑎𝑐𝑡}, i.e.: 

P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} = ∫ P{𝐹|Δ}
1

𝐴𝑖𝑚𝑝𝑎𝑐𝑡
𝑑Δ

{𝐴𝑖𝑚𝑝𝑎𝑐𝑡}
     (3.2) 

where P{𝐹|𝛥} is the conditional probability of fatality given horizontal offset ∆. 

Taking into account that P{𝐹|Δ} = 0 for all Δ ∉ {𝐴𝑖𝑚𝑝𝑎𝑐𝑡}, eq. (3.2) implies: 

P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} = ∫ P{𝐹|Δ}
1

𝐴𝑖𝑚𝑝𝑎𝑐𝑡
𝑑Δ

ℝ2       (3.3) 

Multiplying both sides in eq. (3.3) by 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 yields: 

𝐴𝑖𝑚𝑝𝑎𝑐𝑡 ×  P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} = ∫ P{𝐹|Δ}𝑑Δ
ℝ2        (3.4) 

Equation (3.4) captures the influence of possible offsets between human location and 

the centre of UAS crash. Hence, eq.(3.4) forms the mathematical characterization for estimating 

the product 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 ×  P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} by an integration over P{𝐹|𝛥} estimates for all possible ∆ 

offset values. The idea is to obtain these P{𝐹|𝛥} estimates by conducting dynamical simulations 

of a validated FE or MBS model of a UAS that falls at horizontal offset ∆ from human location.  

Finally, substitution (3.4) in eq. (1.1) yields the enriched ground TPR model: 

 𝔼{𝑛𝐹} = 𝜆𝑆𝑦𝑠𝑡𝑒𝑚 × 𝜌𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 × (1 − 𝑃𝑆ℎ𝑒𝑙𝑡𝑒𝑟) × ∫ P{𝐹|𝛥}𝑑𝛥
ℝ2    (3.5) 

4.3.2 Incorporating face direction and drone state at impact 

MBS simulation studies [Rattanagraikanakorn et al., 2020a, 2022] show that human 

fatality depends on the face direction 𝜑 of the impacted human relative to the impact course of 

the UAS, on the 2-dimensional UAS velocity 𝑣 (speed |𝑣|and descend angle 𝜓) and on the 3-

dimensional UAS attitude 𝜃  (pitch 𝜃𝑝𝑖𝑡𝑐ℎ , roll 𝜃𝑟𝑜𝑙𝑙  and yaw 𝜃𝑦𝑎𝑤 ). These parameters are 

shown in Figure 2. 
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Figure 2. Top view of a standing human with face direction 𝜑 and a falling UAS, that passes human head at horizontal offset 

Δ relative to centre of human head. Δ is decomposed into components Δ∥  and Δ¬ , that are parallel and perpendicular to 

horizontal UAS velocity 𝜈𝐻.  

From the law of total probability we can incorporating UA impact velocity 𝑣 , UA 

attitude 𝜃, and human face direction 𝜑 in P{𝐹|Δ}, as follows: 

P{𝐹|Δ} = ∫ P{𝐹|Δ, 𝑣, 𝜃, 𝜑}
ℝ+×[0,𝜋/2]×𝛩×[0,2𝜋]

𝑝𝑣,𝜃(𝑣, 𝜃)𝑝𝜑(𝜑)𝑑𝑣𝑑𝜃𝑑𝜑  (3.6) 

where 𝛩  the set of possible attitude values, P{𝐹|Δ, 𝑣, 𝜃, 𝜑}is the conditional probability of 

Fatality given (Δ, 𝑣, 𝜃, 𝜑),  𝑝𝑣,𝜃(𝑣, 𝜃)  is the probability density of (𝑣, 𝜃) , and 𝑝𝜑(𝜑)  is the 

probability density of face direction 𝜑.  

Interchanging the sequence of integration in (3.5) and (3.6), i.e. start with integration 

over Δ, yields: 

E{𝑛𝐹} = 𝜆𝑆𝑦𝑠𝑡𝑒𝑚 × 𝜌𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 × (1 − 𝑃𝑆ℎ𝑒𝑙𝑡𝑒𝑟) × �̄�    (3.7) 

with: 

�̄� = ∫ 𝑄(𝑣, 𝜃, 𝜑)
ℝ+×[0,𝜋/2]×𝛩×[0,2𝜋]

𝑝𝑣,𝜃(𝑣, 𝜃)𝑝𝜑(𝜑)𝑑𝑣𝑑𝜃𝑑𝜑   (3.8) 

𝑄(𝑣, 𝜃, 𝜑) = ∫ P{𝐹|Δ, 𝑣, 𝜃, 𝜑}𝑑Δ
𝑅2        (3.9) 

4.3.3 Numerical integration of the enriched ground tpr model 

Eqs.(3.8-3.9) consider the full range of possible ways a human on the ground can be hit 

by a UAS. 𝑄(𝑣, 𝜃, 𝜑)  is an integration of impact offset Δ -dependent human fatality 

P{𝐹|Δ, 𝑣, 𝜃, 𝜑} over all possible offsets Δ between UAS crash centre and the centre of human 

head. �̄� is the averaged 𝑄(𝑣, 𝜃, 𝜑) for possible variations in face direction 𝜑 , UAS velocity 𝑣, 

and UAS attitude 𝜃.   

By using a grid for offset Δ, eq. (3.9) is evaluated as: 

𝑄(𝑣, 𝜃, 𝜑) = ∑ [P{𝐹|Δ𝜄, 𝑣, 𝜃, 𝜑} |𝐺𝜄
Δ|]𝜄       (3.10) 

with |𝐺𝜄
Δ| the size of the 2-dimensional Δ-grid. 
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Similarly, by using the grids for 𝑣, attitude 𝜃 and face direction 𝜑, eq. (3.8) is evaluated 

as: 

�̄� = ∑ ∑ ∑ [𝑄(𝑣𝑗 , 𝜃𝑘, 𝜑ℓ)𝑝𝑣,𝜃(𝑣𝑗 , 𝜃𝑘)𝑝𝜑(𝜑) |𝐺𝑗
𝑣||𝐺𝑘

𝜃||𝐺ℓ

𝜑
|]ℓ𝑘𝑗    (3.11) 

with |𝐺𝑗
𝑣||𝐺𝑘

𝜃||𝐺ℓ

𝜑
| the product of the adopted grid sizes. For the numerical integration over UA 

velocity v , we use a 2D grid for UAS speed |𝑣| and UAS descend angle 𝜓.   

A relevant alternative for the numerical integration of eq. (3.8) is to use Monte Carlo 

simulation: 

�̄� ≃
1

𝑁𝑀𝐶
∑ 𝑄(𝑣𝑖 , 𝜃𝑖, 𝜑𝑖)

𝑁𝑀𝐶
𝑖=1         (3.12) 

where (𝑣𝑖, 𝜃𝑖)  and 𝜑𝑖  , 𝑖 = 1, . . , 𝑁𝑀𝐶 ,  are independent random samples from the densities 

𝑝𝑣,𝜃(𝑣𝑗 , 𝜃𝑘), and 𝑝𝜑(𝜑). For the generation of random samples from 𝑝𝑣,𝜃(𝑣𝑗 , 𝜃𝑘), use can be 

made of dynamical   simulations of descending UAS under relevant event conditions [Foster 

and Hartman, 2017; Arterburn et al., 2019, Annex B]. The shape of 𝑝𝜑(𝜑) for human face 

direction depends on the situation.  If persons on the ground are not aware of the falling UAS, 

then face direction will have a uniform distribution, i.e. 𝑝𝜑(𝜑) =
1

2𝜋
. If persons on the ground 

are watching the falling UAS, then face direction will be zero degree. For other situations, the 

quantification of 𝑝𝜑(𝜑) may require additional assessments, e.g. in case persons on the ground 

tend to turn their head upon being alerted by the noise of a falling UAS.  

Accurate evaluation of eq. (3.12), typically asks for a very large number 𝑁𝑀𝐶 of MC 

runs. The same level of accuracy can be reached by making use of appropriate variance 

reduction technique, such as Latin Hypercube Sampling, e.g. [Helton and Davis, 2003].  

4.4 Evaluation of Enriched Model through Dynamical Simulation 

This section numerically evaluates the enriched model of section 4.3 for a DJI Phantom 

III impacting a standing 50th percentile male human body, and compares this to the results for 

the 9 existing model combinations in section 4.2 (Table 3). For the numerical evaluation use is 

made of the validated MBS dynamical simulation model of [Rattanagraikanakorn et al., 2020a,b] 

for a DJI Phantom III UAS.  

4.4.1 Scenario A: vertical descend  

MBS simulations are conducted with offsets Δ∥and Δ¬ varying over the Δ-grid, for face 

direction 𝜑 = 0∘, for scenario A, of a pure vertical drop, i.e. descend angle 𝜓 = 90∘. Similar to 

section 2, the UA impact speed of DJI Phantom III is set at final equilibrium speed of |𝑣| =
18 𝑚/𝑠. Simulation results of ℙ{𝐹|Δ, 𝑣, 𝜃, 𝜑} for varying offsets Δ∥ and Δ¬ are shown in Table 

4, for pitch 𝜃𝑝𝑖𝑡𝑐ℎ = 180∘, yaw 𝜃𝑦𝑎𝑤 = 0∘, roll 𝜃𝑟𝑜𝑙𝑙 = 0∘, and face direction 𝜑 = 0∘. Offset 

grid step is 0.02𝑚 ; due to face direction 𝜑 = 0∘  results are symmetrical for positive and 

negative cross offset Δ¬values. Figure 3 shows, for scenario A, impact at the center of gravity 

of the human head, i.e. Δ = (0,0). 
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For scenario A, the head is always firstly contacted by the drone. In case of an initial hit 

of human head, a drone may 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|Δ, 𝑣, 𝜃, 𝜑} 

is at the center of the head. For off-centred combinations where 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 tumbling of the drone. Integration of the P{𝐹|Δ, 𝑣, 𝜃, 𝜑} values in Table 4 

yields 𝑄(𝑣, 𝜃, 𝜑) = 0.012𝑚2. 

 
Figure 3. Scenario A impact at center of gravity of human head, i.e. Δ = (0,0) 

Table 4. Case A, P{𝐹|𝛥, 𝑣, 𝜃, 𝜑} (%) as a function of cross offset Δ¬ and along offset Δ∥. Pitch 𝜃𝑝𝑖𝑡𝑐ℎ = 180∘, yaw 𝜃𝑦𝑎𝑤 = 0∘, 

roll 𝜃𝑟𝑜𝑙𝑙 = 0∘, and face direction 𝜑 = 0∘. Red line shows the boundary outside which the UAS does not touch human body. 

Integration yields 𝑄(𝑣, 𝜃, 𝜑) = 0.012𝑚2. 
   Cross offset Δ¬ (m) 

  0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 

A
lo

n
g

 o
ff

se
t 

∆
∥
 (

m
) 

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 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 15.54 17.68 12.05 1.91 1.13 0.82 0.00 0.00 0.00 0.00 0.00   
0.10 25.71 24.54 21.13 10.20 1.24 1.15 0.46 0.00 0.00 0.00 0.00   

0.08 41.39 34.92 28.41 18.04 8.03 1.14 1.04 0.00 0.00 0.00    

0.06 59.34 47.66 37.75 23.39 16.23 2.83 0.97 0.00      
0.04 68.18 58.65 49.78 30.98 23.41 10.92 1.15 0.00      
0.02 90.10 75.84 67.40 48.36 38.83 34.68 5.12 0.00      
0.00 70.60 57.65 50.90 35.71 23.30 10.32 1.13 0.00      

-0.02 51.04 37.58 31.96 21.38 15.42 4.00 0.96 0.00 0.00     

-0.04 40.44 29.73 25.03 18.56 10.61 1.23 0.96 0.00 0.00 0.00    

-0.06 26.01 22.25 20.28 13.42 2.15 1.14 0.86 0.00 0.00 0.00 0.00   
-0.08 17.96 17.48 16.99 5.23 1.12 1.09 0.17 0.00 0.00 0.00 0.00   
-0.10 8.56 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 0.00 0.00 0.00 0.00 0.00   

-0.16    0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

-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                         

4.4.2 Scenario B: non-vertical descend 

The following non-vertical scenario B is considered: Descend angle 𝜓 = 60∘ , pitch 

𝜃𝑝𝑖𝑡𝑐ℎ = 180∘, yaw 𝜃𝑦𝑎𝑤 = 0∘, roll 𝜃𝑟𝑜𝑙𝑙 = 0∘, final equilibrium speed of |𝑣| = 18 𝑚/𝑠. MBS 
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simulations are conducted with offsets 𝛥∥ and Δ¬ varying over the Δ-grid, for face direction  

𝜑 = 0∘. Simulation results of P{𝐹|Δ, 𝑣, 𝜃, 𝜑} for varying offsets Δ∥and Δ¬ are shown in Table 

5. Figure 4 shows, for scenario B, impact at the center of gravity of human head, i.e. Δ = (0,0). 

 

Table 5. Scenario B, P{𝐹|Δ, 𝑣, 𝜃, 𝜑} (%) as a function of cross offset Δ¬ and along offset Δ∥. Outside the red line, the UAS does not 

touch human body. Offset combinations that lead to second hit (on thorax or abdomen) are marked by a black border. Integration yields 

𝑄(𝑣, 𝜃, 𝜑) = 0.010𝑚2. 
   Cross offset Δ¬ (m)    

  0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30 0.32 

A
lo

n
g

 o
ff

se
t 

 ∆
∥
 (

m
) 

 

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 0.00 0.00 0.00 0.00 0.00 0.00 0.00        

0.16   0.00 0.18 0.13 0.44 0.00 0.00 0.00 0.00 0.00 0.00        

0.14 0.97 1.23 1.45 1.12 0.85 0.75 0.00 0.00 0.00 0.00 0.00        

0.12 1.43 2.14 3.79 3.14 1.15 0.95 0.60 0.00 0.00 0.00 0.00        

0.10 4.41 5.11 6.63 6.72 3.50 1.11 0.86 0.20 0.00 0.00 0.00        

0.08 10.39 10.04 10.51 9.51 8.59 1.82 0.95 0.65 0.00 0.00 0.00        

0.06 13.72 15.35 16.41 12.35 10.20 6.60 1.10 0.36 0.00 0.00 0.00        

0.04 24.63 25.03 26.18 21.29 15.77 11.19 1.26 0.08 0.00 0.24 0.00        

0.02 25.26 26.02 27.31 22.72 14.81 6.18 2.43 0.00 0.00 0.00 0.00        

0.00 35.53 32.99 32.61 28.21 16.48 2.21 0.49 0.00 0.00 0.00          

-0.02 38.67 37.49 37.15 29.70 10.50 1.19 1.12 0.00 0.00 0.00         

-0.04 46.61 39.00 37.50 22.69 2.17 1.70 0.69 0.00 0.00 0.00         

-0.06 51.06 40.06 33.86 10.49 1.79 1.28 0.18 0.00 0.00 0.00 0.00        

-0.08 50.20 37.72 24.81 2.51 1.92 0.96 0.00 0.01 0.48 0.23 0.00        

-0.10 49.81 35.86 12.64 1.31 1.63 0.41 0.00 0.68 0.55 0.27 0.00        

-0.12 47.11 31.47 3.71 1.24 1.17 0.00 0.57 0.68 0.47 0.20 0.00        

-0.14 26.25 18.72 1.44 1.21 0.67 0.00 0.73 0.59 0.36 0.10 0.00        

-0.16 3.50 4.20 1.09 1.03 0.05 0.07 0.66 0.47 0.23 0.00 0.00        

-0.18 1.26 2.98 1.15 0.55 0.00 0.19 0.54 0.33 0.09 0.00 0.00        

-0.20 2.33 1.20 0.66 0.05 0.00 0.10 0.38 0.16 0.00 0.00 0.00        

-0.22 1.05 1.25 0.64 0.80 0.00 0.00 0.16 0.00 0.00 0.00 0.00        

-0.24 0.73 1.79 0.00 0.00 0.00 0.00 1.63 0.16 0.00 0.00 0.00        

-0.26 0.69 0.71 0.00 0.00 0.00 0.00 0.00 1.55 1.14 1.39               

-0.28 0.65 0.61 1.35 2.35 1.83 1.65 1.28 0.78 0.76 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

-0.30 0.63 0.61 0.98 0.00 0.00 2.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

-0.32 0.63 0.60 0.74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

-0.34 0.70 0.62 0.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

-0.36 0.74 0.92 1.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

-0.38 0.96 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

-0.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

-0.42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

-0.44 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

-0.46 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

-0.48 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

-0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

-0.52 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

-0.54 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

-0.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

-0.58 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

-0.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00     

-0.62 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00      

-0.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00     

-0.66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00       

-0.68     0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00      

-0.70                                   
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Scenario B simulations include first and second hits of thorax or abdomen. Most hits are 

first hits; offset combinations where second hit happens on thorax/abdomen are marked by thick 

borders in Table 5. This shows that second hits happen at a few offset combinations only, and 

their contributions to P{𝐹|Δ, 𝑣, 𝜃, 𝜑} are very small relative to the first hit contributions. 

 
Figure 4. Scenario B impact at center of gravity of human head, i.e. Δ = (0,0) 

Due to hits on thorax and abdomen in scenario B, P{𝐹|Δ, 𝑣, 𝜃, 𝜑}  contributions to 

𝑄(𝑣, 𝜃, 𝜑) come from a much larger area than for Scenario A (Table 4). Another difference is 

that the P{𝐹|Δ, 𝑣, 𝜃, 𝜑}  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 degrees the drone starts to tumble instead of the bouncing back that happens 

under a descent angle of 90 degrees. Start of tumbling after first contact leads to less energy 

transfer to the head than bouncing back. Integration of the P{𝐹|Δ, 𝑣, 𝜃, 𝜑}  values through eq. 

(3.10) yields 𝑄(𝑣, 𝜃, 𝜑) = 0.010𝑚2for scenario B, which is slightly lower compared to the 

𝑄(𝑣, 𝜃, 𝜑) = 0.012𝑚2  for scenario A. This means that for scenario B, the additional risk 

contributions from hits on thorax and abdomen, do not compensate the significant smaller 

P{𝐹|Δ, 𝑣, 𝜃, 𝜑} contributions to 𝑄(𝑣, 𝜃, 𝜑) from hits around the centre of the head.  

4.4.3 Varying UAS attitude 

Figure 5 presents 𝑄(𝑣, 𝜃, 𝜑) as a function of varying pitch, for four descend angles, i.e. 

𝜓 = 60°, 70∘, 80∘, 90°,  with the other parameters the same as in scenarios A and B. The 

𝑄(𝑣, 𝜃, 𝜑) values vary from 0.013m2 to 0.001m2; with highest values for 𝜃𝑝𝑖𝑡𝑐ℎ = 150∘ and 

180∘ and lowest values for 𝜃𝑝𝑖𝑡𝑐ℎ = 0∘ and 330∘. At pitches halfway, i.e. at 𝜃𝑝𝑖𝑡𝑐ℎ = 90∘ or 

𝜃𝑝𝑖𝑡𝑐ℎ = 270∘, the 𝑄(𝑣, 𝜃, 𝜑) values also are halfway. Figure 5 shows that variation in descend 

angle 𝜓 yields a significantly lower variation in 𝑄(𝑣, 𝜃, 𝜑) than the variation in pitch does. Due 

to the symmetrical shape of DJI Phantom III, the effect of varying roll on 𝑄(𝑣, 𝜃, 𝜑) is similar 

to the effect of varying pitch.  

For a better understanding of the much lower 𝑄(𝑣, 𝜃, 𝜑) value when UAS pitch is zero, 

Table 6 shows the map of P{𝐹|Δ, 𝑣, 𝜃, 𝜑} for pitch 𝜃𝑝𝑖𝑡𝑐ℎ = 0∘ in vertical descend scenario A.  

Figure 6 illustrates both a centered and an off-centred impact situation in Table 6. 

Comparison of results in Table 6 with those in Table 4, shows that for areas where Δ is close to 

0, P{𝐹|Δ, 𝑣, 𝜃, 𝜑} values are significantly lower under 𝜃𝑝𝑖𝑡𝑐ℎ = 0∘  than under 𝜃𝑝𝑖𝑡𝑐ℎ = 180∘ . 

The physical explanation is that for centred hit at pitch 𝜃𝑝𝑖𝑡𝑐ℎ = 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 significant part of the impact energy. Such absorption of energy is avoided 

when the drone is flipped upside down. The peak values for P{𝐹|Δ, 𝑣, 𝜃, 𝜑} appear to be in an 

off-center area; i.e. where the drone firstly contacts head with its main body and therefore 

transfers more impact energy directly to the head (e.g. in Figure 6.b). For other offset 
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combinations, either camera or drone arm contacts head first, which reduces impact energy to 

be absorbed by human head. 

 
Figure 5. 𝑄(𝑣, 𝜃, 𝜑) as a function of pitch for four descend angles at face direction 𝜑 = 0∘, |𝑣| = 18𝑚/𝑠, zero roll and yaw 

 

Table 6. Scenario A for pitch 𝜃𝑝𝑖𝑡𝑐ℎ = 0∘; P{𝐹|𝛥, 𝑣, 𝜃, 𝜑} (%) as a function of cross offset Δ¬ and along offset Δ∥. Red line 

shows the boundary outside which the UAS does not touch human body. Integration yields 𝑄(𝑣, 𝜃, 𝜑) = 0.001𝑚2 

   Cross offset Δ¬ (m)    

  0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 

 
 A

lo
n

g
 o

ff
se

t 
 ∆

∥
 (

m
) 

 

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 0.00 0.00 0.00   

0.16 0.69 0.66 0.88 0.70 0.06 0.00 0.00 0.00 0.00 0.00 0.00   

0.14 1.02 1.00 0.98 1.15 0.80 0.50 0.00 0.00 0.00 0.00 0.00   

0.12 1.37 1.31 1.14 1.14 1.18 0.78 0.06 0.00 0.00 0.00 0.00   

0.10 0.99 1.02 1.14 1.23 1.83 1.04 0.53 0.00 0.00 0.00 0.00   

0.08 0.86 0.96 1.03 1.11 3.55 1.20 0.69 0.00 0.00 0.00 0.00   

0.06 0.82 0.87 0.92 0.71 1.34 1.95 0.98 0.00 0.00 0.00     

0.04 0.95 0.95 0.99 0.81 0.69 9.63 1.08 0.00      

0.02 1.00 1.01 1.02 0.92 0.43 16.24 1.56        

0.00 1.03 1.01 1.04 1.01 0.74 7.92 1.10 0.00       

-0.02 1.02 0.98 1.04 1.00 0.70 3.78 1.04 0.00 0.00      

-0.04 1.00 0.94 1.02 1.00 0.69 1.63 0.90 0.00 0.00 0.00     

-0.06 0.99 0.96 1.02 0.99 0.00 1.24 0.74 0.00 0.00 0.00 0.00   

-0.08 0.95 0.95 0.99 0.88 0.97 0.97 0.56 0.00 0.00 0.00 0.00   

-0.10 0.86 0.86 0.84 0.26 1.14 0.86 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 0.00 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                         
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a. Centre impact, Δ = (0,0)    b. Off-centre:Δ¬ = 0.1𝑚, Δ∥ = 0 

Figure 6. Examples of impacts for scenario A with pitch θ𝑝𝑖𝑡𝑐ℎ = 0∘ 

Figure 7.a-b show the relative contributions to 𝑄(𝑣, 𝜃, 𝜑) of first and second hits on 

thorax/abdomen for 𝜓 = 60∘ and 𝜓 = 70∘ respectively. For descend angle 𝜓 = 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. 

   
           a. descend angle ψ = 60∘   b. descend angle ψ = 70∘ 

Figure 7. Relative contribution of first and second hit on thorax and abdomen  

Due to the symmetrical shape of DJI Phantom III, the effect of varying roll on 𝑄(𝑣, 𝜃, 𝜑) 

is similar to the effect of varying pitch. Figure 8 shows examples of two specific combinations 

of roll and pitch during centered hits of human head, under vertical descend: a) Pitch 90pitch = o

and roll 𝜃𝑟𝑜𝑙𝑙 = 0∘ ; b) Pitch 𝜃𝑝𝑖𝑡𝑐ℎ = 90∘  and roll 𝜃𝑟𝑜𝑙𝑙 = 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, i.e. P{𝐹|Δ, 𝑣, 𝜃, 𝜑} = 23.5%  in Figure 8.b versus P{𝐹|Δ, 𝑣, 𝜃, 𝜑} = 92.9%  in 

Figure 9.a. 

      
a. 𝜃𝑟𝑜𝑙𝑙 = 0∘, resulted P{𝐹|𝛥, 𝑣, 𝜃, 𝜑} = 92.9%    b. 𝜃𝑟𝑜𝑙𝑙 = 90∘, resulted P{𝐹|𝛥, 𝑣, 𝜃, 𝜑} = 23.5% 

Figure 8. Examples of energy absorption by UAS arms for combinations of pitch and roll of UAS at descent angle ψ = 90∘ 

(scenario A), pitch 𝜃𝑝𝑖𝑡𝑐ℎ = 90∘ and no offset, i.e. Δ = (0,0) 
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4.4.4 Varying face direction 

Figure 9 presents the simulation results of 𝑄(𝑣, 𝜃, 𝜑) as a function of face direction, for 

the four descend angles, and for 𝜃𝑝𝑖𝑡𝑐ℎ = 150∘, i.e. the pitch value that yields the highest risk 

under non-vertical descends. 

 
Figure 9. 𝑄(𝑣, 𝜃, 𝜑) as a function of face direction and descent angle at 𝜃𝑝𝑖𝑡𝑐ℎ = 150∘, |𝑣| = 18𝑚/𝑠 

The results in Figure 9 show that 𝑄(𝑣, 𝜃, 𝜑) is symmetrical for face direction [0, 180] 

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

variation in 𝑄(𝑣, 𝜃, 𝜑). 

Remark: Whereas the MBS dynamical simulation model of [Rattanagraikanakorn et al., 

2020a,b, 2022] can handle head 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(𝑣, 𝜃, 𝜑) from hits on thorax and abdomen are for all face directions the same 

as for face direction 0 = o . 

4.4.5 Results for �̄� and comparison versus existing models 

Now we illustrate the evaluation of �̄� using the grid version (3.11) of eq. (3.8). For this, 

we assume that 𝑝𝜑(𝜑)  is uniform on face direction grid points 

{0∘, 45∘, 90∘, 135∘, 180∘, 225∘, 270∘, 315∘}, and 𝑝𝑣,𝜃(𝑣𝑗 , 𝜃𝑘) is uniform on pitch grid points 

{0∘, 30∘, 60∘, 90∘, 120∘, 150∘, 180∘, 210∘, 240∘, 270∘, 300∘, 330∘},  and has concentrated 

probability mass at speed |𝑣| = 18𝑚/𝑠, at descend angle 𝜓 = 60∘ or 𝜓 = 90∘, zero roll and 

zero yaw. Then, the obtained values for 𝑄(𝑣, 𝜃, 𝜑) can be integrated using eq. (3.11) to a value 

for �̄� ; this yields �̄� = 0.0047𝑚2  for 𝜓 = 90∘  and �̄� = 0.0062𝑚2  for 𝜓 = 60∘ . Table 7 

collects these �̄� values together with the assessed 𝑄(𝑣, 𝜃, 𝜑) values for scenarios A and B. 

Table 7. Values obtained for 𝑄(𝑣, 𝜃, 𝜑) and �̄� under descend angles of ψ = 90∘ and ψ = 60∘.  

The 𝑄(𝑣, 𝜃, 𝜑) values have been obtained for scenarios A and B (Tables 4 and 5) 

Descend angle 𝑄(𝑣, 𝜃, 𝜑) (m2) �̄� (m2) 

𝜓 = 90∘ 0.012 0.0047 

𝜓 = 60∘ 0.010 0.0062 

Comparison of these 𝑄(𝑣, 𝜃, 𝜑) values to the 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} values, obtained 

in Table 3 for the 3x3 combinations of existing models show:  
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• For Scenario A, the 𝑄(𝑣, 𝜃, 𝜑) = 0.012𝑚2 obtained by dynamical simulation of a validated 

MBS model is equal to the lowest value obtained for 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡}. This is for 

the existing model combination of planform area and BC model.  The explanation is that 

P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} for a central hit is much higher than it is for most non-zero offset values. It is 

pure coincidence that the BC model underestimates the central hit probability so much that, 

in combination with Planform area, this yields a correct value. 

• For Scenario B, the 𝑄(𝑣, 𝜃, 𝜑) = 0.010𝑚2obtained is lower than all 9 values (0.012𝑚2 to 

0.984𝑚2) obtained for 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} in Table 3. This is in sharp contrast to the 

existing models, where a decrease in descend angle is expected to significantly increase 

𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡}. By comparing the results in Table 4 and Table 5, one can see that 

for Scenario B there is significant lower central head impact values P{𝐹|Δ, 𝑣, 𝜃, 𝜑} than for 

Scenario A. This decrease in central peak values is not compensated by the significant larger 

impact area for Scenario B than for Scenario A. 

• The weighted �̄� values are about 2 times lower compared to the 𝑄(𝑣, 𝜃, 𝜑) = 0.012𝑚2 and 

𝑄(𝑣, 𝜃, 𝜑) = 0.010𝑚2obtained for scenarios A and B. This factor 2 reduction is largely due 

to energy absorption by the camera gimbal in case the camera hits human head first. 

4.4.6 Discussion of results 

With the results obtained for the enriched ground TPR model of section 4.3 through 

dynamical simulations of a validated MBS model, two key shortcomings of the existing ground 

TPR models are resolved. Firstly, the developed approach does no longer need a separate model 

for the crash impact area. Secondly, the developed approach takes into account that off-centre 

fatality probabilities P{𝐹|Δ, 𝑣, 𝜃, 𝜑}  may have quite different values than the central 

P{𝐹|Δ, 𝑣, 𝜃, 𝜑}. Thirdly, the results for the DJI Phantom III UAS shows that the existing models 

overestimate the product 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} up to two orders in magnitude. The best 

estimate from existing models appears to be provided by the combination of the Planform area 

model for 𝐴𝑖𝑚𝑝𝑎𝑐𝑡, and the BC model for P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} The finding also is that this similarity 

is rather coincidental. A complementary finding is that, in contrast to existing model 

expectation, the risk does not always increase if the UAS descent angle 𝜓 decreases. 

Also in contrast to existing models, the proposed approach is able to take the effect of 

UAS attitude and human face direction into account. The simulation results for the DJI Phantom 

III show that the effect of face direction   appears to be relatively low, i.e. less than a factor 1.3 

between highest and lowest 𝑄(𝑣, 𝜃, 𝜑) values. The simulation results also show that UAS 

attitude has the largest effect on the 𝑄(𝑣, 𝜃, 𝜑) values. Of these, the effect of varying drone 

pitch 𝜃𝑝𝑖𝑡𝑐ℎ is by far the largest. The physical explanation is that under zero pitch and near-

centre hits, the camera gimbal has a strong damping effect on the contribution to 𝑄(𝑣, 𝜃, 𝜑). 

Also, when the camera gimbal is not involved in the impact, e.g. pitch 90o - 270o, the variation 

remains significant. This illustrates well that material and shape design of a UAS may have 

significant impact on the rate and the amount of energy that is transferred to the human body 

during impact. 

 

4.5 Conclusions 

The existing model of ground TPR posed by UAS flight to persons on the ground asks 

for a quantification of the product 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡}. Recently, for the estimation of 
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P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} , dynamical simulation models of small UAS types have been developed, 

validated and integrated with validated dynamical simulation models of human bodies for 

estimating injury risk in a car crash.   

Section 4.2 showed, for a well studied UAS of 1.21 kg, that despite such validated 

dynamical simulation model, the existing models for the product 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} 

provide a large range of possible values, though also leaves the question unanswered which of 

these values is correct. 

In section 4.3, an enriched ground TPR model for UAS has been developed that replaces 

the product 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡}by an integration of values for over possible horizontal 

offsets between the centre of UAS crash location and centre of human head. This integration 

approach supports a joint assessment of the two terms, and also has been extended to 

incorporate effects of human face directions and UAS attitudes and velocities. 

In section 4.4, the enriched ground TPR model is evaluated using a validated MBS 

dynamical simulation model of a DJI Phantom III UAS. Subsections 4.4.1 and 4.4.2 showed 

how P{𝐹|Δ, 𝑣, 𝜃, 𝜑} depends on the offset Δ between the UAS centre relative to the centre of 

the human head, for vertical and non-vertical descends. Subsections 4.4.3 and 4.4.4 showed the 

influences of attitude of the descending drone and of human face direction on these results. 

Subsection 4.4.5 compared the results obtained for the proposed approach to those from the 

existing 9 model combinations of section 4.2. This showed that the true risk value for a DJI 

Phantom III falls outside the range of risk values from these 9 existing models. Subsection 4.4.6 

explained the main findings based on the simulation results. Firstly, the proposed approach 

resolves three key shortcomings of the existing ground TPR models. Secondly, it resolves the 

need of a separate model for the crash impact area. Thirdly, it resolves the large range of 

uncertainty that the existing models define for the product 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡}. Fourthly, 

the proposed approach is able to take the effect of possible offsets between UAS crash centre 

and human location into account, as well as possible variation in UAS attitude and human face 

direction.  

For the DJI Phantom III, the effect of face direction   appears to be relatively low, i.e. 

less than a factor 1.3 between highest and lowest 𝑄(𝑣, 𝜃, 𝜑) values. The effect of varying drone 

pitch 𝜃𝑝𝑖𝑡𝑐ℎ on 𝑄(𝑣, 𝜃, 𝜑) values is much larger. The physical explanation is that under zero 

pitch and near-centre hits, the camera gimbal has a strong damping effect on the contribution 

to 𝑄(𝑣, 𝜃, 𝜑). Also, when the camera gimbal is not involved in the impact, e.g. pitch 90o - 270o, 

the variation remains significant. The latter finding illustrates well that material and shape 

design of a UAS may have significant impact on the rate and the amount of energy that is 

transferred to the human body during impact.  

The dynamical simulation model used in section 4.4 is a validated MBS model of the 

UAS considered integrated in the MADYMO platform. It also is possible to use a validated 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 

and Davis, 2003].   

So far, common practice is to consider UAS collision with a 50-percentile male human. 

However, higher injury levels are expected for UAS collision with woman and children. 

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 
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validated MBS or FE model of the UAS considered has been integrated in the corresponding 

platform.   
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5 
Effect of Parachute and Airbag in 

Reducing Safety Risk Posed by Small 

UAS to People on the Ground 

 

 

 

To reduce the safety risk posed by small UAS posed to overflown persons 

on the ground, one of the mitigating measures is to equip the UAS with an airbag 

in combination with a parachute, both of which function in case of an uncontrolled 

descent. The in literature developed methods for the evaluation of this safety risk 

apply only if a UAS is equipped with a parachute alone. This paper develops a 

method to assess the safety risk for persons on the ground posed by a UAS that is 

both equipped with an airbag and a parachute. The developed method conducts 

complementary dynamical simulations for the UAS descent to the ground, and the 

effect of the UAS impacting a human on the ground. For the human impact 

simulation, use is made of Multi Body System (MBS) simulations for the UAS and 

the human; in combination with Finite Element (FE) model of the airbag. This 

method is applied for a specific parcel delivery UAS, of 15 kg weigh, for cases with 

and without airbag. The latter results are also compared to results obtained using 

the existing methods. 

 

 

 

 

 

 

This chapter has been submitted to Transportation Research Interdisciplinary Perspectives in August 

2023 as “Jiang, C., Blom, H. A. P., Rattanagraikanakorn, B., Effect of Parachute and Airbag in Reducing 

Safety Risk Posed by Small UAS to People on the Ground”  
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5.1 Introduction 

The use of Unmanned Aircraft System (UAS) [ICAO, 2011] is of high interest for 

services like medical aid, surveillance, parcel delivery and air taxi. As has been identified in 

[EASA, 2021], the advantages of commercial UAS-based services may come with negative 

issues for overflown population. One of the main negative issues identified is the ground Third 

Party Risk (TPR), i.e. the safety risk posed by UAS flights to people and property on the ground 

[Clothier et al., 2018]. The development of these commercial UAS-based services encounters 

a yet unresolved gap: many potential customers live in urban and metropolitan areas where 

these issues play a key role. In line with this, standing safety regulations typically consider UAS 

not (yet) safe enough to be allowed to fly to potential customers in urban areas [FAA, 2016; 

JARUS, 2017; Oh et al., 2020]. To abridge this safety gap further UAS developments are 

ongoing, such as designing more reliable UAS, e.g. [Petrioli et al., 2018], and the use of risk 

mitigating measures like equipping a UAS with a parachute [DJI, 2022; Flyfire, 2022; Antwork, 

2022] and airbag [Cawthorne, 2016; Disney, 2016; DJI, 2019], or both [Manta Air, 2023]. Other 

developments are risk-aware path planning, e.g. [Ancel et al. 2019; Ipolito, 2019; Primatesta et 

al., 2020;], as well as introduction of an Urban Air Mobility (UAM) framework, e.g. [EASA, 

2021; EC, 2021].  

An important complementary role in these UAS developments is to assess their effects 

in terms of ground TPR. The requirement posed by acceptable ground TPR on the reliability of 

a UAS has been studied by [Melnyk et al., 2014; Blom et al., 2021]. The effect of UAS weight 

has been studied by [Koh etal., 2018]. The effect of risk-aware path planning on ground TPR 

has been studied by [Pang et al., 2022; He et al., 2022]. The effect of parachute descend on 

ground TPR has been studied by [la Cour-Harbo, 2019; Bertrand et al., 2017]. The objective of 

the current study is to evaluate the ground TPR effect of the combined use of parachute and 

airbag. 

In the above mentioned studies, ground TPR per UAS flight hour is quantified as a 

product of the following five terms: i) Failure rate of the overall UAS system; ii) Population 

density on the ground; iii) Probability that a person on the ground is not sheltered; iv) UAS 

crash impact area around an unsheltered person on the ground; and v) Probability of fatality if 

an unsheltered person is hit by a crashing UAS. The above mentioned ground TPR studies 

implicitly assume that the terms iv) and v) are independent. Recently, [Jiang et al., 2023] 

developed a method to assess the product of terms iv) and v) in a way that takes their 

dependence into account. The key step was to prove that the product of terms iv) and v) can be 

replaced by a systematic assessment and integration of probability of human fatality over all 

possible offsets between centre locations of human and crashing UAS. Jiang et al. [2023] has 

also shown that this assessment can be accomplished by conducting simulations of a dynamical 

model of a collision between a UAS and a human body. This type of dynamical simulation has 

been well developed for assessing human injury levels in case of a car crash, using Finite 

Element (FE) models [THUMS, 2018] or Multi Body System (MBS) models [MADYMO, 

2023]. In support of this dynamical modelling and simulation approach for UAS collision with 

human body, FE models have been developed by [Koh et al., 2018; Weng et al. 2021]; and 

MBS models by [Rattanagraikanakorn, 2021].  

In [Jiang et al., 2023] this novel ground TPR assessment method has also been applied 

to a UAS of 1.5 kg without parachute and airbag, using the MBS model of [Rattanagraikanakorn 

et al., 2020]. The objective of the current research is to address the relevant changes in applying 

this dynamical simulation approach to a parcel delivery UAS that is equipped with a parachute 

and airbag. The first relevant change is that the weight of a parcel delivery drone typically is an 

order in magnitude higher than the 1.5 kg UAS. Secondly, the parachute reduces the impact 
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velocity of the UAS on the human body. Thirdly, the dynamical simulation model for a collision 

between UAS and human body has to be extended with a dynamical model for the influence of 

the airbag.  

The effect of these changes is demonstrated through conducting a ground TPR 

assessment for a 15 kg delivery UAS, that is equipped with parachute and airbag. By making a 

comparison with ground TPR for the same UAS without airbag, it is shown that a combination 

of parachute and airbag may provide effective risk mitigation for use of a 15 kg delivery UAS.  

The paper is organized as follows. Section 5.2 provides the background of ground TPR 

model and the enrichment by [Jiang et al., 2023]. Section 5.3 shows the development of the 

dynamical simulation model for the airbag equipped parcel delivery UAS. Section 5.4 evaluates 

fatality risk conducting simulations with this dynamical model for a delivery UAS of 15 kg for 

different cases with/without airbag and/or parachute, and compares the results with fatality risks 

evaluated using in literatures developed models. Section 5.5 draws conclusions. 

5.2 Background of Ground TPR Assessment 

This section provides an overview of the background in ground TPR assessment, with 

focus on the product of the terms iv) and v). Subsection 5.2.1 starts with the widely accepted 

ground TPR equation which covers the five terms mentioned in the Introduction, and its use by 

Bertrand et al. (2017) and la Cour-Harbo (2019) for a parcel deliver drone of 15 kg. Subsections 

5.2.2 and 5.2.3 explain the dynamical simulation approach to numerically assess the product of 

terms iv) and v).  

5.2.1 Ground TPR model 

The widely accepted risk indicator for TPR posed by a UAS flight to people on the 

ground is the expected number of fatalities E{𝑛𝐹} per UAS flight hour. The common model for 

the assessment of this TPR indicator satisfies [RCC, 2001; Weibel and Hansman, 2004; Melnyk 

et al., 2014]: 

 E{𝑛𝐹} = 𝜆𝑠𝑦𝑠𝑡𝑒𝑚 × 𝜌𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 × (1 − 𝑃𝑠ℎ𝑒𝑙𝑡𝑒𝑟) × 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} (2.1) 

where 𝜆𝑠𝑦𝑠𝑡𝑒𝑚  is the failure rate of the UAS system; 𝜌𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛  is the population 

density of the overflown area; 𝑃𝑠ℎ𝑒𝑙𝑡𝑒𝑟 is the probability that a person on the ground is sheltered 

to the crashing UAS; 𝐴𝑖𝑚𝑝𝑎𝑐𝑡  is the size of the area on the ground that is impacted by the 

crashing UAS; and P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} is the probability of fatality in case the UAS impacts a human 

in the impact area. 

Common practice, e.g. [Melnyk et al., 2014; Primatesta et al., 2020], is to assume that 

the terms 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 and P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} are independent. However as shown by [Jiang et al., 2023], 

taking this dependency into account may have significant impact on the ground TPR assessment. 

The next subsection explains the novel approach by [Jiang et al., 2023] in assessing the product 

𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡}.  

5.2.2 Dynamical simulation based evaluation of 𝑨𝒊𝒎𝒑𝒂𝒄𝒕 × 𝐏{𝑭|𝒊𝒎𝒑𝒂𝒄𝒕} 

[Jiang et al., 2023] developed a method to assess the product 𝑄 ≜ 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 ×

 P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} in (2.1), through conducting simulations of an MBS model of a UAS that collides 

with human body model. The key step in this development is to prove that the product in (2.1) 

satisfies the following equality: 
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𝑄 ≜ 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 ×  P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} = ∫ ℙ{𝐹|Δ}𝑑Δ
ℝ2       (2.2) 

where P{𝐹|Δ}  is the conditional probability of fatality given horizontal offset   

between the centre of the UAS impact location relative to the location of an impacted human.  

The derivation of eq. (2.2) by [Jiang et al., 2023] worked as follows. 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, i.e.: 

P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} = ∑ [P{𝐹|hit on body part 𝐵} ×
Area of body part 𝐵

Area of human body
]𝐵    (2.3) 

In case of a UAS crashing from the air to the ground, the impact location of UAS can 

be at any horizontal offset Δ relative to the location of a human. To capture this falling UAS 

situation, the summation over body parts in eq. (2.3) is replaced by an integration over all 

horizontal offsets Δ in the set {𝐴𝑖𝑚𝑝𝑎𝑐𝑡}, i.e.: 

P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} = ∫ P{𝐹|Δ}
1

𝐴𝑖𝑚𝑝𝑎𝑐𝑡
𝑑Δ

{𝐴𝑖𝑚𝑝𝑎𝑐𝑡}
     (2.4) 

where P{𝐹|Δ} is the conditional probability of fatality given horizontal offset Δ. 

Taking into account that P{𝐹|Δ} = 0 for all Δ ∉ {𝐴𝑖𝑚𝑝𝑎𝑐𝑡}, eq. (2.4) implies: 

P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} = ∫ P{𝐹|Δ}
1

𝐴𝑖𝑚𝑝𝑎𝑐𝑡
𝑑Δ

ℝ2       (2.5) 

Multiplying both sides in eq. (2.5) by 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 yields eq. (2.2). 

Equation (2.2) implies the following numerical evaluation of the product 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 ×

P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} . Firstly, quantify P{𝐹|Δ}  through conduct dynamical simulations for all 

horizontal offsets Δ. Subsequently, the solution 𝑄 ≜ 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} of eq. (2.2) can 

be numerically evaluated by an integration of the assessed P{𝐹|Δ}values over all horizontal 

offsets Δ. 

5.2.3 Dynamical simulation phases 

Dynamical simulation of a crashing UAS involves two subsequent simulation parts. The 

first part is the dynamical simulation of the descent until reaching the top of the human body in 

Figure 1. The second part is the dynamical simulation of a collision of the UAS with the human 

body, and transforming this into implied injury levels. The aim of the first part is to assess the 

UAS speed and angle of descent at the end of the descent to the ground. The aim of the second 

part is to assess 𝑄 ≜ 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} given the UAS impact speed and angle of descent. 

Methods for the dynamical simulation of the first part range from detailed simulation of UAS 

dynamical behavior including UAS rotation, e.g. [Foster and Hartman, 2017], to ballistic kind 

of UAS descent simulation, e.g. [la Cour-Harbo, 2020].  Dynamical simulation of a collision 

between a UAS and a human body is in need of a well-developed Finite Element (FE) model 

or a well-developed Multi Body System (MBS) model of the specific UAS, the human body 

type, and their contact behavior. The latter simulated contact events have to be mapped to 

relevant injury levels and to probability of fatality. 
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Figure 1. Top view of a standing human with face direction 𝜑 and a UAS at position Δ relative to human when it passes a 

horizontal plane on top of human head. Offset Δ is decomposed into components Δ∥ and Δ¬, that are parallel and perpendicular 

to horizontal UAS velocity 𝑣𝐻. 

Dynamical simulation of collisions with human, and capturing this in injury levels is a 

well-developed topic in automotive research; with emphasis on consequences for human 

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. Examples of well-developed and validated simulation platforms are: 

[THUMS, 2015, 2018] and [MADYMO, 2017a,b]. The former makes use of Finite Element 

(FE) models of human body or crash dummy involved in a car collision, while the latter makes 

use of Multi-Body System (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 

considers the consequences of head movements on neck forces and moments [Klinich et al., 

1996; Parr et al., 2012]. VC takes into account that injury to soft tissue injury is compression 

and rate dependent [Lau and 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 probability 

of fatality. 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 models have been validated against acceleration measurements of drop 

tests on a head of a human dummy. [Weng et al., 2021] developed and integrated an FE model 

of DJI Phantom 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, 2020] 

developed an MBS model of DJI Phantom III, and has validated this model against head 

acceleration measurements of drop tests on a crash dummy [Arterburn et al., 2017] and those 

measured during hittings of human cadavers [Stark et al., 2019]. In [Rattanagraikanakorn et al., 

2022] a comparison is 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 differences both in HIC values and Nij values. Most significant is the finding that 

for this scenario, Nij effect on human injury level is negligible relative to HIC effect. For the 

mapping of HIC values to corresponding probability of fatality values, use is made of the 

conversion curve by [Touger et al., 1995] of HIC value to percentage of life-threatening injury. 
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For thorax and abdomen the VC (Viscous Criterion) injury level [Lau & Viano, 1986] is 

obtained during MBS dynamical simulation. The VC level is then converted 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 probability of fatality [Gennarelli & Wodzin, 2006]. 

In Jiang et al. (2023) this dynamical simulation model of DJI Phantom III collision with 

human body, has been used for the assessment of  𝑄 ≜ 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡}  The next 

section explains how this dynamical modelling approach is extended for a specific parcel 

delivery UAS that is equipped with a parachute and an airbag.  

5.3 Dynamical Simulation Modelling  

5.3.1 Descent modelling 

The specific parcel delivery UAS studied is the RA3 [Antwork, 2020], which UAS is 

able to carry a parachute system for emergency descent. The parachute system consists of a 

parachute, parachute box, canopy and gas trigger that are embedded on top of the mainframe 

[Antwork, 2020]. As shown in Figure 2, four ropes connect four corners of the expanded 

parachute to four corners of the parachute carrying box part of the RA3 UAS. Distance between 

nearby parachute corners is 1.65m. During descent, the parachute decelerates the descending 

velocity and helps the UAS to keep an upright attitude to land with its bottom touching the 

ground. For the impact modelling, it is assumed that a deployed parachute reduces the impact 

velocity, though does not play a further role during human impact.  

 
Figure 2. RA3 UAS with parachute deployed. 

For the modelling of descent to the ground by a failing UAS, there are analytical models 

[la Cour-Harbo, 2020], and dynamical simulation models, including ballistic descent models 

with and without parachute [la Cour-Harbo, 2019] and high fidelity models [Forster and 

Hartman, 2017; Sun and Visser, 2019]. In this paper, the following ballistic descent model is 

adopted:  

�̇�𝑡 = 𝑣𝑡           (3.1) 

�̇�𝑡 = 𝐶𝑜𝑙[0,0, 𝑔] −
1

2
(𝐴𝑆

𝑑𝐶𝐷
𝑑 + 𝐴𝑆

𝑝𝐶𝐷
𝑝)‖𝑣𝑡 − 𝑤𝑡‖(𝑣𝑡 − 𝑤𝑡)𝜌/𝑚    (3.2) 

where 𝑠𝑡 is the UAS 3D position at moment 𝑡, 𝑣𝑡 and 𝑤𝑡 are the UAS 3D ground velocity and 

3D wind velocity at moment 𝑡, 𝑔 is gravitational constant, 𝐶𝐷
𝑑 and 𝐶𝐷

𝑝
 are the drag coefficient 
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of drone and parachute respectively, 𝐴𝑆
𝑑 and 𝐴𝑆

𝑝
 are the reference surface areas of the drone and 

parachute respectively, 𝜌 is air density, 𝑚 is mass of the system. 𝐴𝑆
𝑝 = 0 if the parachute is not 

deployed. 

Two types of descents are considered: descent of RA3 UAS with parachute, and descent 

of RA3 without parachute, i.e. 𝐴𝑆
𝑝 = 0. The RA3 relevant parameter values for eq. (3.2) are 

shown in Table 1. Drag coefficient 𝐶𝐷
𝑑  and 𝐶𝐷

𝑝
 are obtained through Computational Fluid 

Dynamics analysis of RA3 UAS and parachute for angle of attack 90 degrees (i.e. vertical 

descent with 0 degrees of pitch) [Antwork, 2022]. 

Table 1. Parameter values for eq. (3.2); mass of parachute and airbag are assumed to be negligible.  

Parameter Definition Value 

𝐴𝑆
𝑑 Reference area of RA3 drone 0.12 m2 

𝐴𝑆
𝑝

 Reference area of parachute 2.72 m2 

𝐶𝐷
𝑑 Drag coefficient of RA3 drone 0.73 

𝐶𝐷
𝑝

 Drag coefficient of parachute 1.54 

m Mass of RA3 drone 15.0 kg 

𝜌 Air density 1.23 kg/m3 

g Gravitational constant 9.81 m/s2 

5.3.2 MBS model of RA3 UAS   

The first step in MBS model development is the identification of the relevant multiple 

bodies; this is shown in Figure 6.b, with the true RA3 UAS shown in Figure 3a. The propeller 

blades are not modelled assuming that the propellers are fully stopped during crash. The MBS 

model involves seven such bodies, one for the main body and one for each of the six arms. The 

main body includes the mainframe, cargo box, avionic system and battery that are lumped into 

Body 0. Motors at the end of each arm are lumped into Bodies 1-6. In the MBS model, each of 

these seven bodies is considered to be a rigid body, the shape of which is defined by a set of 

ellipsoid surfaces. The latter enables MBS contact detection and MBS contact effect evaluation. 

MBS model details and properties (i.e. weight, dimension, etc.) of the RA3 UAS is presented 

in Appendix A. 

  
(5) (b) 

Figure 3. Identifying relevant bodies. (a) RA3 system. (b) Bodies in MBS model. 

As shown in Figure 4, the RA3 UAS consists of two types of materials. The main frame 

and drone arms are made from carbon fiber. The cargo box on bottom of the UAS is made from 

EPP foam.  
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Figure 4. Materials of RA3 UAS, body and arm made from carbon fiber (in grey);  

foam cargo box made from EPP foam (in orange) 

Per local body it is assumed that there is no breakage of the body parts during impact. 

During impact, bending deformation on arms of RA3 UAS is determined by the torsional 

stiffness of the arm joint. The stiffness of the arm joints is obtained through quasi-static 

compression test of the RA3 UAS body. Details of the compression test the stiffness curve of 

arms are also presented in Appendix A. 

5.3.3 UAS impact on human   

The MBS model of the human body adopted is a representative model for a mid-size 

(50th percentile) male human [Happee et al., 1998, 2000]. This human body MBS model (Figure 

5) is available in Madymo (filename: h_occ50fc, version 5.2) and is used to simulation the 

impact of UAS on a 50th percentile male human.  

Upon hitting a human body, the type of contacting UAS material is taken into account 

in the Madymo model. The contact for the carbon fiber of the main frame and arms of RA3 

with human body is modelled using the Hertz elastic contact model [Brake, 2012]. The contact 

for the EPP foam cargo box of the RA3 is modelled using the ellipsoid-foam contact model 

[Chou et al., 1994]. Material properties and measured contact compliance curves are presented 

in Appendix B. 

   
(5) (b) 

Figure 5. 50th percentile human male body model. (a) front view, (b) side view. 

The effect of UAS impact on human body is evaluated according to the following three 

injury criteria: 

- Head Injury Criterion (HIC) for head injuries; 

- Neck Injury Criteria Nij for neck injuries; 

- Viscous Criterion (VC) for thorax and abdomen injuries. 

All three injury criteria models are available within the dynamical simulation platform 

MADYMO. Head Injury Criterion (HIC) is an integrated value of head acceleration curve and 

represent the peak average power delivered to the head [Hutchinson et al., 1998]. HIC is 

widely adopted in car crash research, e.g. by the National Highway Traffic Safety 

Administration (NHTSA). Neck injury criteria Nij are also widely adopted in car crash 
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research.  Nij capture four types of neck loading NTF, NTE, NCF, and NCE [Eppinger et al., 

1999]. The first subscript refers to Tension (i=T) and Compression (i=C) in axial direction. 

The second subscript refers to Flexion (j=F) and Extension (j=E) bending moments in the 

sagittal plane. Viscous Criterion (VC) is an injury criterion that has been developed for soft 

tissues [Lar et al., 1986], and therefore suitable for the evaluation of injury on thorax and 

abdomen.  

5.3.4 Finite Element (FE) model of airbag   

In normal condition, the airbag is folded in the mainframe. During parachute descend, 

the airbag will be fully inflated. In the airbag system designed by [Manta Air, 2023], the 

inflation starts to work if the parachute has been deployed; this design is adopted for the RA3 

UAS. The airbag for RA3 UAS is assumed to be similar to the airbag that is FE modelled in 

[MADYMO version 2.1, 2020] under filename: a_driver_airbag_scaled_inc. This FE airbag 

consists of two flat circular pieces sewed together that forms a closed chamber. Within the 

airbag, four straps are used to connect the two circular fabrics to limit the deployment range of 

airbag. As shown in Figure 6, the airbag is placed on bottom of the drone and is scaled to cover 

the bottom area of the mainframe.  

 
Figure 6. Airbag on bottom of the RA3 UAS  

Upon inflation, the tension on fabric skin is determined by the material properties, with 

shear stiffness for woven fabric as shown in Figure 7. The FE model captures the stressing and 

wrinkling of the inflated airbag fabric, and the caused tension on the airbag fabric skin and 

internal air pressure. The internal air pressure of an inflated airbag depends on the amount of 

air pumped into the airbag during inflation, the airbag chamber size and the temperature. It is 

assumed that the pressure and temperature within airbag is uniform throughout the chamber, 

and there is no leakage of air to the environment. 
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Figure 7. Fabric shear stiffness [Madymo, 2020]  

5.3.5 Conversion of injury criteria to probability of fatality 

The result of a dynamical simulation of a UAS collision with a human yields seven 

quantified injury levels: one for HIC, four for Nij, and two for VC. These seven injury levels 

typically depend on the horizontal offset ∆ So we need to convert, for each ∆, the seven assessed 

injury levels to a single value for 𝑃(𝐹|∆). Such conversion is done in two steps.  

During the first step, the HIC value is transformed to a corresponding probability of 

fatality 𝑃(𝐹𝐻𝐼𝐶|Δ). The four Nij values are transformed to a single probability of fatality 

𝑃(𝐹𝑁𝐼|Δ). The two VC injury values are transformed to a single probability of fatality 𝑃(𝐹𝑉𝐶|Δ). 

These first step transformations are explained in Appendix C, with transformation curves in 

Figures C1, C2 and C6 respectively.  

During the second step, the three probabilities of fatality 𝑃(𝐹𝐼|Δ), for 𝐼 ∈ {𝐻𝐼𝐶, 𝑁𝐼, 𝑉𝐶}, are 

probabilistically fused to the overall 𝑃(𝐹|Δ). For this fusion it is assumed that a human is not 

fatally injured if it is not fatally injured by Head injury, not by Neck injury, and not by VC 

injury. By assuming independence of these three events, we get: 

𝑃(𝐹|Δ) = 1 − ∏ [1 − 𝑃(𝐹𝐼|Δ)]𝐼∈{𝐻𝐼𝐶,𝑁𝐼,𝑉𝐶}        (3.3) 

The latter result forms input to the enriched model of ground TPR equation (2.2). 

5.4 Dynamical Simulation Results 

This section conducts dynamical simulations of RA3 UAS collision with a human for 

the following three cases: 

• Case A: UAS with parachute and airbag;  

• Case B: UAS with parachute, no airbag;  

• Case C: UAS without parachute or airbag. 

For each of these three cases, a dynamical simulation consists of two phases: the descent 

phase, and the collision with human. For the descent phase, equations (3.1-3.2) are simulated. 

The outcomes of this first phase simulation are used as starting conditions for the MBS/FE 

model based simulation collision of UAS with a human. Subsection 4.1 presents the phase 1 
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results for cases A-C. Subsection 4.2 provides 𝑄 results for cases B and C that are based on 

analytical models. Subsection 4.3 provides 𝑄  results for A-C under zero wind, and face 

direction 𝜑 = 0∘ . Subsection 4.4 extends these results to non-zero horizontal wind speeds. 

Subsection 4.5 considers the effect of increasing airbag pressure and adding an front airbag. 

Subsection 4.6 discusses the results obtained.  

5.4.1 Simulation of descent phase 

For case B (RA3 with parachute, no airbag) and case C (RA3 without parachute or 

airbag), simulations of eqs. (3.1-3.2) are conducted for a UAS that starts to descent due to a 

failure at an altitude of 120m under horizontal wind speed ranging from 0 to 10 m/s. In both 

cases, during its descent, the attitude of UAS is assumed to be the same; i.e. pitch 𝜃𝑝𝑖𝑡𝑐ℎ = 0∘, 

roll 𝜃𝑟𝑜𝑙𝑙 = 0∘, yaw 𝜃𝑦𝑎𝑤 = 0∘. The resulting impact speeds and descent angles are shown in 

Table 2. The assumption adopted is that the inflated airbag does not influence the descent; hence 

results for case B also apply to case A. 

Table 2. Descent simulation results for cases A/B and C  

Wind 

speed 

(m/s) 

Case A/B Case C 

Impact speed|𝑣| 

(m/s) 

Descent angle 𝜓 

(degrees) 

Impact speed|𝑣| 

(m/s) 

Descent angle 𝜓 

(degrees) 

0 7.5 90.0 40.6 90.0 

2 7.8 75.1 40.6 89.0 

4 8.5 62.0 40.6 88.0 

6 9.6 51.5 40.5 86.9 

8 11.0 43.3 40.5 85.8 

10 12.5 37.0 40.4 84.7 

For case C, the results in Table 2 show that the influence of wind on impact velocity is 

negligible. The influence on descend angle is also quite limited, varying from 𝜓 = 90∘ for zero 

wind to 𝜓 = 84.7∘ for 10m/s wind. However, for case B, the results in Table 2 show that due 

to the drag of parachute, the impact velocities and the descent angles are significantly lower 

than in case C, and these also vary in a large range with increasing horizontal wind. 

5.4.2 Analytical model based assessment of 𝑸 = 𝑨𝒊𝒎𝒑𝒂𝒄𝒕 × 𝐏{𝑭|𝒊𝒎𝒑𝒂𝒄𝒕} 

This subsection evaluates 𝑄 = 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} for RA3 UAS using analytical 

models for crash impact area 𝐴𝑖𝑚𝑝𝑎𝑐𝑡  and impact probability of fatality P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡}. The 

numerical results obtained from these analytical models are presented in Table 3a for cases B 

and C. Table 3 also makes clear that there are no such analytical models for case A. 

For impact probability of fatality P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡}, [la Cour-Harbo, 2019] adopts the Area Weight 

Kinetic Energy (AWKE) model [Arterburn, 2017] for case B, and the Blunt Criterion (BC) 

model [Magister, 2010] for case C. For the RA3 UAS weight of 15kg and impact velocities in 

Table 2, yields P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} = 1 for both case B and case C.  

For crash impact area 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 , four analytical models are considered: Person area, 

Planform area, Gliding area, and a Maximum Take Off Weight (MTOW) based area. For a 

fixed wing UAS with similar mass as the RA3 UAS, [la Cour-Harbo, 2019, Table 4] proposes 

to use the person area 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 = 0.3 𝑚2, both for cases B and C. The planform area model 

[Weibel and Hansman, 2004] adopts 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 = 𝑊𝑖𝑑𝑡ℎ𝑈𝐴𝑆 × 𝐿𝑒𝑛𝑔𝑡ℎ𝑈𝐴𝑆; for RA3 UAS this 

equals 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 = 1.43𝑚2 (1.1𝑚 × 1.3𝑚). The Gliding area model [RCC, 2001] also takes the 

UAS descend angle and the size of human (height 1.73m, diameter 0.2m) into account; for RA3 
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UAS this yields 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 = 2.55𝑚2 at descent angle of 90 degrees for no wind condition. Under 

10 m/s horizontal wind: 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 = 6.45𝑚2 at a descend angle of 37 degrees (case B) and  

𝐴𝑖𝑚𝑝𝑎𝑐𝑡 = 2.81𝑚2 at a descend angle of 85 degrees (case C). The MTOW based area satisfies 

[Ale and Piers, 2000]: 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 = 𝑐𝐹𝑖𝑡 × 𝑚𝑀𝑇𝑂𝑊, with 𝑚𝑀𝑇𝑂𝑊 the Maximum Take-Off Weight 

in kg, and the statistically fitted coefficient value 𝑐𝐹𝑖𝑡 = 0.2 m2/kg; for RA3 UAS this yields 

𝐴𝑖𝑚𝑝𝑎𝑐𝑡 = 3.00𝑚2. 

For impact probability of fatality P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡}, the RCC model [RCC, 2001] and the 

Blunt Criterion (BC) model [Magister, 2010] are evaluated. For a UAS weighting 15kg and at 

impact velocity 46𝑚/𝑠, both methods yield P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} = 1. The evaluated results for the 

product 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} are shown in Table 3a. Under zero wind, the Q  estimates 

range from 0.30𝑚2 to 3.00𝑚2, which is a factor 10. Such large range makes it difficult to select 

one of these analytical models. Table 3a also shows that the Q  estimates for case B (UAS with 

parachute) and case C (UAS without parachute) are the same, with exception of the results in 

the right column. Due to the gliding effect under 10𝑚/𝑠  wind, the product 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 ×

P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} is for a parachute (case B) more than twice as high than without parachute (case 

C). Based on the outcomes from the analytical models the expectation is that the risk would 

remain the same, or could even increase, by using a parachute. This forms another indication 

that the analytical models fall short in a proper estimation of the product 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 ×

P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡}. 

Table 3a. Conventional assessments of 𝑄 ≜ 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} 

Case 

𝐴𝑖𝑚𝑝𝑎𝑐𝑡 × P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} 

Person Planform MTOW 
Gliding 

0 m/s wind 

Gliding 

10 m/s wind 

A - - - - - 

B 0.30m2 1.43
2m  3.00

2m  2.55
2m  6.45

2m  

C 0.30m2 1.43
2m  3.00

2m  2.55
2m  2.81

2m  

5.4.3 Dynamical simulation of 𝑸 under zero wind 

For each of the three case A-C, MBS simulations are conducted, under zero wind 

conditions, to assess 𝑃(𝐹|Δ) values for various offsets Δ for human impact, and human face 

direction 𝜑 = 0∘. The MBS assessed P(𝐹|Δ) values are shown in Table 4, Table 5 and Table 6 

for cases A, B and C respectively, under descent angle 𝜓 = 90∘ and face direction 𝜑 = 0∘. 
Note that due to face direction 𝜑 = 0∘, results are symmetrical for positive and negative cross 

offset Δ¬  values, therefore results are only shown for positive cross offsets. The obtained 

P(𝐹|Δ)values are subsequently integrated over various offsets Δ values, using eq. (2.2), to 

assess the corresponding 𝑄 value. The assessed 𝑄 values are given in the captions of Tables 4-

6, and are collected in Table 3b.   

Table 3b. Assessed 𝑄 values for cases A, B and C, under zero wind and face direction 𝜑 = 0∘. 

Case 𝑄 

A 0.031m2 

B 0.256m2 

C 0.849m2 

The results in Table 3b show that at zero wind, the equipped airbag and parachute (case 

A) reduces 𝑄 = 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 ×  P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} by a factor 8 relative to parachute only (case B), 

while the parachute alone reduces 𝑄 by another factor 3.3 relative to an unequipped RA3. 

Hence the combination parachute and airbag reduce ground TPR by a factor 25 relative to an 

unequipped RA3 delivery UAS.  
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Remark: The 𝑄 values in Table 3b in comparison to 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 ×  P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} in Table 

3a show: The dynamical simulation based estimate of 𝑄 = 0.256 m2 for cases B and C, under 

zero wind, in Table 3b,  corresponds quite well with the analytical model-based estimate of 

𝑄 = 0.30 𝑚2in Table 3a. However, under a horizontal wind of 10 𝑚/𝑠, our estimated 𝑄 =
0.858 𝑚2is a factor 3 as high.  

Comparison of 𝑃(𝐹|Δ) results in Tables 4 and 5 show that the offset area of non-zero 

𝑃(𝐹|Δ)contributions is similar, and that the difference is largely due to reduce 𝑃(𝐹|Δ) values 

in this area. Comparison of 𝑃(𝐹|Δ) results in Tables 5 and 6 also show that the offset area of 

non-zero 𝑃(𝐹|Δ)contributions is similar, and that the difference is largely due to reduce 

𝑃(𝐹|Δ) values in this area. 

Table 4. 𝑃(𝐹|Δ) (%), for case A, as a function of cross offset Δ¬and along offset Δ∥, under zero wind. Impact speed|𝑣| =
7.5𝑚/𝑠, descent angle 𝜓 = 90∘, face direction 𝜑 = 0∘. Red line shows the boundary outside which the UAS does not touch 

human body. Integration, using eq. (2.2), yields 𝑄 = 0.031𝑚2. 

   Cross offset Δ¬ (m)       
  0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 

  
 A

lo
n

g
 o

ff
se

t 
∆

∥
 (

m
) 

 

0.70                                 

0.65        2.7 3.1 2.8           

0.60        3.0 4.2 3.7 0.0         

0.55        3.5 4.5 3.8 0.0         

0.50           3.9 4.6 3.9 0.0         

0.45 3.7 3.7 3.3 2.7 2.7 4.8 5.1 0.6           

0.40 4.6 4.7 4.1 3.6 3.9 5.9 5.7 3.8          

0.35 13.4 16.5 8.2 4.5 4.3 5.4 6.8 3.8          

0.30 20.7 10.8 20.9 55.8 5.1 5.5 21.7 3.6          

0.25 7.4 6.7 9.2 24.2 7.1 3.5 4.6 0.0          

0.20 6.4 5.7 5.8 21.8 16.9 3.2 4.4            

0.15 6.9 5.9 4.9 5.0 4.8 3.1 2.8                   

0.10 6.0 5.6 4.8 4.0 3.5 3.0 3.0 6.4 4.6 4.3 3.6 3.2 3.0 2.9 0.0   

0.05 4.8 4.2 4.0 3.7 3.5 3.1 5.2 24.7 6.7 5.8 5.0 4.6 3.8 3.8 0.0   

0.00 5.3 4.7 4.2 3.8 3.6 3.2 4.6 40.8 10.8 7.5 5.4 4.4 3.6 3.7 0.2   

-0.05 5.0 4.7 4.3 4.0 3.6 3.3 3.3 5.3 5.9 4.4 4.2 4.0 3.4 3.3 0.0   

-0.10 4.9 4.7 4.3 5.3 3.8 3.3 3.0 3.9 0.0 2.8 0.0 0.0 0.0 0.0     

-0.15 4.7 4.5 5.1 6.2 9.0 3.2 2.9           

-0.20 5.6 5.8 6.9 8.4 21.1 3.1 2.9           

-0.25 30.5 28.4 15.6 45.4 4.8 3.4 3.5           

-0.30 18.1 26.0 10.8 4.7 4.0 5.9 9.0           

-0.35 4.5 4.5 4.3 4.7 5.5 18.5 4.3           

-0.40 4.6 4.4 4.5 4.0 4.5 6.8 4.2            

-0.45      3.9 4.4 4.2 3.0           

-0.50        4.1 3.6 3.6 0.0         

-0.55        3.5 4.0 3.5 0.0         

-0.60        2.7 3.4 3.1 0.0         

-0.65         0.0            

-0.70                                 
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Table 5. 𝑃(𝐹|Δ) (%), under zero wind velocity for case B, as a function of cross offset Δ¬and along offset Δ∥. Impact speed 

|𝑣| = 7.5𝑚/𝑠, descent angle 𝜓 = 90∘, face direction 𝜑 = 0∘. Red line shows the boundary outside which the UAS does not 

touch human body. Integration yields 𝑄 = 0.256𝑚2. 

   Cross offset Δ¬ (m)     
  0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 

  
A

lo
n

g
 o

ff
se

t 
∆

∥
 (

m
) 

 

0.70                                 

0.65        2.7 3.1 2.8           

0.60        3.0 4.2 3.7 0.0         

0.55        3.5 4.5 3.8 0.0         

0.50        3.9 4.6 3.9 0.0         

0.45         2.8 4.9 5.3 0.7           

0.40 5.2 5.2 5.1   4.1 6.3 6.0 3.8          

0.35 32.5 37.8 38.8 5.1 7.6 10.7 7.7 3.9          

0.30 78.5 94.1 91.8 43.1 5.5 85.9 35.7 3.8          

0.25 75.3 97.0 83.7 93.1 78.3 54.4 70.8 0.0          

0.20 73.4 97.8 98.9 100.0 93.4 14.3 32.0           

0.15 19.5 54.9 100.0 91.6 66.1 5.2 4.5                   

0.10 43.3 39.8 27.2 52.5 81.5 6.8 63.3 19.6 4.8 4.3 3.7 3.2 3.0 2.9 0.0   

0.05 58.3 52.8 42.2 34.7 94.3 9.6 90.4 73.8 7.8 6.2 5.2 4.6 3.8 3.8 0.0   

0.00 63.7 58.0 46.1 37.6 94.3 10.7 89.1 88.9 15.1 8.9 5.8 4.4 3.6 3.7 0.2   

-0.05 54.1 50.3 40.1 29.3 89.8 8.8 97.6 61.7 6.7 4.5 4.2 4.0 3.4 3.3 0.0   

-0.10 37.3 34.4 46.7 61.7 52.0 8.7 36.1 3.7 0.0 2.9 0.0 0.0 0.0 0.0     

-0.15 32.0 64.6 97.3 100.0 60.8 37.2             

-0.20 60.2 87.7 80.0 100.0 91.0 6.7 2.9           

-0.25 81.5 99.1 98.0 62.5 46.2 79.5 4.6           

-0.30 57.0 87.4 89.7 15.4 16.5 81.3 9.9           

-0.35 10.7 10.2 32.7 15.9 85.6 23.3 4.3           

-0.40 10.1 8.9 5.2 3.9 4.7 6.9 4.3            

-0.45       3.9 4.4 4.3 3.0           

-0.50        4.1 3.7 3.7 0.0         

-0.55        3.5 4.0 3.5 0.0         

-0.60        2.7 3.4 3.1 0.0         

-0.65         0.0            

-0.70                                 

Table 6. 𝑃(𝐹|Δ) (%) , under zero wind for case C, as a function of cross offset Δ¬and along offset Δ∥. Impact speed|𝑣| =
40.6𝑚/𝑠, descent angle 𝜓 = 90∘, face direction 𝜑 = 0∘. Red line shows the boundary outside which the UAS does not touch 

human body. Integration yields 𝑄 = 0.849𝑚2. 

   Cross offset Δ¬ (m) 
  0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 

  
A

lo
n

g
 o

ff
se

t 
∆

∥
 (

m
) 

 

0.70                                 

0.65        12.7 100 100           

0.60        100 100 100 1.0         

0.55        100 100 100 8.6         

0.50      0 100 100 100 0         

0.45        0 100 100 100           

0.40 100 100 100   100 100 100 100          

0.35 100 100 100 100 100 100 100 100          

0.30 100 100 100 100 100 100 100 93.9          

0.25 100 100 100 100 100 100 100 0          

0.20 100 100 100 100 100 100 100            

0.15 100 100 100 100 100 100 100                   

0.10 100 100 100 100 100 100 100 100 100 100 100 100 100 100 0   

0.05 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100   

0.00 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100   

-0.05 100 100 100 100 100 100 100 100 100 100 100 100 100 100 85.9   

-0.10 100 100 100 100 100 100 100 26.1 81.2 43.0 0 0 0 0.7     

-0.15 100 100 100 100 100 100             

-0.20 100 100 100 100 100 100 0.4           

-0.25 100 100 100 100 100 100 100           

-0.30 100 100 100 100 100 100 100           

-0.35 100 100 100 100 100 100 100           

-0.40 100 100 100 29.4 100 100 100            

-0.45       100 100 100 100           

-0.50        100 100 100 1.0         

-0.55        100 100 100 3.0         

-0.60        100 100 100 0         

-0.65         1.3           

-0.70                                 
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5.4.4 Dynamical simulation of 𝑸 under horizontal wind 

For each of the three case A-C, dynamical simulations are conducted, under non-zero 

wind conditions, to assess 𝑃(𝐹|Δ) values for various offsets  for human impact, and human 

face direction 𝜑 = 0∘. As identified in subsection 5.4.1, the descend phase for case A is the 

same as it is for case B; which implies similarity in initial conditions of the dynamical 

simulation of the UAS impact with human. The key difference, between cases A and B, is the 

effect of the airbag during the human impact simulation.  For case A the airbag is placed on 

bottom of UAS with standard atmospheric inner pressure, i.e. 101325 Pa. Figure 8a,b depict the 

effect of the airbag during hitting of the human under 0 m/s and 10 /s horizontal wind, both for 

zero offset.  

 
a. Impact under zero wind  b. Impact under 10 m/s horizontal wind 

Figure 8. Case A impact at zero offset, i.e. Δ = (0,0) 

Dynamical simulations, using the MBS or FE/MBS models, have been conducted to 

evaluate 𝑃(𝐹|Δ) for various offset values; these results are presented in Tables 7, 8 and 9 for 

10 m/s horizontal wind. The obtained 𝑃(𝐹|Δ)values are subsequently integrated over various 

offsets Δ values, using eq. (2.2); the resulting 𝑄values are given in the captions of Tables 7, 8 

and 9.  

Subsequently, these MBS or FE/MBS model simulations have been repeated for 

horizontal wind of 2, 4, 6 and 8 m/s. The resulting 𝑄 values are depicted in Figure 9 as for cases 

A, B and C as a function of horizontal wind speed. 

  
Figure 9. 𝑄 for case A (parachute and airbag), case B (parachute, no airbag), and case C (no parachute, no airbag) as a 

function of horizontal wind velocity, for face direction 𝜑 = 0∘.  
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The curve for case C in Figure 9 shows that horizontal wind up to 10 m/s has no effect 

on 𝑄. In line with this, the 𝑃(𝐹|Δ) results for case C in Tables 6 and 9 are almost the same. 

This similarity does not apply to cases A and B. The curve for cases A and B show that the 

protecting effects of parachute and bottom airbag systematically decrease if the horizontal wind 

speed increases. At a horizontal wind speed of 10 m/s the reduction of 𝑄 by the parachute is 

almost gone, while the reduction of 𝑄 by the parachute and airbag is marginalized to 20% only.  

Table 7. 𝑃(𝐹|Δ) (%) , for case A, as a function of cross offset Δ¬and along offset Δ∥, under 10𝑚/𝑠 horizontal wind. Impact 

speed |𝑣| = 12.5𝑚/𝑠, descent angle 𝜓 = 37∘, face direction 𝜑 = 0∘. Red line shows boundary outside which the UAS does 

not touch human body. Integration yields 𝑄 = 0.677𝑚2. 

   Cross offset Δ¬ (m)       
  0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 

  
 A

lo
n

g
 o

ff
se

t 
∆

∥
 (

m
) 

 

0.75                                   

0.7         3.3 2.7           

0.65 0.0 0.0       4.5 14.2 4.6            

0.6 0.0 0.0 0.0 0.0   0.0 1.1 1.5 0.0          

0.55 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 0.0          

0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2 0.0          

0.45 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 0.0          

0.4 0.0 1 1 1 0.0 0.0 0.0 1.8            

0.35 1 4 21 19.2 1.4 0.0 0.0 1.6           

0.3 13 9 80 50.1 21 0.6 0.0 1.2           

0.25 100 100 97 96.4 58 1.3 0.0 0.2           

0.2 100 100 62 100 10.4 5.6 13.3 0.0                 

0.15 91 81 100 100 88.2 16.3 100 99 9.9 2.3 4.7 4.2 3.8 3.4      

0.1 100 100 100 100 100 48.8 100 100 49.5 38.8 5.8 4.5 4.4 4.0 2.9    

0.05 100 100 100 100 100 1 100 100 89.7 51.8 11.9 6.1 4.4 4.1 3.7    

0 100 100 100 100 100 46 100 100 97.8 66.3 16.4 6.1 4.8 4.2 1.1    

-0.05 100 100 100 100 100 100 100 100 97.5 68.4 16.2 7.5 4.9 4.3 1.1    

-0.1 100 100 100 100 100 100 100 100 89.3 46.1 11.9 5.0 4.2 1.4 0.8    

-0.15 100 100 100 100 100 100 100 100 83.1 44.4 3.9 3.8 1.0 1.0      

-0.2 100 100 100 100 100 100 12.4            

-0.25 100 100 100 100 100 60.0 7.4            

-0.3 100 100 100 100 88.0 85.5 60.7            

-0.35 100 100 100 100 93.8 100 9.8            

-0.4 100 100 100 100 100 30.2 5.2 3.0           

-0.45 100 100 100 100 100 4.9 19.4 17.6            

-0.5 100 100 100 100 76.7 20.8 95.3 100 2.9          

-0.55 88.4 84.3 24.0 24.1 90.8 58.6 100 100 19.5              

-0.6 2.7 16.0 18.0 11.0 49.6 88.6 100 100 40.5     0.0 0.0 0.0 0.0     

-0.65 11.1 15.8 15.7 21.5 7.6 89.7 100 100 93.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.7 14.4 15.3 13.0 18.8 18.3 100 100 100 27.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.75 15.0 20.1 15.3 17.8 26.7 73.7 100 100 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.8 12.6 13.0 8.0 3.2 8.1 12.4 97.0 59.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.85 9.0 8.1 3.0 2.1 5.7 3.3 7.9 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.9 6.9 5.4 2.4 0.0 5.4 1.0 1.1 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.95 4.0 3.3 1.7 0.0 0.8 0.9 1.8 1.5 1.8 0.7 0.0 0.0 0.0 0.0 0.0 0.0   

-1 3.6 2.4 1.1 0.0 0.0 1.1 3.6 3.8 3.9 1.1 0.0 0.0 0.0 0.0 0.0 0.0   

-1.05 7.1 4.4 1.9 0.0 1.1 2.3 6.4 6.6 5.8 1.9 0.0 0.0 0.0 0.0 0.0 0.0   

-1.1 7.6 5.0 1.1 0.0 1.0 3.4 7.7 9.5 9.7 3.4 0.8   0.0 0.0 0.0 0.0   

-1.15 6.9 3.0 1.6 0.0 0.7 1.6 6.6 5.0 6.3 0.9     0.0 0.0      

-1.2 10.4 4.4 2.5 0.8 0.0 0.9 2.7 3.8 3.2 1.4         

-1.25 5.4 3.8 1.9 0.8 0.0 0.8 2.4 2.9 2.6 1.0         

-1.3 1.5 1.3 0.9 1.1 0.0 0.8 2.5 3.6 2.1 0.9         

-1.35 1.9 1.6 1.1 2.1 0.8 1.1 2.9 3.4 3.4 3.6         

-1.4 2.7 1.6 0.0 0.0 2.5 4.6 6.6 8.4 6.8 3.2         

-1.45    0.0 0.0 0.8 1.1 3.8 3.9 4.5 2.8         

-1.5      0.7 3.7 1.9 4.3 4.2 5.4 12.8         

-1.55       0.8 1.9 2.8 3.4 1.3 0.0         

-1.6                                   

Comparison of Table 7 to the results in Table 8 learns that the airbag reduces the 𝑄 

value by less than a factor 1.3 only.  The explanation for this low factor is that, due to the low 

descent angle of 𝜓 = 37∘, the airbag only works for part of the offset locations. The 𝑃(𝐹|Δ) 

values for along offset values between Δ∥ = 0.35 − 0.65𝑚 are largely decreased. However for 

the other offset values, the effect of airbag is negligible.  
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Table 8. 𝑃(𝐹|Δ) (%), under horizontal wind velocity 10𝑚/𝑠 for case B, as a function of cross offset Δ¬and along offset Δ∥. 

Impact speed |𝑣| = 12.5𝑚/𝑠, descent angle 𝜓 = 37∘, face direction 𝜑 = 0∘. Red line shows boundary outside which UAS 

does not touch human body. Integration yields 𝑄 = 0.858𝑚2. 

   Cross offset Δ¬ (m)       
  0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 

  
 A

lo
n

g
 o

ff
se

t 
∆

∥
 (

m
) 

 

0.75                                   

0.7         3.3 2.7           

0.65 20.5 8.4       4.5 14.2 4.6            

0.6 100 100 100 53.5   4.4 6.8 26.8 0.0          

0.55 100 100 100 100 3.6 5.5 18.6 4.6 0.0          

0.5 100 100 100 100 86.9 19.6 13.4 4.7 0.0          

0.45 100 100 100 100 97.9 53.3 38.5 4.2 3.6          

0.4 100 100 100 100 100 22.5 84.7 5.4            

0.35 100 100 100 60.7 99.4 21.3 100 5.0           

0.3 100 100 100 70.3 100 5.8 100 3.9           

0.25 100 100 100 52.1 100 12.5 100 5.2           

0.2 100 100 100 100 14.1 25.8 62.7 3.0                 

0.15 100 100 100 100 90.1 36.3 100 100 14.8 6.3 4.7 4.2 3.8 3.4      

0.1 100 100 100 100 100 70.7 100 100 54.2 25.2 5.8 4.5 4.4 4.0 2.9    

0.05 100 100 100 100 100 100 100 100 91.9 55.0 11.9 6.1 4.4 4.1 3.7    

0 100 100 100 100 100 100 100 100 98.7 69.0 16.4 6.1 4.8 4.2 1.1    

-0.05 100 100 100 100 100 100 100 100 98.5 70.7 16.2 7.5 4.9 4.3 1.1    

-0.1 100 100 100 100 100 100 100 100 89.3 46.1 11.9 5.0 4.2 1.4 0.8    

-0.15 100 100 100 100 100 100 100 100 83.1 44.4 3.9 3.8 1.0 1.0      

-0.2 100 100 100 100 100 100 12.4            

-0.25 100 100 100 100 100 60.0 7.4            

-0.3 100 100 100 100 88.0 85.5 60.7            

-0.35 100 100 100 100 93.8 100 9.8            

-0.4 100 100 100 100 100 30.2 5.2 3.0           

-0.45 100 100 100 100 100 4.9 19.4 17.6            

-0.5 100 100 100 100 76.7 20.8 95.3 100 2.9          

-0.55 88.4 84.3 24.0 24.1 90.8 58.6 100 100 19.5              

-0.6 2.7 16.0 18.0 11.0 49.6 88.6 100 100 40.5     0.0 0.0 0.0 0.0     

-0.65 11.1 15.8 15.7 21.5 7.6 89.7 100 100 93.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.7 14.4 15.3 13.0 18.8 18.3 100 100 100 27.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.75 15.0 20.1 15.3 17.8 26.7 73.7 100 100 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.8 12.6 13.0 8.0 3.2 8.1 12.4 97.0 59.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.85 9.0 8.1 3.0 2.1 5.7 3.3 7.9 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.9 6.9 5.4 2.4 0.0 5.4 1.0 1.1 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.95 4.0 3.3 1.7 0.0 0.8 0.9 1.8 1.5 1.8 0.7 0.0 0.0 0.0 0.0 0.0 0.0   

-1 3.6 2.4 1.1 0.0 0.0 1.1 3.6 3.8 3.9 1.1 0.0 0.0 0.0 0.0 0.0 0.0   

-1.05 7.1 4.4 1.9 0.0 1.1 2.3 6.4 6.6 5.8 1.9 0.0 0.0 0.0 0.0 0.0 0.0   

-1.1 7.6 5.0 1.1 0.0 1.0 3.4 7.7 9.5 9.7 3.4 0.8   0.0 0.0 0.0 0.0   

-1.15 6.9 3.0 1.6 0.0 0.7 1.6 6.6 5.0 6.3 0.9     0.0 0.0      

-1.2 10.4 4.4 2.5 0.8 0.0 0.9 2.7 3.8 3.2 1.4         

-1.25 5.4 3.8 1.9 0.8 0.0 0.8 2.4 2.9 2.6 1.0         

-1.3 1.5 1.3 0.9 1.1 0.0 0.8 2.5 3.6 2.1 0.9         

-1.35 1.9 1.6 1.1 2.1 0.8 1.1 2.9 3.4 3.4 3.6         

-1.4 2.7 1.6 0.0 0.0 2.5 4.6 6.6 8.4 6.8 3.2         

-1.45    0.0 0.0 0.8 1.1 3.8 3.9 4.5 2.8         

-1.5      0.7 3.7 1.9 4.3 4.2 5.4 12.8         

-1.55       0.8 1.9 2.8 3.4 1.3 0.0         

-1.6                                   

In Table 8, the integrated 𝑄 = 0.858𝑚2 is 3.3 times higher than the 0.256𝑚2 in Table 

5. The explanation for this to happen is that the horizontal wind of 10 m/s has two risk increasing 

effects: i) it increases the impact velocity (12.5𝑚/𝑠 compared to 7.5𝑚/𝑠); and ii) it lowers the 

descent angle (37∘ compared to 90∘). In Table 8, the larger impact velocity results in higher 

probability of fatality for different impact locations, whereas the lower descent angle of 37∘ 

results in larger impact area for human head and now also includes human thorax and abdomen.  

The results in Tables 5 and 8 show that horizontal wind speed plays a significant role 

on the ground risk posed by case B, i.e. UAS RA3 descends with parachute deployed. To make 

this more specific, additional MBS simulations have been conducted for horizontal wind 

velocities ranging from 0 to 10𝑚/𝑠, and the obtained 𝑃(𝐹|Δ) values have been integrated to 

𝑄. The obtained results are shown in Figure 10.  
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Table 9. 𝑃(𝐹|Δ) (%), under 10 m/s horizontal wind for case C, as a function of cross offset Δ¬ and along offset Δ∥. Impact 

speed |𝑣| = 40.4𝑚/𝑠, descent angle 𝜓 = 84. 7∘, face direction 𝜑 = 0∘. Red line shows boundary outside which UAS does not 

touch human body. Integration yields 𝑄 = 0.859𝑚2. 

   Cross offset Δ¬ (m)       
  0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 

 A
lo

n
g

 o
ff

se
t 

∆
∥
 (

m
) 

 

0.70                                 

0.65       10.7 100 98.3          

0.60       100 100 100 3.3         

0.55       100 100 100 6.9         

0.50       100 100 100 3.5         

0.45      2.8 100 100 100          

0.40 100 100 100  100 100 100 100          

0.35 100 100 100 100 100 100 100 100          

0.30 100 100 100 100 100 100 100 98.9          

0.25 100 100 100 100 100 100 100 3.4           

0.20 100 100 100 100 100 100 100           

0.15 100 100 100 100 100 100 100           

0.10 100 100 100 100 100 100 100 100 100 100 100 100 100 100    

0.05 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100   

0.00 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100   

-0.05 100 100 100 100 100 100 100 100 100 100 100 100 100 100 89.7   

-0.10 100 100 100 100 100 100 100 100 100 100 9.9 8.1 3.5 3.8     

-0.15 100 100 100 100 100 100            

-0.20 100 100 100 100 100 100 3.0            

-0.25 100 100 100 100 100 100 100           

-0.30 100 100 100 100 100 100 100           

-0.35 100 100 100 100 100 100 100           

-0.40 100 100 100 53.8 100 100 100           

-0.45       100 100 100 100           

-0.50       100 100 100 4.1          

-0.55       100 100 100 13.1          

-0.60       100 100 100          

-0.65        4.4 5.0          

-0.70                                 

 

 
Figure 10. 𝑄 , for case B, as a function of horizontal wind velocity, for face direction  𝜑 ∈ {0∘, 45∘, 90∘, 135∘, 180∘} , 

where 𝜑 = 0∘ stands for face in the wind.  

The results in Figure 10 show that risk value increases as wind velocity increases, while 

the effect of human face direction 𝜑 is quite limited. The 𝑄 values range from 0.256𝑚2 under 

zero wind, up to 0.874𝑚2 under 10 m/s wind.  

Comparison of the 𝑄 results obtained for case B to those obtained for case C, shows that 

under 10𝑚/𝑠 horizontal wind, the obtained 𝑄 values are the same; i.e.𝑄 = 0.858𝑚2 in Table 
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8 versus 𝑄 = 0.859𝑚2in Table 9. However, under zero wind, the parachute reduces 𝑄 by a 

factor 3.3. 

5.4.5 Dynamical simulation of airbag modifications 

In this subsection we evaluate the effect of the following three airbag cases, in 

combination with a deployed parachute: 

A.Bottom airbag at 1 atmosphere pressure, i.e. equal to environment; 

A1. Bottom airbag at 1.1 atmosphere pressure; 

A2. Bottom airbag and front airbag, both at 1.1 atmosphere pressure. 

The change from case A to case A1 is accomplished by changing the atmospheric 

pressure setting parameter in the FE airbag model in MADYMO. The change from case A1 to 

case A2 involves the inclusion of a front airbag in the FE/MBS model. To accomplish this, the 

front airbag is assumed to be of similar design as the bottom airbag; this made it possible to 

also use the FE airbag model in MADYMO for the front airbag. Furthermore, we assume that 

under influence of wind, the front airbag captures more wind as a result of which the front of 

the RA3 UAS will reach human body first. For cases A1,A2, the initial hitting of the airbag(s) 

under 10 m/s horizontal wind are depicted in Figure 11a,b.  

   

a. with bottom 1.1x atm airbag  b. with bottom and front 1.1x atm airbag 

Figure 11. Case A impact at zero offset, i.e. Δ = (0,0) with 10m/s horizontal wind 

For cases A1 and A2, dynamical simulations have been conducted to assess 𝑃(𝐹|Δ) 

values for horizontal wind ranging from 0 m/s to 10 m/s; this is shown in Tables 10 and 11.  
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Table 10. 𝑃(𝐹|Δ) (%) , for case A2 (1.1x atmosphere in bottom and side airbag), as a function of cross offset Δ¬ and along 

offset Δ∥, under 10𝑚/𝑠 horizontal wind. Impact velocity |𝑣| = 12.5𝑚/𝑠, descent angle 𝜓 = 37∘, face direction 𝜑 = 0∘. Red 

line shows the boundary outside which the UAS does not touch human body. Integration, using eq. (2.2), yields 𝑄 = 0.452𝑚2. 

   Cross offset Δ¬ (m)       
  0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 

 A
lo

n
g

 o
ff

se
t 

∆
∥
 (

m
) 

 

0.75                                   

0.70          3.3 2.7           

0.65 7.8 7.3       3.8 3.6 0.0           

0.60 6.5 6.4 6.4 5.3   3.6 3.4 2.7 0.0          

0.55 5.4 5.4 5.6 4.7 3.9 3.3 3.1 2.7 0.0          

0.50 4.4 5.9 5.0 4.6 4.0 3.0 2.9 2.8 0.0          

0.45 4.4 4.4 4.3 4.2 3.8 3.2 3.0 2.8 0.0          

0.40 4.7 4.7 4.6 4.3 3.8 3.3 3.0 2.8            

0.35 5.2 5.0 4.9 4.5 4.0 3.5 3.1 2.8           

0.30 6.8 7.0 6.9 5.2 4.1 3.6 3.1 2.8           

0.25 10.1 13.0 9.2 13.9 4.0 3.6 3.1 2.8           

0.20 11.6 16.8 83.1 71.8 4.8 3.5 3.3 5.7                 

0.15 10.5 10.9 100 100 91.7 3.4 19.8 89.3 9.9 2.3 4.7 4.2 3.8 3.4      

0.10 35.8 47.3 100 100 100 4.0 100 100 49.5 38.8 5.8 4.5 4.4 4.0 2.9    

0.05 100 100 100 100 100 6.2 100 100 89.7 51.8 11.9 6.1 4.4 4.1 3.7    

0.00 100 100 100 100 100 11.4 100 100 97.8 66.3 16.4 6.1 4.8 4.2 1.1    

-0.05 32.2 84.8 86.7 100 100 99.7 100 100 97.5 68.4 16.2 7.5 4.9 4.3 1.1    

-0.10 5.6 9.8 8.8 9.9 31.9 91.9 100 100 89.3 46.1 11.9 5.0 4.2 1.4 0.8    

-0.15 6.7 13.9 10.3 6.5 6.8 21.4 12.2 51.8 83.1 44.4 3.9 3.8 1.0 1.0      

-0.20 9.5 13.1 6.9 5.0 50.8 54.7 9.1 12.4           

-0.25 9.8 8.2 5.7 5.3 68.3 41.4 7.4             

-0.30 7.1 6.4 5.4 70.1 66.8 85.5 60.7            

-0.35 5.9 5.6 5.0 78.0 86.4 100 9.8            

-0.40 5.3 5.1 4.8 32.6 100 30.2 5.2 3.0            

-0.45 4.7 4.8 4.5 4.6 100 4.9 19.4 17.6            

-0.50 4.3 4.3 3.9 3.9 76.7 14.5 95.3 100 2.9          

-0.55 4.0 3.9 3.6 3.4 76.3 58.4 100 100 19.5              

-0.60 2.7 3.6 3.3 3.2 34.0 88.6 100 100 40.5   0.0 0.0 0.0 0.0     

-0.65 11.1 15.8 15.7 21.5 7.6 89.7 100 100 93.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.70 14.4 15.3 13.0 18.8 18.3 100 100 100 27.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.75 15.0 20.1 15.3 17.8 26.7 73.7 100 100 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.80 12.6 13.0 8.0 3.2 8.1 12.4 97.0 59.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.85 9.0 8.1 3.0 2.1 5.7 3.3 7.9 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.90 6.9 5.4 2.4 0.0 5.4 1.0 1.1 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.95 4.0 3.3 1.7 0.0 0.8 0.9 1.8 1.5 1.8 0.7 0.0 0.0 0.0 0.0 0.0 0.0   

-1.00 3.6 2.4 1.1 0.0 0.0 1.1 3.6 3.8 3.9 1.1 0.0 0.0 0.0 0.0 0.0 0.0   

-1.05 7.1 4.4 1.9 0.0 1.1 2.3 6.4 6.6 5.8 1.9 0.0 0.0 0.0 0.0 0.0 0.0   

-1.10 7.6 5.0 1.1 0.0 1.0 3.4 7.7 9.5 9.7 3.4 0.8   0.0 0.0 0.0 0.0   

-1.15 6.9 3.0 1.6 0.0 0.7 1.6 6.6 5.0 6.3 0.9     0.0 0.0      

-1.20 10.4 4.4 2.5 0.8 0.0 0.9 2.7 3.8 3.2 1.4         

-1.25 5.4 3.8 1.9 0.8 0.0 0.8 2.4 2.9 2.6 1.0         

-1.30 1.5 1.3 0.9 1.1 0.0 0.8 2.5 3.6 2.1 0.9         

-1.35 1.9 1.6 1.1 2.1 0.8 1.1 2.9 3.4 3.4 3.6         

-1.40 2.7 1.6 0.0 0.0 2.5 4.6 6.6 8.4 6.8 3.2         

-1.45     0.0 0.0 0.8 1.1 3.8 3.9 4.5 2.8         

-1.50      0.7 3.7 1.9 4.3 4.2 5.4 12.8         

-1.55       0.8 1.9 2.8 3.4 1.3 0.0         

-1.60                                   
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Table 11. 𝑃(𝐹|Δ) (%) , for case A1 (1.1x atmosphere in bottom airbag), as a function of cross offset Δ¬ and along offset Δ∥, 

under 10𝑚/𝑠 horizontal wind. Impact velocity |𝑣| = 12.5𝑚/𝑠, descent angle 𝜓 = 37∘, face direction 𝜑 = 0∘. Red line shows 

the boundary outside which the UAS does not touch human body. Integration, using eq. (2.2), yields 𝑄 = 0.638𝑚2. 

   Cross offset Δ¬ (m)        
  0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 

  A
lo

n
g

 o
ff

se
t 

∆
∥
 (

m
) 

 

0.75                                   

0.70         3.3 2.7           

0.65 7.8 7.3 6.2 5.2 4.3 3.8 3.6 0.0            

0.60 6.5 6.4 6.4 5.3 4.1 3.6 3.4 2.7 0.0          

0.55 5.4 5.4 5.6 4.7 3.9 3.3 3.1 2.7 0.0          

0.50 4.4 5.9 5.0 4.6 4.0 3.0 2.9 2.8 0.0          

0.45 4.4 4.4 4.3 4.2 3.8 3.2 3.0 2.8 0.0          

0.40 4.7 4.7 4.6 4.3 3.8 3.3 3.0 2.8            

0.35 5.2 5.0 4.9 4.5 4.0 3.5 3.1 2.8           

0.30 6.8 7.0 6.9 5.2 4.1 3.6 3.1 2.8           

0.25 10.1 13.0 9.2 13.9 4.0 3.6 3.1 2.8           

0.20 11.6 16.8 83.1 71.8 4.8 3.5 3.3 5.7                 

0.15 100 100 100 100 91.7 3.4 19.8 89.3 9.9 2.3 4.7 4.2 3.8 3.4      

0.10 100 100 100 100 100 4.0 100 100 49.5 38.8 5.8 4.5 4.4 4.0 2.9    

0.05 100 100 100 100 100 6.2 100 100 89.7 51.8 11.9 6.1 4.4 4.1 3.7    

0.00 100 100 100 100 100 11.4 100 100 97.8 66.3 16.4 6.1 4.8 4.2 1.1    

-0.05 100 100 100 100 100 100 100 100 97.5 68.4 16.2 7.5 4.9 4.3 1.1    

-0.10 100 100 100 100 100 100 100 100 89.3 46.1 11.9 5.0 4.2 1.4 0.8    

-0.15 100 100 100 100 100 100 12.2 51.8 83.1 44.4 3.9 3.8 1.0 1.0      

-0.20 100 100 100 100 100 89.5 9.1 12.4           

-0.25 100 100 100 100 100 60.0 7.4            

-0.30 100 100 100 100 88.0 85.5 60.7            

-0.35 100 100 100 100 93.8 100 9.8            

-0.40 100 100 100 100 100 30.2 5.2 3.0           

-0.45 100 100 100 100 100 4.9 19.4 17.6            

-0.50 100 100 100 100 76.7 20.8 95.3 100 2.9          

-0.55 88.4 84.3 24.0 24.1 90.8 58.6 100 100 19.5              

-0.60 2.7 16.0 18.0 11.0 49.6 88.6 100 100 40.5     0.0 0.0 0.0 0.0     

-0.65 11.1 15.8 15.7 21.5 7.6 89.7 100 100 93.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.70 14.4 15.3 13.0 18.8 18.3 100.0 100 100 27.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.75 15.0 20.1 15.3 17.8 26.7 73.7 100 100 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.80 12.6 13.0 8.0 3.2 8.1 12.4 97.0 59.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.85 9.0 8.1 3.0 2.1 5.7 3.3 7.9 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.90 6.9 5.4 2.4 0.0 5.4 1.0 1.1 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0   

-0.95 4.0 3.3 1.7 0.0 0.8 0.9 1.8 1.5 1.8 0.7 0.0 0.0 0.0 0.0 0.0 0.0   

-1.00 3.6 2.4 1.1 0.0 0.0 1.1 3.6 3.8 3.9 1.1 0.0 0.0 0.0 0.0 0.0 0.0   

-1.05 7.1 4.4 1.9 0.0 1.1 2.3 6.4 6.6 5.8 1.9 0.0 0.0 0.0 0.0 0.0 0.0   

-1.10 7.6 5.0 1.1 0.0 1.0 3.4 7.7 9.5 9.7 3.4 0.8   0.0 0.0 0.0 0.0   

-1.15 6.9 3.0 1.6 0.0 0.7 1.6 6.6 5.0 6.3 0.9     0.0 0.0      

-1.20 10.4 4.4 2.5 0.8 0.0 0.9 2.7 3.8 3.2 1.4         

-1.25 5.4 3.8 1.9 0.8 0.0 0.8 2.4 2.9 2.6 1.0         

-1.30 1.5 1.3 0.9 1.1 0.0 0.8 2.5 3.6 2.1 0.9         

-1.35 1.9 1.6 1.1 2.1 0.8 1.1 2.9 3.4 3.4 3.6         

-1.40 2.7 1.6 0.0 0.0 2.5 4.6 6.6 8.4 6.8 3.2         

-1.45    0.0 0.0 0.8 1.1 3.8 3.9 4.5 2.8         

-1.50      0.7 3.7 1.9 4.3 4.2 5.4 12.8         

-1.55       0.8 1.9 2.8 3.4 1.3 0.0         

-1.60                                   

The obtained 𝑃(𝐹|Δ) values are subsequently integrated to 𝑄. The results are shown in 

Figure 12 for cases A1 and A2, jointly with the curves obtained for cases A and B.  

The comparison between case B (no airbag) and case A (1x atm bottom airbag) shows 

the effectiveness of bottom airbag under low wind conditions. However as wind increases, the 

effectiveness of airbag decreases rapidly. The increased risk stems from 2 types of impact: the 

non-central impact on the bottom airbag with offset; and the impact on the front of UAS that is 

not covered by airbag. The curve for case A1 shows that the increased risk can partly be 

mitigated by using a bottom airbag with 1.1 atmosphere pressure. This mitigation is not 

effective for possible collision of the front of the RA3 UAS with human body. The curve for 

case A2 shows that this risk is further mitigated by the additional front airbag at 1.1 atmosphere 

pressure. 
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Figure 12. 𝑄 as a function of horizontal wind velocity, for case B (no airbag), case A (bottom airbag, 1x atm.), case A1 

(bottom airbag, 1.1x atm.) and A2 (bottom and front airbags, 1.1 atm.)  

Even for case A2, the risk still increase to a relative high level if wind velocity increases. 

The higher wind velocity leads to higher impact velocity and lower descent angle. The increased 

impact velocity results in higher risk for impact on drone arms that are not covered by airbag. 

The lower descent angle leads to non-vertical and non-central impacts on airbag that results in 

higher risk, as the airbag is not designed for such types of impact. This can be seen from the 

𝑃(𝐹|Δ) values in Table 10 for case A2 and 10m/s horizontal wind velocity. The high risk areas 

are for those drone arm impacts and non-central impacts on bottom and side airbags. 

5.4.6 Discussion of results 

Comparison of the 𝑄 assessment results in Tables 3a and 3b, using existing analytical 

models and the novel dynamical simulation approach respectively, showed two disadvantages 

of the existing analytical models: i) They fall short in evaluating the effect of an airbag; and ii) 

They leave a large range of uncertainty in the assessed 𝑄 value.  

Table 12 collects the assessed 𝑄 values for cases C, B, A, A1, and A2 under zero and 

10 m/s wind.  

Table 12. 𝑄 for cases C, B, A, A1, and A2 

Case 0 m/s wind 10 m/s wind 

C 0.849 m2 0.859 m2 

B 0.256 m2 0.858 m2 

A 0.031 m2 0.677 m2 

A1 0.026 m2 0.638 m2 

A2 0.025 m2 0.452 m2 

 

The 𝑄 results in Table 12 show that under zero wind, parachute deployment (case B) 

reduces 𝑄 by a factor 3.3. The additional use of a bottom airbag with a pressure of 1 atmosphere 

(case A) reduces 𝑄 by a complementary factor 8.2. By increasing the pressure of the bottom 

airbag to 1.1 atmosphere (case A1), there is a further reduction by 20%. Adding a front airbag 

(case A2) does not help under zero wind. 

However, under horizontal wind of 10 m/s, the above positive effects of parachute and 

airbag reduce to a large extend, while without parachute (case C) the influence of 10 m/s 

horizontal wind is negligible. For parachute alone (case B), 𝑄  is hardly reduced. The 
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explanation is that although the parachute still significantly decreases impact velocity (from 

40m/s to below 12.5m/s), under 10 m/s horizontal wind the parachute also reduces the descent 

angle to as low as 37 degrees, resulting in larger impact area on human head, thorax and 

abdomen. Because an airbag placed at the bottom of the UAS does not really protect for these 

impact geometry, the latter also explains why for case A (parachute and bottom airbag), 𝑄 is 

reduced by 21% only. Increasing the pressure of the bottom airbag by a factor 1.1 (case A1), 

yields a small extra reduction of 5%. The latter impact geometry is better addressed by adding 

a front airbag (case A2); this yields an extra reduction of 21%, i.e. 48% reduction in total. 

 

5.5 Conclusion 

This paper has developed a simulation based method in evaluating the effect of 

parachute and airbag in reducing ground Third Party Risk (TPR), i.e. safety risk posed by small 

UAS to people on the ground. Existing ground TPR methods and models do not cover the 

combined effect of parachute and airbag.  In section 5.2 it is shown that the existing model for 

ground TPR assessment includes the product 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 ×  P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡}, with 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 the size 

of the area on the ground that is impacted by the crashing UAS; and with P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} the 

probability of fatality in case the UAS impacts a human in the impact area. Recently, [Jiang er 

al, 2023] have shown that this product is equal to the following integral: 

𝐴𝑖𝑚𝑝𝑎𝑐𝑡 ×  P{𝐹|𝑖𝑚𝑝𝑎𝑐𝑡} = ∫ P{𝐹|Δ}𝑑Δ
ℝ2        

where P{𝐹|Δ}  is the conditional probability of fatality given horizontal offset   

between the centre of the UAS impact location relative to the location of an impacted human. 

Moreover, [Jiang et al, 2023] have shown that P{𝐹|Δ}can be assessed through conducting 

dynamical simulations for two subsequent phases: i) Dynamical simulation of a differential 

equation model of the uncontrolled fall of the UAS considered; and ii) Dynamical simulation 

of a FE or MBS model of the subsequent collision of the falling UAS with a human on the 

ground.  

In section 5.3, dynamical simulation models for both phases have been developed for a 

RA3 UAS [Antwork, 2023], which is a package delivery drone of 15 kg weight. The descent 

simulation model takes effect of parachute into account. To simulate a collision with human 

body, a Multi Body System (MBS) model has been developed following the steps of 

[Ratagraikanakorn et al., 2020a]. This includes the development of an MBS model for the RA3 

UAS, the integration of this MBS model with the human body models and airbag models 

available in a platform for the simulation of human injury impacts of car collisions [MADYMO, 

2023], and development of a conversion of human injury criteria to probability of fatality. 

In section 5.4, ground TPR has been evaluated for the following three cases: A) UAS 

with parachute and bottom airbag (at 1 atmosphere pressure); B) UAS with parachute only; and 

C) UAS without parachute or airbag. In contrast to case A, cases B and C could be assessed 

using the existing methods. The results show that the existing methods fall short in a providing 

a valid assessment of the risk mitigating effect of a parachute. Dynamical simulation of the 

collision phase has also been conducted for each of these three cases. These results show that 

at zero wind ground TPR is reduced by a factor 3.3 due to parachute alone (case b), and by 

more than a factor 25 due to parachute and airbag (case A). Dynamical simulation results also 

show that these reduction factors steadily deteriorate when horizontal wind is increased. At 10 

m/s horizontal wind the effect of parachute alone (case B) is gone, while the risk reduction 

effect of parachute and airbag (case A) is marginalized to 20%.  
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In order to further mitigate ground TPR under non-zero horizontal wind, for the case 

with parachute and airbag, two additional cases have been evaluated: Case A1: parachute and 

bottom airbag at 1.1 atmospheric pressure; and Case A2: parachute and bottom and side airbag, 

both at 1.1 atmospheric pressure. The simulation results obtained show that the risk reducing 

effect of case A2 in particular is similar to case A as long as the horizontal wind remains below 

4 m/s. For higher horizontal wind values the risk reducing effect steadily goes down to 50% at 

10 m/s.  

Main conclusions: 

- Existing ground TPR assessment methods for UAS fall short in reliably assessing 

risk mitigating effects of parachute and airbag. 

- Proposed dynamical simulation approach allows to assess and learn understanding 

the risk mitigating effects of equipping a UAS with parachute and airbag(s) 

- Ground TPR posed by UAS RA3 can be reduced by an order in magnitude by proper 

equipment by parachute and airbag, and by restricting its operational use to 

horizontal wind up to 4 m/s.   

In this paper risk mitigating effect of parachute and airbag are investigated using 

dynamical simulation approach. This method can be further extended to other types of UAS, 

such as fixed wing UAS, e.g. [Zipline, 2023] and VTOL systems, e.g. [Ehang, 2023; Wing, 

2023]. The results show that the evaluated risk is highly dependent of the initial impact 

conditions of the UAS, which is determined by the dynamical simulation of failure descent of 

the UAS. Currently for failure descent model use is made of ballistic descent model of three 

Degrees of Freedom (DoF), i.e. the 3D location of the descent trajectory. Further improvements 

can be applied to the failure descent model of six DoF [Foster & Hartman, 2017; Sun and Visser, 

2019] that furtherly takes into consideration the 3D attitude of the UAS. This will provide more 

accurate impact location and initial impact condition of the UAS. 
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Appendix 5A. MBS model of RA3 

Body masses and segments 

The 7 rigid masses and their connections in the RA3 MBS model are shown in Figure 

A1.a.  Bodies 1-6 are connected with Joints 1-6 to Body 0 as shown in Figure A1.b. Joints 1-6 

are universal joints, for which Cardan restraints (torsional spring parallel with a damper) are 

used to account for force deflections from structure deformations. 

 

(a)Rigid masses and segment dimensions   (b) Joint positions and local referential locations 

Figure A1. Skeleton of the MBS model of RA3 UAS showing rigid masses, joints and restraints.  

In Tables A1 and A2, RA3 UAS model segment dimensions, masses and moment of 

inertia are given. Geometrical dimensions and masses are obtained from physical measurements 

of the UAS parts. Moment of inertia of each body parts are measured using bifilar test. 

Table A1. Geometrical dimensions of the RA3 UAS 

Segment Length(m) Segment Length(m) 

L1 0.181 L5 0.143 

L2 0.409 L6 0.412 

L3 0.173 L7 0.089 

L4 0.456 L8 0.141 

 
Table A2. Mass and moment of inertial of each body 

Body part Mass (g) Moment of inertia (kg*m2) 

Body 0 (Main frame) m0 11974.4 IXX0 0.499 IYY0 0.382 IZZ0 0.771 

Body 1 (Arm 1) m1 502 IXX1 0.002 IYY1 0.001 IZZ1 0.003 

Body 2 (Arm 2) m2 502 IXX2 0.002 IYY2 0.001 IZZ2 0.003 

Body 3 (Arm 3) m3 515.5 IXX3 0.003 IYY3 0.001 IZZ3 0.004 

Body 4 (Arm 4) m4 522.5 IXX4 0.003 IYY4 0.001 IZZ4 0.004 

Body 5 (Arm 5) m5 522.5 IXX5 0.003 IYY5 0.001 IZZ5 0.004 

Body 6 (Arm 6) m6 515.5 IXX6 0.003 IYY6 0.001 IZZ6 0.004 

 

Arm stiffness measurement 

The stiffness of an RA3 arm is quantified as the moment𝑀 as a function of angular 

displacement 𝜃 . Using quasi-static compression test (Figure A2), force𝐹  – displacement 𝑑 

curve is firstly obtained, and the moment 𝑀 - angular displacement 𝜃 curve (Figure A3) is 

subsequently generated using 𝑀 = 𝐹 × 𝐿 and 𝜃 = 𝑑/𝐿, where 𝐿 is the length of arm. Due to 

that arms 1-6 use the same carbon fiber material and same type of aluminium connector to the 

mainframe, they have the same torsional stiffness.  
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Figure A2. Quasi-static compression test of an arm of RA3 UAS 

 
    Figure A3. Moment 𝑀 -angular displacement 𝜃 curve of arms 1-6 of RA3 UAS 

Appendix 5B. Contact Model of RA3 with Human 

Properties of human scalp and RA3 UAS material are in Table B1. Material property of 

the RA3 UAS carbon fiber is obtained from online source [Matweb, 2022]. The head contact 

surface is assumed to have the characteristics of human head scalp. The material property of 

human head scalp is obtained from [Falland-Cheung et al., 2018].  

 Table B1.  Properties of human head scalp and RA3 UAS material 

Materials Young’s modulus Poisson ratio Radius (m) 

Human head scalp 72.23 10  Pa 0.29 0.0875 

Carbon fiber 105.48 10  Pa 0.34 0.03 (for arm) 

 

The corresponding contact compliance curves for the RA3 main frame and arms are 

obtained using the Hertz elastic contact model [Brake, 2012] as shown in Figure B1. 



     107 
 

    
               (a)               (b) 

 Figure B1. Contact compliance curves for RA3 UAS-human head contact. (a) RA3 arm contact (b) RA3 

mainframe contact 

The contact compliance curve for cargo box is obtained using ellipsoid-foam contact 

model [Chou et al., 1994] as shown in Figure B2. This contact compliance curve is obtained as 

a product of contact area and contact stress. The contact area curve and contact stress curve are 

shown in Figures B3 and B4. The contact area curve shows the size of cross sectional area as a 

function of deformation of cargo box impacting human head shape model as a sphere with 

0.0875m radius. The contact stress curves for foam loading-unloading are from [Avalle et al., 

2018] for EPP foam of density 70kg/m3. 

  
Figure B2. Contact compliance curve for RA3 cargo box-human head contact 
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Figure B3. Contact area - deformation curve for RA3 cargo box-human head contact 

 

 
Figure B4. Contact stress - deformation curve for RA3 cargo box-human head contact [Avalle et al., 2018] 

Appendix 5C. Conversion of Human Injury Criteria to 

Probability of Fatality 

Head Injury Criterion 

The HIC equation is defined as follows [Hutchinson et al., 1998] :  

𝐻𝐼𝐶 = 𝑚𝑎𝑥
𝑡1,𝑡2

{
1

(𝑡1−𝑡2)3/2 [∫ 𝑎(𝑡)𝑑𝑡
𝑡2

𝑡1
]

5/2

}      (C.1) 

where 𝑎(𝑡) is the head acceleration observed at center of mass of head as a function of 

time 𝑡, 𝑡1 and 𝑡2 are two time points during the impact. There are two time range limits for 𝑡1 −
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𝑡2 , which are 15ms and 36ms. Common practice for head injury simulation in a car crash 

accident is to use a 15ms time range limit; this time range is also adopted for UAS impact on 

human head.  

The HIC can be converted to percentage of life-threatening injury using the U.S. ISO 

Delegation recommended curve [Tyrell et al., 1995] in Figure C1. The percentage of life-

threatening injury is equivalent to the Probability of Fatality (PoF). 

 
Figure C1. Convention of HIC to percentage of life-threatening injury [Tyrell et al., 1995] 

 

Neck Injury Criterion 

For the four types of neck injury Nij , namely 
TFN , 

TEN , 
CFN , 

CEN , the equation is:  

𝑁𝑖𝑗 = |
𝐹𝑍

𝐹𝑖𝑛𝑡
|

𝑀𝑌

𝑀𝑖𝑛𝑡
||          (C.2) 

where 𝐹𝑍 is the upper neck Z-axis loading force, 𝑀𝑍 is the upper neck Y-axis loading 

moment, 𝐹𝑖𝑛𝑡 and 𝑀𝑖𝑛𝑡 are the corresponding critical intercept value of load for normalization.  

For neck injury, the highest of the four assessed Nij values is converted to Probability of Fatality 

(PoF). In doing so we use the transformation curve in Figure C2, which curve provides an upper 

bound in PoF as a function of assessed Nij value. 

 
Figure C2. Probability of Fatality 𝑃{𝐹|𝑁𝑖𝑗} as a function of Nij 
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Figure C2 is obtained below, following a sequence of four steps. The first step is to 

adopt the AIS probability curve fittings as function of Nij levels by [Eppinger et al., 1999] on 

realistic injury data; these are given in Figure C3.a. As can be seen in Figure C3a, the left and 

right parts of these curve fittings sometimes show unrealistic patterns. The second step is to 

resolve these unrealistic patterns by applying the following two logical to the curves in Figure 

C3.a: i) 𝑃{𝐴𝐼𝑆|𝑁𝑖𝑗 = 0} = 0 ; and ii) 𝑃{𝐴𝐼𝑆 ≥ 𝑘|𝑁𝑖𝑗} ≥ 𝑃{𝐴𝐼𝑆 ≥ 𝑘 + 1|𝑁𝑖𝑗} for 𝑘 =

4,3,2 and all 𝑁𝑖𝑗. Application of these conditions to the curves in Figure C3.a yields the curves 

in Figure C3.b. 

   
(a) Original curve fittings [Eppinger et al., 1999]   (b) Applying logical conditions to (a) 

Figure C3. 𝑃{𝐴𝐼𝑆 ≥ 𝑘|𝑁𝑖𝑗} as a function of 𝑁𝑖𝑗 for 𝑘 = 2, . . ,5 

The third step is to transform each of the four AIS curves in Figure C3.b, to PoF curves. 

For this transformation we adopt the conversion by [Gennarelli and Wodzin, 2006], to 

transform AIS levels to probability of fatality; this curve is shown in Figure C4.   

 
Figure C4. Conversion of AIS to probability of fatality [Gennarelli and Wodzin, 2006] 

The fourth step is to combine the four 𝑃{𝐴𝐼𝑆 ≥ 𝑘|𝑁𝑖𝑗}, 𝑘 = 1,2,3,4, curves in Figure 

3C.b with the conversion curve 𝑃{𝐹|𝐴𝐼𝑆 = 𝑘} in Figure C4, to a single PoF curve as function 

of 𝑁𝑖𝑗 . For this fourth step we develop the following probabilistic analysis:  
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where 𝑃{𝐴𝐼𝑆 ≥ 𝑘|𝑁𝑖𝑗} is quantified in Figure C3.b, and 𝑃{𝐹|𝐴𝐼𝑆 = 𝑘} is quantified in Figure 

C4. Subsequent evaluation of the latter inequality, by using the curves in Figures C3.b and C4, 

yields the curve in Figure C2.  

Viscous Criterion (VC)  

The VC injury level VC  for a specific body part is generated as follows: 

 𝑉𝐶 = 𝑚𝑎𝑥
𝑡,𝑟

[𝑉(𝑡, 𝑟) × 𝐶(𝑡, 𝑟)]       (C.4) 

where 𝑉(𝑡, 𝑟) is the deformation speed of the body part at moment 𝑡 and location 𝑟. 𝐶𝐵(𝑡, 𝑟) is 

the compression in the percentage of the thickness of the body part at moment 𝑡 and location 𝑟.  

The VC injury level 𝑉𝐶 is converted to PoF 𝑃{𝐹|𝑉𝐶} using the following equation:  

𝑃{𝐹|𝑉𝐶} = 𝑃(𝐹|𝐴𝐼𝑆)𝑃(𝐴𝐼𝑆|𝑉𝐶)       (C.5) 

The curve for 𝑃(𝐴𝐼𝑆|𝑉𝐶) is shown in Figure C5 [Sturdivan et al., 2004] which is based 

on blunt impact experiment on cadavers [Canavaugh et al., 1990; Viano et al., 1989]. For 

𝑃(𝐹|𝐴𝐼𝑆) use is made of the curve in Figure C4. Combining the curves in figures C4 and C5, 

by using eq. (C5), yields the curve in Figure C6 for conversion of VC injury level to PoF value. 

 
Figure C5. Conversion of VC injury level to AIS level [Sturdivan et al., 2004] 

 
Figure C6. Conversion of VC injury level to PoF  
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6 
Conclusion 

 

 

 

The advancements in UAS technology offers great potential for Urban Air 

Mobility (UAM) applications. Innovation in urban mobility needs to be 

accompanied and supported by an appropriate safety risk assessment framework. 

Gaining public acceptance is crucial for facilitating further development of UAS 

operation in urban environment. The public concerns are majorly related to safety 

of UAS operations. Therefore for regulators it is important to gain a better 

understanding of safety risk assessment of UAS operations. This forms the overall 

aim of the thesis: 

 

To improve the understanding and analysis of safety risk posed by  

UAS operations for UAM 

 

To achieve this overall aim, a series of interconnected studies have been 

conducted in this thesis.  This concluding chapter discusses the various findings 

and synthesizes the results. The chapter is structured as follows: First, for the four 

objectives outlined in the introduction key findings and insights gained from the 

research are summarized. Subsequently, the novel contributions are summarized. 

Finally, potential future research is discussed. 
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6.1 Results Obtained for Research Objectives 

Four objectives in support of the overall research aim have been studied in-depth. The 

main conclusions drawn for each objective are presented below. 

 

Objective 1: To identify TPR indicators for UAS operations 

In Chapter 2, TPR indicators for UAS operations are identified based on that of 

conventional manned aviation. The key difference between TPR of commercial aviation and 

UAS operation is that for UAS operation, third party includes not only the uninvolved ground 

persons, but also the potential crew members and passenger on board other aircrafts. Therefore 

the proposed TPR indicator consider different types of TPR associated with UAS operations, 

taking into account both the risks on the ground and in the air. The air TPR indicators involve 

fatal injuries on board other aircrafts caused by mid air collision of UAS with other aircrafts. 

The ground TPR indicators involves risk caused by ground impact of UAS itself and ground 

impact of other aircrafts as a consequence of mid-air collision. By doing so, the research 

provides a more comprehensive understanding of the overall third party risk posed by UAS 

operations. 

The safety regulations from EASA/JARUS and FAA are summarised for low, medium, 

and high risk UAS operations, which are then evaluated against the identified TPR indicators 

for UAS operations. The findings revealed that current safety regulations for medium risk UAS 

operations do not address any of the identified TPR indicators, while for high risk UAS 

operations, only certain indicators are addressed. Moreover, none of these safety methods 

capture the accumulation of contributions by multiple UAS flights per annum to TPR indicators, 

emphasizing the need for a quantitative safety management framework that accounts for the 

accumulation of individual UAS flight contributions to collective ground risk and individual 

risk. 

 

Objective 2: To develop a safety risk assessment approach for the novel ground TPR 

indicators identified in chapter 2. 

In Chapter 3, ground TPR indicators are focused for the development of a safety risk 

assessment approach. The study addresses the need for TPR models that capture the risk posed 

to the population by a large number of UA flights per annum. By extending existing TPR 

models for commercial aviation, Individual Risk and Collective ground risk model for UAS 

operations have been developed. A Monte Carlo (MC) simulation method for assessment of the 

TPR models is developed. The MC simulation method takes into account UA operational 

characteristics and environmental factors to simulate nominal flight paths and failure descent 

trajectories of UA flights. The outcome of the simulation is combined with the TPR model to 

generate the individual risk and collective ground risk of the UAS operation for the given area 

over an annum.  

The extended TPR models and MC simulation method are applied to a hypothetical 

UAS-based parcel delivery service in the city of Delft, The results demonstrate the importance 

of considering the risks from a population perspective. Different sub models are adopted for the 

simulation and assessment of TPR, e.g. failure rate model, ballistic descent model, impact risk 

model, etc. There is a non-negligible level of uncertainty in the models adopted. This highlights 

the need for further development of more accurate sub models for UAS ground TPR assessment. 
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Objective 3: To enhance the commonly adopted ground TPR model and its assessment 

through dynamical simulation of a Multi Body System (MBS) model. 

In Chapter 4, the focus is on the development and application of a method to enhance 

the ground TPR model and its assessment through the dynamical simulation of a Multi-Body 

System (MBS) model. This novel approach aims to address the limitations and uncertainties 

associated with the existing models for the product of impact area and Probability of Fatality 

(PoF) for a ground person impacted by a crashing UAS. The enhanced ground TPR model 

replaces the product with an integration over simulated risk values for different offsets between 

the UAS crash center and the location of the impacted human, also taking into account the 

effects of impact geometries between UAS and human. 

The enhanced TPR model is realized by integrating an MBS model of UAS collision 

with a human body. The application of this approach to a DJI Phantom III UAS crash 

demonstrates the effectiveness of the proposed method, revealing critical insights into the 

influence of impact geometries such as UAS attitude, impact velocity and human face direction. 

Furthermore, it is shown that the true risk value for a DJI Phantom III falls outside the range of 

risk values from nine existing model combinations. 

 

Objective 4: To evaluate the effect of risk mitigation measures implementing the enhanced 

TPR model with dynamical simulation approach 

In Chapter 5, the enhanced model is applied to the risk analysis of a delivery UAS with 

airbag and parachute system. Dynamical simulation models for failure descent and impact 

collision are developed for the UAS. For failure descent, the effect of parachute is taken into 

consideration. For impact simulation of UAS on human body, MBS and FE models are 

developed for the UAS and airbag system. 

Impact simulations are conducted for various cases, considering different wind 

condition and comparing cases with and without airbag and parachute. The results demonstrate 

that the ground TPR posed by the 15kg UAS can be reduced by an order in magnitude by proper 

equipment of parachute and airbag. Moreover, the effect in mitigating risk is shown to be 

effective when horizontal wind is limited up to 4 m/s. 

The findings of the analysis show the effectiveness of the proposed enhanced model, 

which integrates the dynamical simulation approach to explore the effect of airbag and 

parachute systems. In the comparation to existing classical models, the enhanced model shows 

the advantage in assessing UAS impact in a more comprehensive and accurate way. 

6.2 Novel Contributions of the thesis 

The thesis made novel contributions to the following five domains:  

1. Novel UAS Third Party Risk indicators,  

2. UAS Third Party Risk modelling and Assessment for the novel indicators,  

3. Enhanced UAS ground TPR model, 

4. Dynamical simulation based quantification of UAS impact on a human,  

5. Evaluate the effect of airbag and parachute in UAS ground TPR. 
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1. Novel UAS ground Third Party Risk Indicators 

In Chapter 2, novel ground Third Party Risk indicators for UAS operations are proposed 

based on existing ground TPR indicators for annual commercial flights around large airports 

and other safety-critical industries. These novel ground TPR indicators are: i) “Collective 

ground risk”, i.e. the expected number of fatalities on the ground posed by annual UAS 

operations over a given area; and ii) “Individual risk”, i.e. the probability that an unprotected 

person at a given ground location will be killed due to annual UAS operations.  

In contrast to the commonly used ground TPR indicator, the novel indicators consider 

the accumulation of risk posed by annual UAS flight over an area. 

 

2. UAS ground Third Party Risk Modelling and Assessment  

In Chapter 3, existing UAS ground TPR risk assessment approach is extended for the 

novel ground TPR indicators from Chapter 2: Individual risk and Collective ground risk.  

For the quantitative analysis, a Monte Carlo simulation based approach is developed. 

The simulation approach is able to take into account different sub models for risk analysis, and 

consider environmental factors and UAS operational characteristics, which can be applied to 

different UAM scenarios. The novel approach is illustrated for a UAS based parcel delivery 

service in the city of Delft.  

 

3. Enhanced UAS ground TPR Model 

For the assessment of the existing UAS ground TPR model it is assumed that crash 

impact area and impact Probability of Fatality (PoF) are independent. An extra complication is 

that the existing models for each of these two terms lead to a significant range of possible 

assessment outcomes. To improve this situation, in Chapter 4, an enhanced ground TPR model 

has been developed, in which the product of crash impact area and impact Probability of Fatality 

(PoF) is mathematically transformed to an integration of location dependent PoF values over 

all possible offset values between crash location and human location. This transformation 

resolves the need for separate models for the crash impact area and impact PoF; instead it 

requires assessment of impact PoF as a function of the offset between crash location and human 

location, followed by a numerical integration over all possible offsets.  

 

4. Dynamical simulation based quantification of UAS impact on a human 

The enhanced TPR model can be quantified through conducting dynamical simulation 

of a Multi Body System (MBS) model of a UAS hitting a human on the ground, as a function 

of offset between crash location and human location. It is shown that this novel approach 

provides ground TPR risk estimates that are much more accurate than the results obtained by 

the common approach. The novel method can also take into account parameter values for UAS 

attitude and impact velocity, as well as human face direction. 

 

5. Assess the effect of airbag and parachute for UAS ground TPR 

In Chapter 5, the effect of airbag and parachute systems are evaluated using the 

enhanced TPR model and dynamical simulation. To achieve this, an MBS model of the urban 

delivery UAS and an FE model of the airbag system are developed. The parachute system 
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influences the impact velocity of UAS at moment of human impact. Subsequently, the airbag 

influences the impact PoF. It is also demonstrated that in case of parachute only, the novel 

approach yields much improved ground TPR estimation over using the existing methods from 

literature.  

 

6.3 Future Research 

List of relevant follow-on ground TPR research directions: 

1. Combining the Monte Carlo simulation based risk assessment in Chapter 2 with the 

enhanced TPR model and dynamical simulation approach of Chapter 4; 

2. Using the novel risk assessment approach of Chapter 3 for risk aware path planning;  

3. To apply the novel TPR indicators of Chapter 2, and the MC simulation approach of 

Chapter 3, for allocation of ground infrastructure for UAS operation; 

4. Using six DoF descent models in UAS ground TPR assessment of Chapter 4;  

5. To apply the dynamical simulation of MBS and FE model of airbag and parachute for 

ground TPR risk assessment of chapter 5, to other types of UA; 

6. Regulators can improve their current safety risk assessment frameworks. 

1. Combination of Monte Carlo simulation risk assessment with the dynamical simulation 

and enhanced TPR model 

In Chapter 4 and 5, dynamical simulation of Multi Body System (MBS) and Finite 

Element (FE) models has been integrated in the UAS ground TPR model, contributes to 

providing risk evaluation of UAS impacting on human body. On the other hand, in Chapter 3 

the MC simulation risk assessment method has been proposed to address UAS operations 

involving large numbers of flights, which considers the UAS operation before impacting on 

human body, including flight path, failure probability and descent trajectory after failure. A 

logical follow-on work is to combine the dynamical simulation of MBS and FE model with MC 

simulation approach to conduct a comprehensive ground TPR risk assessment of a UAS 

operation that involves multiple flights. This will provide more accurate and precise risk 

evaluation of UAS operation in a given operating environment. 

2. Using the novel risk assessment approach for risk aware path planning 

The ground TPR assessment methodology has the potential for application in UAS risk 

aware path planning [Primatesta et al.,2019; Levasseur et al., 2020; Lin and Shao, 2020; Pang 

et al., 2022], in which the existing TPR model is adopted. For improvement the novel TPR 

indicator and risk assessment approach can be applied. Use of the novel TPR indicator can 

enable the risk based path planning for multiple flights, e.g. [He et al., 2022]. The use of 

dynamical simulation with enhanced TPR model provide more realistic risk assessment, and 

provide the potential to consider mitigation measures such as parachute and airbag. 

3. To apply the novel TPR indicator and MC simulation approach for allocation of ground 

infrastructure for UAS operation 

For UAS operations, the ground infrastructures such as vertiport and ground shelters 

have to be established before the operation of UAS. The related TPR has to be assessed for 
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UAS operations involving multiple flights during a certain time period. This can be achieved 

adopting the novel TPR indicator of Chapter 2 and MC simulation approach proposed of 

Chapter 3 in this thesis. 

4. Using six DoF descent models in ground TPR assessment of UAS operations 

The results of Chapter 4 and 5 show that the evaluated risk is highly dependent of the 

initial impact conditions of the UAS and human body, which is largely determined by the failure 

descent of the UAS. Currently for failure descent model use is made of ballistic descent model 

of three Degrees of Freedom (DoF), i.e. the 3D location of the descent trajectory. Further 

improvements can be applied to the failure descent model of six DoF [Foster & Hartman, 2017; 

Sun and Visser, 2019] that furtherly takes into consideration the 3D attitude of the UAS. This 

will provide more accurate impact location and initial impact condition of the UAS. 

5. To apply the dynamical simulation of MBS and FE model of airbag and parachute for 

other types of UAS 

In Chapter 5 the risk mitigating effect of parachute and airbag are investigated, using 

dynamical simulation of MBS and FE model with the enhanced ground TPR model. This 

method can be further extended to other types of UAS, such as fixed wing UAS, e.g. [Zipline, 

2023] and VTOL systems, e.g. [Ehang, 2023; Wing, 2023]. The effectiveness of parachute and 

airbag may be different on different types of UAS, given the different UAS operating 

characteristics and environment. 

6. Improving current UAS regulatory safety risk assessment frameworks 

In the current regulatory risk assessment frameworks for UAS [EASA, 2023; FAA, 

2023], risk is considered for single flight. This may not be suitable for the potential future UAS 

operation in UAM environment involving multiple UAS flights. The novel TPR indicator 

proposed in this thesis can be integrated in the risk assessment framework. Moreover, in the 

risk assessment for UAS operations, e.g. [JARUS, 2017] a qualitative approach is adopted for 

ground TPR assessment, because at the time of developing the method, literature had significant 

gaps. This situation has now significantly been improved. The quantitative risk assessment 

approach can be adopted in the risk assessment framework.  
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