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Abstract

Over the last years, the development of new technologies and active safety systems for on-
road vehicles contributed to mitigate the burden of road traffic crashes. This, unfortunately,
did not fully apply to Powered Two-Wheelers (PTWs), for which the technological
development was slowed down by their complex dynamics, smaller research interests and
lower vehicle cost. Despite PTWs have one of the highest rates of crashes per kilometre
travelled, their distribution is growing all over the world, thanks to their affordability and
their agility in congested traffic environments, causing every year many crashes and
fatalities. After the introduction of Antilock Braking System (ABS), which already showed
its efficacy in preventing crashes, several studies indicated that Motorcycle Autonomous
Emergency Braking (MAEB), which is the PTW derivative of the passenger car Autonomous
Emergency Braking (AEB), is the most promising technology to mitigate PTW crashes
among those currently in development. This technology, which deploys autonomously a
braking action to reduce impact speed when an imminent collision is detected, was shown
to be potentially effective and widely applicable in PTW crashes. However, to introduce such
a system on standard PTWs, the riding conditions in which it can be applicable and its
working parameters must be identified to maximise crash mitigation effects while not
reducing PTW controllability and safety. This requires designing MAEB intervention in
accordance with riders’ capabilities to manage the vehicle in pre-crash conditions.

The present work aimed to investigate the real-world applicability of MAEB and its
acceptability among end-users. The goal of this study was to identify pre-crash riding
conditions and system intervention parameters which can make MAEB applicable in real-
world crashes, accepted by end-users and effective in mitigating injuries. For this purpose,
a field test campaign conducted within the EU founded PIONEERS project was carried out,
involving 35 participants and two test vehicles provided with automatic braking devices able
to simulate MAEB intervention in realistic riding conditions.

The results of this field test campaign, analysed through different publications, indicate the
safe applicability of MAEB in conditions representative of real-world riding. The designed
MAEB working parameters resulted capable to reduce vehicle speed while guaranteeing the
controllability of the PTW with limited effort required to the rider. The end-users who tested
the system indicated good acceptability of MAEB encouraging its final development and its
implementation on standard vehicles. Finally, the potential benefits of MAEB application in
real-world crashes have been estimated through real-world crashes simulations,
highlighting the relevant impact of MAEB in terms of injury and fatality mitigation potential.
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1 Introduction

The constant burden of road crash injuries and fatalities that every year occurs all over the
world, has fostered over the last few decades policy makers discussions and scientific
research, with the common goal of improving the safety of future transportation systems.
The discussion on road safety has contributed in many countries to the introduction of new
road safety laws and to the development of a range of new driver assistance systems to
reduce the number of crashes that every year cause fatalities and severe injuries. A key role
to the increased relevance of road safety issues was played by the road safety philosophy
known as “Vision Zero”, which was introduced through a Road Traffic Safety Bill and
approved in October 1997 by the Swedish parliament [1]. The Vision Zero is an expression
of the ethical imperative that “It can never be ethically acceptable that people are killed or
seriously injured when moving within the road transport system” and therefore put the target
that “eventually no one will be killed or seriously injured within the road transport system”.
The Vision Zero principles changed the approach to road safety: from the conventional cost-
benefit assessment, the selection of strategies and measures for improving road safety is now
based on the achievement of the optimum state of the road transport system, which allows
obtaining the target of zero road fatalities and severe injuries [2]. This new approach to road
safety since 1997 has spread among different countries, including the European Union,
which in the European Commission’s “Strategic Action Plan on Road Safety” set the
ambitious road safety plan to reach zero road fatalities by 2050. In order to reach the goal
by 2050, the European Commission implemented different strategies to improve road safety,
working on “safer vehicles, safer infrastructure, better use of protective equipment, lower
speeds and better post-crash care” [3].

For the decade 2021-2030, the EU has set the target of 50% reduction for fatalities and
serious injuries by 2030 [4]. Worldwide, this goal was strengthened by the Stockholm
Declaration [5], an agreement for further global political commitment in improving road
safety published by the Global Ministerial Conference on Road Safety in February 2020.

Despite these efforts in reducing road fatalities and crashes in Europe, the progress is slow,
and the burden of road crashes is still very high [3]. In 2019, 22,800 people died in road
crashes and around 120,000 people suffered serious injuries with life-changing
consequences. This had also a huge economic impact, which was estimated for 2019 to be
around 280 billion euros, which mean around 2% of EU GDP. The burden of road crashes
is even higher outside Europe, where road traffic injuries are the eight leading cause of death
for people of all ages and the first one for children and young adults aged 5-29 [6].
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Figure 1 — Evolution of EU road fatalities and targets for 2001-2020 [7]
(Source: CARE - EU road accidents database)

The goals for 2020 in terms of road fatalities reduction will be probably missed (see Figure
1), and to reach the goals set for 2030 all the stakeholders involved in enhancing road safety
(policymakers, manufacturers, researchers, and end-users), will have to make an extreme
effort to innovate road safety measures and technologies. This is even more critical for
motorcycle users, for whom the fatalities reduction in the last decade was smaller than those
obtained for other types of road users (see Figure 2). The motorcyclists, and more generally
all Powered-Two-Wheeler (PTWs) users, (which include all two- and three-wheeled
motorized vehicles such as motorcycles, scooters and mopeds), are considered Vulnerable
Road Users (VRUs) because of their high rate of fatalities compared with the number of
circulating vehicles. In addition, even if motivations for riding are not the same in different
countries [8], overall, PTWs have increased their diffusion year by year, thanks to their
affordability compared to cars (reduced fuel consumption, maintenance, and insurance costs)
and their ability to move in congested traffic environments and urban areas. Motorcycles are
also employed by leisure riders for sport or entertainment. The diffusion of PTWs is even
more important in mid- and low-income countries, where the adoption rates are very high (1
every 3 inhabitants in Malaysia and Vietnam [9]), but they are a fundamental means of
transportation also in high-income countries, with a fleet of over 34 million vehicles in
Europe and 8 million in the US [10] and with increasing trends of adoption (e.g. in Australia

[11]).

However, despite the number of circulating PTWs in Europe has rapidly increased in the last
decade, the required increase in the safety of this type of vehicle remained limited, and PTWs
are consistently considered as a high-risk mode of transport, with a documented higher risk
of death and severe injuries associated to crashes for their users compared to those of other
vehicles [12].
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Figure 2 — Index of motorcycle and moped fatalities in Europe compared with other modes of
transport [ 7] (Source: CARE - EU road accidents database)

There are several reasons why PTWs are more hazardous than other vehicles: the reduced
size of PTWs and their ability to move in between lanes of cars make them less visible and
their trajectories less predictable to car and truck drivers. Besides, just because they have
only two wheels, PTWs are in some conditions less stable and very demanding for the rider
to be controlled compared to cars, requiring the rider body coordination and skilled controls.
This is even more relevant in emergency situations, where the ability of riders in swerving
or braking can make big differences in avoiding crashes [13]. In fact, PTWs are more
vulnerable to wheel sliding and less stable, and therefore the execution of an effective
swerving manoeuvre or braking action in an emergency situation requires considerable
skills. Furthermore, PTWs and especially motorcycles have powerful engines compared with
their weight: this means that they are capable of high acceleration and velocities, which make
them potentially more dangerous than other types of vehicles. In addition, PTWs have a
smaller size and generally, their structure offers limited protection to the rider against
adverse weather conditions or injuries in the case of crashes.

The most popular and sometimes sole protection for riders is the safety helmet [14],[15],
which was proved to be an effective device in mitigating head injuries [16]. From a
perspective of on-board safety systems, the strategy to mitigate this higher potential risk of
crashes and injuries for PTWs is represented by Advanced Rider Assistance Systems:
electro-mechanical systems that assist riders employing sensors and cameras to detect
nearby obstacles or driver errors in riding and respond accordingly. Four-wheeled vehicles
are nowadays provided with many validated Advanced Driver Assistance Systems (ADAS),
such as Antilock Braking System (ABS), Electronic Stability Control (ESC), Autonomous
Emergency Braking (AEB), Adaptive Cruise Control (ACC), Lane Keeping Assist (LKA),
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Lane Departure Warning (LDW) or Blind Spot Detection (BSD). Some of these systems
showed already in real-world conditions good reliability and efficacy in avoiding or
mitigating crashes [17]. Regarding PTWs, even if researchers and PTW manufacturers
worked to introduce active [18] and passive [19], [20] safety technologies, the number of
on-board safety systems already available is limited: only ABS, which is mandatory in
Europe since 2016, and its version working also in a leaning condition called Motorcycle
Stability Control (MSC) [21], have been successfully introduced on standard vehicles [22].

The main reason why safety systems for PTWs are less developed and common than in cars
and trucks is that the design of an effective and reliable active safety system for PTWs is
more complex than for cars. Due to the lower stability of the vehicle and the contribution
required to the rider to maintain stability and upright position, the intervention of safety
systems must cope also with rider reaction. Even if significant activities were carried out in
past years on the development of new safety systems for PTWs, detailed and demanding
investigations are required in order to provide standard vehicles with effective solutions for
improving PTW users’ safety.

Considering all the recent results of the research and the ongoing activities on the
development of ARAS to increase PTWs safety, after the introduction of ABS, the most
promising technology in mitigating PTW crashes is the Autonomous Emergency Braking
(AEB). This system autonomously performs a braking action to reduce impact speed or even
avoid crashes when the rider has no time to brake or misses to execute an appropriate braking
action due to distraction, perception failures or panic. AEB was successfully implemented
in passenger cars and trucks [17], and now it is mandatory in Europe for trucks and buses.
The focus of this research project will be therefore the development of the so-called
Motorcycle Autonomous Emergency Braking system (MAEB) in order to foster the
implementation of the AEB also on PTWs.

1.1 Motivations and goals

After more than ten years of research and many research projects, the open questions are
still on whether common PTW users may be able to manage the intervention of the MAEB
if deployed with effective working parameters (i.e., high deceleration and fade-in jerk) and
in the typical conditions of common pre-crash situations where such system may contribute
to reducing the injuries.

The present work aims to investigate the feasibility of MAEB and its acceptability among
end-users, assessing the implementation of the highest levels of jerk and deceleration which
would allow achieving the largest speed reduction pre-crash conditions. This will allow
understanding in which conditions the MAEB can be safely applicable without requiring
excessive compensation by a potentially unaware rider and without causing excessive PTW
destabilization. This is because, despite the potential benefits that MAEB may have for the
improved safety of riders, its activation parameters must be defined in accordance with the



rider’s capabilities to manage the vehicle, to maximise pre-crash braking effect while not
reducing PTW controllability.

The goals of this research project can be summarized as follows:

1) Identification of a range of pre-crash riding condition and system intervention
parameters which can be managed by end-users in unexpected activations and
therefore applicable for MAEB.

2) Evaluation of the riders’ acceptance of the autonomous emergency braking for
motorcycles and their reactions at system deployment.

Based on the results of the previous research questions, a further goal was defined during
the third year of the project:

3) Assessment of the effectiveness and injury mitigation potential of MAEB

1.2 PIONEERS project

The study presented in this thesis was carried out within the PIONEERS research project,
which was funded by the European Union’s Horizon 2020 research and innovation
programme under grant agreement N° 769054 [23].

The PIONEERS project aims to improve the safety of Powered Two Wheelers (PTWs)
through an integrated approach to rider protection considering on-rider and on-board safety
systems. Thanks to the improvement of the safety performances and the usage rate of
personal protective equipment (PPE) for PTW users, and through the development of new
onboard safety systems, the project aims to reduce the number of fatalities and injuries
among PTWs users. PIONEERS involves different types of partners: seven universities and
research institutes, two industrial partners, four protective equipment manufacturers, two
motorcycle manufacturers and one automobile club.

The project, which started in May 2018 and will finish in November 2021, is expected to
provide a higher understanding of how to prevent injuries to PTW users and better testing
methods enabling better performance assessment for protective equipment. In addition,
thanks to the involvement of European manufacturers, the project wants to develop better
products (personal protective equipment and on-board systems) in order to achieve an
increased safety level of PTW users and improving European competitiveness.

In order to achieve the general goal of improved safety for PTW users, the project was
divided in the following six objectives [23]:

1) Prioritizing the most safety-critical accident scenarios and developing methods to
identify relevant future safety issues.

2) Developing improved injury criteria to assess the injury risk on the most critical
body regions.



3) Designing field-effectiveness driven test methods (virtual and physical) with a high
degree of reliability and repeatability to assess current and future safety systems
under realistic impact conditions and to provide input to the standardisation groups.

4) Defining the system requirements of the PPEs and on-board safety systems of the
future for optimal rider protection.

5) Developing the new generation of PPEs and on-board safety systems (prototypes).

6) Developing advanced design tools and improved products by establishing minimum
performance requirements to better inform the final user and to differentiate high-
quality European products from products that offer a lower level of protection.

WP8- Management

WHP1 - Critical accident scenarios and rider needs

WP2 — Improved injury . WP3 - Advanced testing WP4 — New generation of

assessment methods protective equipment

WP7 - Standardisation,
dissemination and awareness
WP6 — Impact assessment and
societal benefit

WP5 — On-board safety
systems

Figure 3 — PIONEERS organization and methodology [23]

In order to accomplish each objective of the project dedicated work packages (WP) were
instituted involving a subset of the partners. The present PhD study was carried out within
the fifth work package, which had the goal of developing new on-board safety systems, and
in particular in the sub-task 5.2 which focused on the MAEB, known in the project as Pre-
Crash Braking (PCB). This sub-task had the goal to assess the riders’ acceptance of an
automatic pre-crash braking system able to reduce PTW speed when the crash is unavoidable
and assess their reactions at system deployment. For this reason, a field test campaign
involving common riders as participants has been planned in order to investigate the optimal
parameters, accepted and validated by riders, to maximise deceleration before impact. At the
end of this part of the project, a benefit analysis will be performed in the sixth work package
with the results of this task.

In task 5.2 of the PIONEERS project, two partners of the project were involved in the
execution of field tests in two different test location: The University of Florence and the
Technical University of Darmstadt. At the two sites, the research groups investigated
specific features, but in both experiments, the functionality was tested by volunteer
participants and a basic set of trials were performed at both test sites in order to allow an
integrated data processing. At the University of Florence test site, the tests were planned to
involve two test vehicles and a sample of common riders as participants, which required a
large research team. For this reason, two researchers (the PhD candidate CL and a post-



doctoral researcher) were entrusted with the two parts of the research activity, under the
supervision of the scientific responsible. In order to execute all the research activities, the
two researchers have been also provided by two groups of research assistants, composed of
graduate researchers and undergraduate students.

In this thesis only the activities within the task of the project for which the candidate was
responsible will be presented, together with the results obtained by his work and the work
of the students whom he coordinated during the project. The candidate was responsible for
performing all the preliminary activities including the pilot testing and the definition of the
test protocol. Successively he was in charge of setting-up the first test vehicle employed in
the field tests and to execute the related field tests with participants. After that, in order to
accomplish the requirement of the project, he was responsible for performing the data
analysis of the data collected in the field tests with the first vehicle and drafting the related
part of the final documentation.

1.3 PhD organization

As mentioned in the previous section, the present work was carried out within the Task 5.2
of the PIONEERS project. The workflow of the research activity was therefore a
compromise between the requirements of the research project and the constraints of the
PIONEERS project. During the first year, a comprehensive literature review of the research
concerning MAEB was carried out, and a first prototype of the test vehicle to be used for the
field experiments was developed. During the second year, a pilot testing activity was
performed in order to define the test protocol, which obtained the approval of the Ethics
Committee of the University of Florence. After that, a second test vehicle was developed
thanks to the collaboration with industrial stakeholders within the PIONEERS project, and
a field test campaign was carried out involving 35 external participants on the two test
vehicles. The third year of PhD was dedicated to the analysis of the data collected during the
field test campaign and to drafting publications. In addition, a period of three months was
spent at the Monash University Accident and Research Centre, and a further study based on
an in-depth database of PTW crashes focusing on the assessment of the potential benefits of
MAEB was performed. A diagram representing the workflow of the research activity in the
three years of PhD is displayed in Figure 4.

This dissertation wants to present the research activity carried out by the candidate during
his PhD. The document was organized as a hybrid paper-based thesis. Some sections will be
presented as a conventional thesis, in some cases integrated with conference publications,
while others will be composed mainly by peer-reviewed journal publications. Due to the
time required for the review process and publication, not all the papers included in this thesis
are already published.
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Figure 4 — PhD organization and workflow: the first year was employed to perform the literature
review and to develop a first test vehicle; during the second year pilot tests were carried out to
define the test protocol and to develop a second test vehicle which was then employed for the test
with participants; the third year was dedicated to the field test data analysis to investigate MAEB
feasibility and acceptability and to perform a further study to estimate MAEB benefits

The remainder of the document is organised as follows. After this introduction, in the second
section of this thesis, the state of the art of the Autonomous Emergency Braking systems for
PTWs will be presented. After an overview of the most promising Advanced Rider
Assistance Systems (ARAS), a comprehensive summary of previous studies related to both
MAEB field testing and MAEB benefits assessment will be presented, highlighting for each
one the impact that they had on the following studies and on this research project. In the
third section, the methods employed for this study will be described: details regarding the
field test campaign carried out for this PhD will be presented, including the test design, the
prototype vehicles development, the final test protocol and the recruitment of participants.
In the fourth section, the main results of this work will be presented: after a brief description
of the field test campaign with participants, two journal publications focusing on the
applicability of MAEB in critical conditions will represent the main output of this study. In
addition, further results on MAEB applicability and acceptability will be presented. In the
fifth section of this thesis, an additional study focused on the assessment of MAEB benefits
based on the results obtained in previous sections will be presented. The latter study, which
will be presented through a journal publication, was carried out in collaboration with the
Monash University Accident and Research Centre of Melbourne, Australia. Finally, the
conclusions of the activity and future steps in the research regarding MAEB will be
described.



2 Literature review

Active safety systems for PTWs have been in development for the last 40 years in order to
improve riders’ safety. Some technologies (e.g., ABS) derived from passenger cars or trucks,
while others were specifically designed for single-track vehicles (e.g., anti-wheelie control).
However, though numerous rider assistance systems are currently available on standard
PTWs (see Figure 5), only a small number have been shown to have significant impact on
riders' safety.

The most effective active safety system currently offered on PTWs is the Antilock Braking
Systems (ABS). This technology, derived from four-wheel vehicles, was introduced in the
late 1980s to prevent wheel locking during hard braking or in conditions of poor road
adherence. ABS was shown to be able to reduce braking distances and allow the rider to
maintain better control of the PTW [24], reducing also the chance of capsizing before the
crash (‘sliding’ crashes) [25]. In addition, recent retrospective studies focusing on ABS
benefits assessments, highlighted its capabilities to reduce the number and the severity of
real-world crashes [22], [26]. Another safety system already available on standard PTWs is
Traction Control (TC), which prevents the rear wheel from skidding when the rider increases
the throttle of the PTW reducing electronically the torque transmitted by the engine to the
rear wheel. In the first stages, TC was designed to improve riders’ safety on slippery
surfaces, whereas recent developments focused mainly on improving acceleration
performances. Nowadays most of the main PTW manufacturers have their own TC system
and TC is spread among high-end motorcycle, however, limited evidence is available in the
literature highlighting its efficacy in improving safety [18].

Motorcycle Stability Control (MSC)
Antilock Braking System (ABS) Semi active damping
Traction control Side view assist

Electronic combined brake
system (eCBS)

Adaptive headlights

Cruise control

Rear-wheel lift-up control Hill hold control

Wheelie control Slope dependent control

Drag torque control Quick shifter Off-road control

Figure 5 — Rider assistance systems already available

The Motorcycle Stability Control (MSC), which was introduced on standard vehicles in
2013, includes ABS to prevent the wheels from locking, traction control to prevent the rear
wheel from spinning and Combined Braking (CB) to ensure optimum distribution of brake
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force. In addition, the capabilities of the three technologies are extended also in leaning
conditions, using roll angle estimations. The MSC, which represents the highest level of
safety system available nowadays for PTWs, is therefore able to control the stability of the
vehicle by preventing roll and yaw instabilities and avoiding wheel locking. However, in
order to obtain this level of safety, several sensors including IMU to obtain roll angle
estimations are required [21] and therefore the cost of such system is preventing its diffusion
among low-end PTWs. Further studies were carried out focusing on collision avoidance
technologies and warning systems (e.g., curve warning), sometimes derived from other
applications (passenger cars and trucks). However, most of them are in the early stages of
development and it is not predictable when they will be ready for standard vehicles [18].

As mentioned in the introduction, the focus of this research project was the Motorcycle
Autonomous Emergency Braking (MAEB) system, also known in the literature as Pre-Crash
Braking (PCB). This technology, which is the PTW derivative of the AEB (Autonomous
Emergency Braking) system already available and proved to be effective for four-wheels
vehicles [17], [27], [28], was shown to be one of the most promising ARAS for improving
PTW users’ safety [18]. MAEB was shown to be applicable between 37 and 53 percent of
the cases of in-depth databases of motorcycle crashes in developed countries [29] and in
some conditions, it may achieve impact speed reductions that are likely to reduce
motorcyclists’ injuries. Concerning the acceptability of MAEB among end-users, an early
study based on survey data involving 6297 respondents from over 10 countries [30], [31],
highlighted that the overall acceptability of ARASs is lower compared to the equivalent
acceptability of the systems installed on passenger cars (ADAS). The differences between
riding a PTW and driving a car, both in terms of motivations and physical differences
between the two types of vehicle, influence the feasibility, effectiveness and affordability of
assistance systems. However, emergency braking assistance systems were considered (as
early as in 2012) one of the most useful safety functions for PTWs.

This system reduces the PTW pre-crash speed applying autonomously a braking force when
the impact with another vehicle, pedestrian or other obstacle encountered on the road is
identified as forthcoming. If the system is designed to be deployed when the crash is
unavoidable, it can only reduce impact speed (the so-called Pre-Crash Braking — PCB). On
the contrary, if MAEB is triggered before the crash is unavoidable, it can bring greater
benefits compared to the sole impact speed reduction. In summary, the primary aim of this
system is to reduce the PTW speed to mitigate injuries sustained by the user, but in the future,
this system may also be able to avoid crashes.

In the following subsections, the state of the art regarding MAEB relevant to the research
questions of this project will be presented. Previous studies focused mainly on four aspects:

1. Assessing MAEB applicability in real-world crashes.

2. Defining MAEB triggering algorithms.

3. Field testing MAEB with volunteers to explore the rider stability and MAEB
acceptability among end-users involving PTW prototype systems provided with
Automatic Braking (AB) devices.

4. Investigating the potential benefits of MAEB via crash reconstructions and
theoretical estimations.
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2.1 MAEB applicability

Assessing the potential applicability of MAEB before its implementation on standard
vehicles was a significant challenge for researchers. The absence of data recorded in crashes
involving vehicles provided with MAEB makes retrospective assessments not possible.
However, assessing its applicability in real-world crashes, represents a fundamental goal to
be achieved to understand the potential impact of MAEB in real-world near-crash and crash
situations. Within a study focusing on comparing the applicability of different PTW active
safety systems (included MAEB) to identify the most promising ones, a group of experts
assessed the expected applicability of five ARAS based on Australian crash configuration
definition [32] and estimated the potential applicability of each ARAS based on crash data.

As a reference the ABS, which since 2016 is mandatory in UE for some types of PTWs,
showed the highest rates of applicability in all the countries: ABS resulted to be not relevant
only in between 7.1%-15.8% of all the crashes considered in this study and to be definitely
applicable in 40.6%-62.8% of them [33]. Concerning the MAEB, it resulted to be applicable
in a range of 5.7%-47.9% of Australian PTW crashes [34], 10.5%-78.4% of Italian PTW
crashes and 11.6%-67.2% of US PTW crashes [33]. These estimations, which varied broadly
among different countries and traffic environments, showed nevertheless that MAEB could
intervene in a wide percentage of PTW crashes, revealing high potential applicability,
especially in urban environments. Within each country, the wide ranges in MAEB
applicability estimations represented different levels of applicability based on the
classification provided in [34] (see Table 1).

Table 1 — MAEB estimated applicability in Italy (Prato), USA and Australia (Victoria) [33]

Category 1 Categgr',r 2 Category 3 Categgr',r 4
Safety Sistem (not relevant) (possible) (probably) (definitely)
Prato UsA  Wictoria Prato USA  Victoria Prato UsA  Wictoria Prato USA  Victoria
ABS 8,8% 154% 7,1% 13,0%  54,3% 49,3% 3,5% 31% 2,3% 74, 7%  27,2%  40,6%
MAER 21,4% 32,8% 52,1%  27,0% 47,5% 24,3% 41,1%  81%  17,3% 10,5%  11,6%  5,7%
Collislon warning  15,6%  32,7%  41,6% 3,5% 374% 14,1% 36,5% B7%  20,5% 40,0% 21,2%  23,1%
curvewarning  90,9% 5832%  79,1% 4.6%  32,2%  4,4% 0% 0% 0% 4 6% 9,60 158%
Curve asslst 70,2% 72,0%  43,5% 22,8% 14,7%  36,6% 2,5% 34% 3,2% 4,6% 9,9% 16,1%

2.2 MAESB triggering algorithms

The selection of the decision logic and the triggering algorithms of an active braking system
such as MAEB, is one of the key aspects that must be defined in the early stages of its
development. For an autonomous braking system, the main issue is to define whether to
allow the intervention of the system when the collision is still avoidable or only after the
collision has become physically unavoidable. This influences the time available for the
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system to be active before the crash and therefore to produce its effects. In the first case, the
intervention of the system could be more effective, but its acceptability for end-users could
be much lower because of the unavoidable unnecessary interventions. On the other hand, if
MAESB is designed to intervene only when the crash has become physically unavoidable, it
would allow only a reduction of the crash impact speed.

When the system was at the first stages of its development, early-studies focusing in MAEB
triggering algorithms assumed the system for intervening only when the crash between the
host PTW and the opponent vehicle/object was estimated as unavoidable. The first studies
focused on establishing when an obstacle is no longer avoidable by a PTW through a
swerving manoeuvre. This was executed using a numerical model which was then validated
by an experimental campaign involving 12 participant riders [35]. The following study, in
order to develop the decision logic of the MAEB prototype installed on a PTW employed in
the PISa project [36], defined the unavoidable-crash condition for a PTW based on its
kinematics [37]. In this study, based on rear-end crash configuration, the full braking action
and the swerve manoeuvre were schematised to identify the kinematic conditions for which
a collision is physically unavoidable. The results of the study (see Figure 6) showed that
based on the travel speed of the host PTW, the crash can be avoided through full braking
action or swerve manoeuvre with different efficacy in relation to the PTW travel speed.
Overall, at low PTW velocities, the most effective manoeuvre is the braking action, while at
higher speeds the swerve manoeuvre is the most effective one. However, the main result of
the study from MAEB perspective is that a combination of PTW speed and distance from
the obstacle in which the collision is unavoidable was identified (Figure 6). This combination
was therefore considered as the reference for MAEB deployment and decision logic of
intervention.
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Figure 6 — Minimum distance to avoid a collision considering pure swerving (Lsw) and pure

braking (Lb) [37]
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An essential contribution in the research on MAEB triggering algorithms was given by
Savino et al. in 2016, with a study focusing on identifying inevitable collision states (ICS)
for PTWs [38]. A methodology to identify ICS for PTWs was proposed based on previous
studies focusing on ICS for other applications and previous findings on swerving and
braking distance for PTWs [35], [37]. The proposed method allowed therefore to extend the
applicability of previous triggering algorithms to include any crash configuration involving
a PTW and a passenger car in typical traffic scenarios (see Figure 7, which represent this
strategy applied to car AEB). The ICS method, which was designed for MAEB, but which
can be applied as a triggering criterion for other active safety systems, represents a reliable
algorithm for triggering MAEB in all the crashes in which the PTW is travelling straight and
the opponent vehicle is in the frontal surroundings of the PTW, the two vehicles eventually
colliding with each other. In addition, the real-time implementation of the method was
shown to be easily obtained based on look-up tables, making the method applicable in real-
world applications. In other linked studies, the algorithm was tested through numerical
simulations reconstructing real-world crashes coming from databases of different countries
[29], [39]. The results of these studies confirmed that with the application of the ICS
triggering algorithm, the MAEB would be able to mitigate multiple-vehicle PTW crashes
across a wide range of impact configurations.

Final impact point wio AEB

Figure 7 — Car AEB triggering zone: AEB is triggered when ordinary braking action is not enough
to avoid collision (the passenger car is located between lines b and c) [39]

The algorithm presented in the previous paragraph was also employed to assess the
applicability of MAEB in cornering conditions [40]. All the previous studies considered the
MAEB applicable when the PTW is travelling in straight line conditions, and neither in
numerical simulations, the applicability of MAEB to cornering scenarios was tested since it
was considered hazardous for a leaning vehicle. A new algorithm for MAEB intervention in
leaning conditions was proposed [40]: the standard MAEB was associated with an Active
Braking Control (ABC), which consisted of a new control algorithm that stabilises the
vehicle along the curved path. The ABC consisted of the integration of Combined Braking
and ABS through a braking modulation module. Such system is similar to what is nowadays
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available for PTWs with the name of Motorcycle Stability Control (MSC). The combination
of MAEB and ABC, the so called MAEB+ (see Figure 8), was tested in virtual environment
with computer simulation reproducing real-world crashes, employing three cases selected
from the in-depth crash database “InSAFE” (which collects severe road crashes in the
metropolitan area of Florence). The results of the simulations showed that MAEB+ reduced
the PTW speed prior to impact with higher deceleration compared to baseline MAEB, while
maintaining the stability of the motorcycle. In conclusion, the results of this study showed
that MAEB in combination with active braking assistance systems like MSC could be
possible, but field test were recommended to assess the vehicle controllability in such
conditions.

RISK
function

RISK FalDetection

BikeSimS-Function
VehicleCode:fixeg te

AB
function L function

triggering

BikeSim S-Function

PreScan
Environment

Figure 8 — Up: scheme of Active Braking Control (ABC), including Antilock Braking Function (AL),
Combined Braking Function (CB), Active Braking force modulation (AB) and Risk function; Down:
Scheme of MAEB control logic including Environment control, Inevitable Collision State (ICS)
definition and ABC [40]
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2.3 MAESB field tests

The first tests focusing on MAEB feasibility were carried out by Symeonidis et al. [41] in
order to assess rider stability in case of autonomous braking events. The tests, involving
eight participants with different riding skills, were performed in laboratory settings,
analysing rider kinematics in correspondence of simulated activations of automatic braking.
To simulate the inertial forces experienced by the rider during the braking action, a sledge
with a motorcycle mock-up was employed to recreate the interface between the motorcycle
and the rider (see Figure 9). The prototype was designed to recreate a touring vehicle and it
was directed in the opposite direction of movement of the sled, thus allowing to recreate the
acceleration profiles of a braking manoeuvre.

In order to simulate the braking manoeuvre, the sled performed an acceleration of 0.35g in
rearward direction compared to that in which the participant was facing. Employing a system
of high-frequency cameras, an accelerometer and an electromyography system device, data
on the participants' reactions were recorded. Three braking scenarios were tested: i) the
participants activated the sled by means of a brake lever on the handlebars of the prototype,
reproducing a manual braking action. ii) the activation of the sled was carried out externally
by the investigator providing a haptic warning to the participant before activation or iii) the
deceleration was activated by the investigator without any warning.

10p af halmet [not visitle)

Figure 9 — Motorcycle mock-up and markers for body movement monitoring [41]

The results of this study highlighted that the movements obtained in the three scenarios with
decelerations of 0.35g were not significantly different among the three tested scenarios. The
authors concluded that with decelerations of up to 0.35g, MAEB should not create a greater
instability to the rider compared to manual braking. This study, for the first time in literature,

-15 -



suggested that a 0.35g automatic deceleration in straight-line could be manageable by riders
and paved the way to future field tests. Since rider instabilities induced by MAEB was
considered one of the main issues for its application, the results of this study represented a
fundamental milestone for the future development of the system.

The first field test of MAEB was carried out in 2010 within the European funded research
project PISa (Powered two-wheeler Integrated Safety) [36]. This project, first of all, assessed
the applicability of PTW safety functions through in-depth crash data analysis of 60 crashes
representative of European crashes. After identifying the most promising safety functions,
these were implemented on two different test PTWs, a scooter and a motorcycle. The scooter,
a 500cc Malaguti Spidermax, was provided with the first autonomous braking system,
allowing autonomous and enhanced braking functionalities. The vehicle was also equipped
with a laser scanner for frontal obstacle detection, a vibrating seat to provide warning
feedback to the driver and a semi-active front fork to improve stability during emergency
braking. All the sensors and devices installed on the vehicle communicated via CAN bus
with the dSpace control module. The first MAEB system was in place: the laser scanner was
used to detect obstacles, while data from the inertial platform (Inertial Measurement Unit -
IMU) and the GPS were used to assess the state of the vehicle; combining these signals, the
decision-logic of the prototype system identified the presence of a possible crash scenario
and decided whether MAEB should intervene based on data from the throttle, steering torque
and braking pressure sensors. The system was designed to apply autonomously the braking
action, which could be either in “autonomous” mode if the rider was not performing manual
braking action, or “enhanced” mode if the rider was braking manually.
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Esh(r;n:éo T Fusion | Scenario :
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1 Assessment | Controller
! |
: 4 '
| B 5
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Figure 10 — Operating diagram of the first MAEB prototype vehicle [36]
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The prototype vehicle was employed to carry out the first field tests, which were performed
at the Transportation Research Laboratory (TRL) test track, to verify the MAEB technical
feasibility and obtain subjective feedback from a set of riders [37]. The tests were carried
out by seven professional riders, who rode the PTW at a speed of 45 km/h towards a
stationary obstacle made of foam rubber which was passed sideways (see Figure 11); as the
vehicle approached the obstacle, the MAEB system calculated the minimum deceleration
required to avoid impact and when the threshold value, which varied between 0.5g and 0.9g,
was passed, the automatic braking was deployed up to reach a target deceleration of 0.3g.
Overall, the system was tested in 140 trials, in which it intervened regularly with no negative
outcome for the riders. The participants declared that they were able to manage the
deceleration with minor effort. The obstacle detection rate was of 98% with an average first
detection distance of 58.3m. In a single case, the automatic braking did not take place due
to an erroneous tracking of the obstacle by the laser scanner. The mean deceleration
performed by MAEB (which was obtained without a closed control loop on braking
deceleration) during the trials was around 0.28 g (SD 0.07 g). Even if some cases of false
activation occurred due to spikes in object detection (11 out of 140 runs), the tests were
performed without the occurrence of any dangerous event for participants. These tests
represent a significant breakthrough in the estimation of the feasibility of the MAEB proving
its technical feasibility and the possibility from professional riders to manage interventions
with deceleration up to 0.3 g, also in the case of false triggering.

Figure 11 — Frist field tests involving MAEB [37]

The next step in MAEB field testing was carried out within the ABRAM project [42]: field
tests were performed for the first time involving common riders (characterized by different
age and riding skills) as participants. The tests had the goal to evaluate the acceptability of
the MAEB system, recreating unexpected automatic braking events. The vehicle used for
the experiment was a light sports motorcycle, which had been equipped with a remote-
controlled braking system that allowed the investigator to produce an automatic deceleration
of the vehicle by turning off the engine. This approach was chosen because it was low cost,
reliable, repeatable, and safe; in this way, the deceleration was directly proportional to the
speed of rotation of the engine so it was not possible to achieve values that could compromise
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the safety of the participants. The achievable deceleration ranged from 0.1g and 0.3g. The
experimental vehicle was also equipped with two video cameras and a data logger recorded
the vehicle position, speed and acceleration. The test consisted of some straight runs (see
Figure 12) at a speed of 40 km/h in which the investigator could turn off the motorcycle
engine decelerating the motorbike. The activations were performed at pseudo-random times
reproducing pseudo-unexpected decelerations for the riders. Besides, in order to assess how
unexpected the activation really was, a further activation was performed after these trials to
surprise the participant and test a “genuinely unexpected” deceleration. The average
decelerations during activation were 0.15 g with peaks that could reach 0.3 g.

A A A
Acceleratl Activation stretch Manual braking
stretch (constant speed) stretch
Start point Gate . Rapdom M?l’luﬁl End point

activation of AB  braking here

Figure 12 — Test track and procedure employed in [42]

This study allowed to understand that field tests involving pseudo-unexpected decelerations
of a prototype PTW is a feasible way to investigate the influence of MAEB on common
users, from both functional and safety perspectives. In addition, this study provided the first
assessment of rider acceptability of MAEB intervention, confirming that MAEB activation
with average decelerations of 0.15g can be easily managed by common riders. The test
protocol presented in this article, approved by the Monash University Human Research
Ethics Committee, also represents a reference for a future definition of MAEB field tests.

Within a following study of a different research team, focusing on investigating the
tolerability of unexpected autonomous emergency braking manoeuvres [43], further field
tests were carried out involving five expert and professional riders as participants [44]. These
field tests were carried out with the specific goal of identifying the limits of deceleration and
jerk achievable with the MAEB without compromising rider’s stability. The tests were part
of a larger research project (which started some months before the present PhD) which was
supposed to perform test also with common riders as participants. To date, the results of the
participants' test have not been published yet. The published study presented the results of
the tests involving experts in the field, i.e. driving instructors, who were asked to provide
feedback regarding decelerations that they felt could be easily managed by a normal user.
The motorcycle used for the tests (Honda NC700X) was equipped with a remote-controlled
automatic braking system which, by means of an electric motor, activated the rear brake
pedal and disengaged the clutch by means of another actuator. Since the motorcycle was
equipped with combined braking, the braking pressure was also applied on the front brake.
Three different deceleration profiles were tested: the so-called impulse, the increasing ramp,
and the constant deceleration (see Figure 13).

-18 -



Participants were required to travel on a straight path at speeds of 45, 70 and 90 km/h and
unexpected system activations occurred with different deceleration profiles. After each test,
the experts provided feedback on the activation indicating whether they considered the tested
level of intervention reasonable or unacceptable for ordinary users. At 70 km/h the experts
considered automatic and unexpected decelerations manageable for ordinary users with
values of 0.5g with the constant deceleration profile, 0.5g with the impulse deceleration
profile. The jerk (rate of increase of deceleration) of 0.9g/s was considered applicable with
common riders for the increasing ramp profile. The results of this study provide relevant
recommendations for the working parameters and deceleration profiles applicable to MAEB.
However, due to the limited sample and the experience of riders, the parameters indicated
by the experts must be verified through field tests involving common riders.
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Figure 13 — AB deceleration profiles tested by Merkel et al. [44]

In addition, further analysis was carried out by the authors on the data collected in these field
test campaign, in order to analyse the body movement to evaluate the adaption of the rider
to autonomous braking. The results showed that it is possible to measure riders’ adaptation
to the automatic deceleration through monitoring head and body movement [45]. The
findings showed also that the physical reactions of riders to unexpected automatic braking
have a high degree of homogeneity [46]. This suggests that the results of studies focusing
on rider’s controllability of automatic braking intervention, even if performed with a
relatively small number of participants, can predict the response of a large number of riders.

A small field test carried out in 2018 assessed the possibility of estimating the
disadvantageous position of one-handed riding based only on available motorcycle dynamics
sensors, in order to adapt the braking strategy in case of activation of MAEB [47]. A set of
parameters able to detect one-handed riding in straight-line riding were identified: during
automatic braking, the prototype system was able to identify one-handed riding before the
achievement of the 50% final deceleration. The results of this study represent a relevant
achievement for the control of the rider position on the handlebar to fully deploy MAEB
only in safe conditions.
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2.4 MAEB benefits estimation

Assessing the potential benefits of technologies that are yet to be introduced or are in pre-
release stages, is a significant challenge for researchers. For some technologies, the
estimations can be obtained through forecasting models or simulations, but greater is the
challenge when we want to assess the impact of safety systems for road vehicles like
ADAS/ARAS. This is because, before the introduction of such systems in standard vehicles,
it is impossible to have data recorded in crashes involving vehicles provided with these
technologies, and therefore any retrospective assessment is not possible. However, it is
essential to estimate the benefits and the disadvantages of active safety systems before such
systems are introduced on standard vehicles. For this reason, in the past, some studies
focused on assessing MAEB benefits based on crash modelling and simulations.

One of the first studies was conducted in 2013 by Savino et al. [48] based on 58 PTW
crashes, in which 43% of riders sustained at least MAIS2+ (moderate) injuries (Maximum
value of Abbreviate Injury Scale [49]), representing European crash configurations. The
study was executed by an expert team who analysed the in-depth material of the 58 crashes
and defined a posteriori which could be the effect of MAEB in each crash. In addition, in
the crashes in which MAEB was considered applicable, a further quantitative evaluation of
MAEB benefits was conducted based on a set of possible rider reactions. The results showed
that in 67% of cases, the application of MAEB could have mitigated the crash outcome
reducing pre-crash speed. Besides, among the 19 cases in which experts considered that
neither an expert rider would not have been able to avoid the crash, it was estimated that in
14 cases (74%) MAEB would have contributed in mitigating the crash. Further analysis
clearly highlighted that the MAEB could potentially improve safety not only for novice
riders but also for more experienced riders [50]. This study represents the first assessment
of MAEB benefits based on crash data including a wide number of crashes representative of
European crashes. The results suggested that MAEB could have relevant crash outcome
mitigation potential if applied in car-following and crossing crash scenarios.

Table 2 — Estimated MAEB effects by crash scenario [50]

N. cases/N. cases MAEB

Scenario applicable Mean speed reduction
Car following 9/8 1.9 m/s
Crossing 28/24 3.0 m/s
Single vehicle 7/0 -

A second study was carried out in the same period focusing on estimating quantitative
potential benefits of MAEB via crash reconstruction [51]. In this study, seven fatal rear-end
crash cases from the Swedish Transport Administration in-depth database were selected and
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reconstructed in a virtual environment. All the relevant characteristics of the crashes were
reconstructed, including the road scenario, the vehicles involved and their precrash
trajectories, and the presence of ABS and MAEB were simulated. A range of boundary
conditions (compatible with the uncertainty of the in-depth data) was applied to each
simulation and a range of possible rider behaviours was simulated. The working parameters
for MAEB application were those defined within the PISa (Powered Two-Wheeler
Integrated Safety) project (in particular, MAEB target deceleration was set to 0.3 g) [36].
The results of the application of MAEB in the crash simulations showed that in the cases in
which MAEB resulted to be applicable its benefits turned out to be comparable to what was
designed, while in the cases in which MAEB was not applicable “there was no clear evidence
of an increased risk for the rider due to the system”. This study estimated firstly the potential
effects of MAEB evaluating impact speed reduction in seven fatal crashes: its consequences
are doubly important. First, a confirmation that impact speed reduction previously field-
tested can be obtained in real-world crashes was obtained using crash simulations and,
second, important indications about the fact that MAEB do not provoke adverse effects on
the rider safety were obtained.

A further step in the assessment of MAEB benefits was carried out in 2016 with a
multicentric study [29]. Crashes collected in in-depth databases from three different
countries (Australia - Neuroscience Research Australia (NeuRA) database, Italy - INSAFE
(In-depth Study of road Accidents in Florence) database, and Sweden - Swedish Transport
Administration (STA) database) were selected from a wider sample of cases up to obtain 91
cases in which MAEB was considered applicable. To extend the potential applicability of
MAEB also to crossing scenarios and crashes involving stationary objects, a new triggering
algorithm was established.
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Figure 14 — Impact speed reduction due to MAEB distributed by In-depth database: STA (Sweden),
InSafe (Italy), and NeuRA (Australia) [29]

-21 -



Based on the crash reconstructions made through numerical 2D computer simulations and
employing the new triggering algorithm, the potential benefits of MAEB were estimated in
terms of impact speed reduction due to MAEB (see Figure 14). The results of this study
revealed that MAEB can have potential in mitigating multiple-vehicle motorcycle crashes
in a wider set of crash configurations compared to those tested until then. In addition, the
MAEB was overall able to reduce the impact speed up to approximately 10% of pre-crash
speed, depending on the crash scenario and the initial vehicle pre-impact speeds. This study
allowed to estimate through crash simulations MAEB benefits in crashes coming from
different countries and with different crash configurations, confirming the promising
potential of MAEB in mitigating PTW crashes.

The following study was conducted by Savino et al. in 2016 with the goal of evaluating the
sensitivity of the simulations to variations in reconstructed crash cases [52]: this allowed to
perform a more robust estimation of MAEB effects and validate the results of previous
studies. First, a set of crash configurations where MAEB was considered as potentially
applicable based on the crash configuration definition employed in Victoria, Australia [32],
were identified. Second, a set of 36 crashes coming from three Australian databases
(MICIMS - Monash University Accident Research Centre, Victoria; Neuroscience Research
Australia (NeuRA) database - New South Wales; and Centre for Automotive Safety
Research (CASR) database - South Australia) were reconstructed through computer
simulations. For each reconstructed case, a set of 100 variant cases were generated from the
baseline simulation by randomly altering the initial conditions. These variant cases were
employed to test the influence of different variables coming from crash investigations and
therefore containing a certain level of uncertainty, to the effectiveness of MAEB. Finally,
the effects of MAEB were evaluated in terms of impact speed reduction of the host PTW,
and the influence of variant cases was assessed.
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Figure 15 — Impact speed reduction distribution by crash configuration (DCA) produced by MAEB
in the simulated variant cases [52]
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The results of this study revealed that compared to the baseline cases, the cases in which the
variables were over- or underestimated influenced the mean impact speed reduction by up
to 20% (see results in Figure 15). In addition, further estimations of impact speed reduction
achievable using MAEB were provided. This study suggests that the potential benefits of
MAEB estimated through cases described in in-depth crash reports can be considered a
robust estimation of the real benefits of the system, validating previous and following studies
carried out with this method.

The latest study which attempted to estimate MAEB benefits focused on head injuries [53].
Employing a set of 13 motorcycle crashes coming from the Italian in-depth database of
serious road crashes in Florence (InSAFE), the effectiveness of MAEB in reducing the head
injury severity of a helmeted rider was assessed. Multibody simulations of the vehicles
involved in the crash and the riders’ body were employed to identify the impact conditions
of the head against the colliding object. Regarding the MAEB intervention, an ideal system
able to achieve two levels on Impact Speed Reduction of, respectively, 4 km/h and 8 km/h
was considered. The results showed that MAEB allowed reaching a mean head impact
velocity ranging from 10% to 18%. However, the authors highlighted that “non-identified
parameters may have had a role in the head injury mitigation effects”, and therefore, head
injuries mitigation estimations are not highly reliable. In conclusion, this study showed that
MAEB can reduce the impact speed of both the vehicle and the body (head) of the rider, but
that impact speed reduction of 4 km/h appeared to be not enough to substantially mitigate
head injuries: higher levels of ISR (equal or greater than 8 km/h) are required to make MAEB
effective in reducing head injuries.
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Figure 16 — Mean head impact speed by crash configuration in the baseline cases and with MAEB
intervention (4 and 8 km/h ISR) [53]
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A single-case study was also carried out in 2019 to assess MAEB effects using in-depth
crash and drive-through data [54]. The study showed that, in order to improve the MAEB
effectiveness discussed in previous studies, an early intervention could be an effective
strategy as improving the MAEB target deceleration. Moreover, if it would be possible to
combine the higher levels of deceleration with the early intervention, the MAEB may
achieve an impact speed reduction even greater than what was previously estimated. The
results of this preliminary estimations were employed as a reference in the study reported in
the fifth section of this thesis.

_24 -



3 MAEB test methods

Once the open issues of MAEB were identified through the literature review of prior studies
concerning MAEB and more generally studies focusing on ARAS, the first step of the
research activity was to identify the research methods and strategies to fill the gap in the
knowledge regarding MAEB highlighted by the literature review process.

Based on literature review, the goals of this research project were identified in: 1) assessing
MAEB feasibility in a range of riding conditions representative of pre-crash situations and
ii) assessing which levels of MAEB intervention parameters can be managed by end-users
in unexpected activations. The evaluation of MAEB feasibility will be based on the riders’
acceptance of the intervention of an automatic braking device and their reactions at system
deployment. For this reason, the research strategy identified for this study was to field test
the intervention of MAEB with participants. This indeed represents the most effective and
reliable strategy to assess the applicability of MAEB and its acceptability among end-users.
In this section, the methods employed in this study will be presented: by means of a journal
publication the field test design criteria will be presented first. After that, the work carried
out to set up and develop the two Automatic Braking (AB) prototype systems and the test
vehicles will be presented. The last two sections will contain the details of the test protocol
employed for this study and the procedure used to perform the recruitment of participants
and their selection.

3.1 Test design criteria

The test design criteria were defined through two linked phases: a literature re