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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 
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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. 
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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. 

 

 

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-
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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.  

                 
             

           

           
              

        

        

              

       

                  

                         

                                  

              

                        

 

    

  

    

   

    



 

- 9 - 

 

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].  

 

 

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] 

 

2.2 MAEB 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 

MAEB 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. 

 

 

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. 

 

 

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. 

 

 
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 MAEB 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. 

 

 

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, 
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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. 

 

 

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. 

 

 

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). 
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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. 

 

 

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] 

Scenario 
N. cases/N. cases MAEB 

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.  
 

 

Figure 14 – Impact speed reduction due to MAEB distributed by In-depth database: STA (Sweden), 

InSafe (Italy), and NeuRA (Australia) [29] 
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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.  
 

 

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.  

 

 

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. 
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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: i) 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 review and 

several sessions of pilot testing. First, a literature review of the previous studies on MAEB 

was carried out to determine more realistic intervention setting for MAEB and new working 

parameters to be tested. Studies concerning field testing were analysed to find out which 

working parameters for the MAEB intervention were considered feasible so far, whereas 

works on MAEB benefits assessment and crash investigations were reviewed to identify the 

relevant conditions of intervention for MAEB. After the literature review, using a test 

vehicle provided with an Automatic Braking (AB) device previously developed (see section 

3.2.1), an intense activity of pilot testing was conducted involving members of the research 

group with extensive experience in PTW riding. The results of this work, which provided 

the test design criteria employed for this study, will be presented in this thesis through the 

following publication.  
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I) JOURNAL PAPER: Investigating the feasibility of Motorcycle 

Autonomous Emergency Braking (MAEB): design criteria for new 

experiments to field test automatic braking [55] 

This manuscript was submitted for publication in September 2020 to MethodsX journal, it 

was accepted after receiving minor revisions and published online in January 2021. 

MethodsX is an open-access journal which publishes test protocols and methods for 

scientific research coming from all research areas. Since the journal aims to publish 

procedures and technical aspects of research, the manuscript has an unconventional format 

without detailed background and contextual information. The paper presents the test design 

criteria devised from the joint research activity of pilot testing and literature review carried 

out in the first year of PhD. The manuscript provides comprehensive support for the design 

of field tests to investigate the feasibility of MAEB and can be employed as a reference for 

designing tests for other advanced rider assistance systems. The guidelines and criteria 

presented in this paper were employed as a reference for the definition of the methods 

employed for this study and in the arrangements of the test protocol (which are presented in 

detail in section 3.3 and 3.4). 
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3.2 Test vehicles development 

In the present work, two test vehicles were developed and employed. A first vehicle was a 

Ducati Monster 821, a naked sports bike motorcycle, which in the preliminary phases of the 

research activity was provided with an AB device and successively it was employed to pilot 

testing and to define the test protocol. After the pilot-testing phase, all the specifications for 

the AB system were defined and employed to develop a second test vehicle. The second 

vehicle, a Ducati Multistrada 1260 S (sport-touring style motorcycle), was developed and 

instrumented in collaboration with the PIONEERS project partners. This vehicle was 

employed to test the AB with the majority of participants since it was provided with a more 

reliable AB device. 

3.2.1 Pilot tests vehicle 

The pilot-test vehicle was a Ducati Monster 821 MY 2018, a naked sports bike  popular in 

Italy, provided with 821cc four-stroke engine, Bosch ABS and Ducati Traction Control 

system. This bike was available thanks to a collaboration with the manufacturer. During the 

first year of PhD the motorcycle was provided with the following instrumentation developed 

to be employed in the pilot testing phase (see Figure 17): 

• AB device: The automatic braking device was realized employing an electric gearmotor 

which operates the front brake lever producing autonomously a braking action by means 

of a dedicated mechanism. 

• AB control unit: A special control system has been developed to control the prototype 

automatic braking device in order to use the experimental vehicle in pilot tests of the test 

protocol. An Arduino electronic board was employed to control the motor driver for the 

control of the electric motor and to integrate it with a remote activation control unit.  

• AB diagnostic system: The diagnostic system installed on the motorbike consists of two 

LEDs to be positioned in an area visible to the action camera. These two LEDs are used 

to indicate which deceleration level has been activated so that the correct functioning of 

the system can be verified during the field tests and the post-test analysis. 

• Data acquisition unit: The data acquisition unit chosen was a DL1 Club data logger 

from Race Technology. Although this device is designed for passenger car use, it was 

chosen because of the limited dimensions that make it suitable to be installed on a PTW 

and because of it's suite of internal sensors. The datalogger includes 3-axis 

accelerometers, 1-axes gyroscope, analogue inputs, GPS positioning working at 20Hz 

and small size. The vehicle was also provided with a GoPro HERO3 action camera to 

evaluate the behaviour of the driver when the braking system is activated, as well as to 

verify the correct functioning of the prototype device. 

• Safety system: The motorcycle was provided with a pair of extension arms installed on 

special plates and secured to the motorcycle frame to prevent the motorcycle from falling 

sideways. The system was built and installed by a specialised company. 
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Figure 17 – Ducati Monster 821 

 

The test vehicle setup and the implementation of the remote-controlled AB system 

developed for this study were published in the following publication. 

 

II) CONFERENCE PAPER: Remote controlled braking actuation for 

motorcycle safety system development [56] 

This publication, which was presented at the IEEE 5th International Forum on Research 

and Technology for Society and Industry (RTSI) in September 2019, presents the results of 

the work carried out to build the laboratory motorcycle to be used in the MAEB pilot testing 

research activity. The publication focuses on the realization of a remote-activated braking 

device and its control unit. The results section reports the system validation, including a 

brief characterization of the existing braking system, a description of the calibration method 

and the discussion of data obtained during real-world testing. The results displayed in this 

paper were fundamental to obtain a reliable prototype of the test vehicle, which was 

employed in the pilot testing phase and to define the test protocol.   
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3.2.2 Automatic Braking (AB) function specifications 

Based on the results of pilot testing with the Ducati Monster vehicle, the Automatic Braking 

(AB) function specifications were defined in order to develop a second test vehicle in 

collaboration with the partners of the PIONEERS project. The AB device was designed to 

be able to operate the braking independently when the electronic control unit (ECU) received 

an external signal. This signal was a surrogate signal for activation by the complete system 

in the event of imminent impact recognition. During tests with participants, the signal was 

sent by a researcher via a radio remote control.  

Figure 18 shows a block diagram of the implementation of the AB system. The control unit 

receives input signals from sensors on the vehicle and other signals from the control system, 

all transmitted via CAN-bus. The block related to the detection of the imminent impact is 

replaced by a surrogate block consisting in the radio control managed by the researcher. If 

the safety limits are respected, when the trigger is sent from the remote control there is the 

intervention of the system, which allows the automatic deceleration of the motorcycle. The 

braking is activated through some parameters sent via the CAN-bus, which define the 

required deceleration profile. The system implemented by Bosch also communicated with 

the traction control unit, inhibiting the throttle control for the entire duration of the 

intervention. The ABS was active even during autonomous braking, so that it could intervene 

if required by the riding conditions.  

 

 

 

Figure 18 – AB system block diagram 
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3.2.2.1  AB braking parameters 

The activation of the AB was controlled via a single CAN message. This message was 

composed of braking parameters that defined the characteristics of the automatic braking 

intervention, and the triggering input (Figure 19).  

 

 

Figure 19 – Parameters to define the deceleration profile of the AB intervention 

 

The braking parameters that characterized the automatic braking intervention of the AB 

were: 

• AB Trigger: activation of AB. 

• AB deceleration level: level of deceleration achieved by the vehicle.  

• AB event duration: duration of the deceleration except for the fade-out time. 

• Time to max deceleration: time to reach the peak of deceleration of the AB 

intervention – (defined as fade-in jerk).  

• Fade out time: exit duration from the constant deceleration phase. 

3.2.2.2 Safety limits of the AB intervention  

The AB system was provided of some safety limits which were implemented to allow the 

activation of the AB only under safe riding conditions (Table 3). In addition, during the 

execution of the tests, the researchers observed the participant, and they checked the 

appropriateness of the riding style and conditions before any AB activation. 

 

The AB system provided also some diagnostic signals to the ECU (ready to brake, active, 

disabled – AB out of the safety limits) verifying that the system was working correctly and 

transmitting whether the AB was activated or not.  
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Table 3 – AB safety limits 

Safety Limits 

Vehicle Speed 
Max 80 km/h 
Min 15 km/h 

Engine RPM Min 1800 

Roll Angle Within +/- 25° 

Longitudinal Deceleration Max 0.8 g 

Latency time between consecutive activations 4 s 

 

3.2.3 Participants tests vehicle 

Thanks to the collaboration within the PIONEERS project, a second test vehicle was 

equipped with an advanced AB device realized by a partner of the project. The basic 

motorcycle was a Ducati Multistrada 1260 S MY 2018 (Figure 20), a sport-touring 

motorcycle made available by the manufacturer through a specific agreement signed as part 

of the PIONEERS project. The vehicle was equipped with a Brembo braking system fitted 

with a Bosch cornering ABS with PIONEERS specific software, combined braking, a four-

stroke engine with a displacement of 1262 cm3 and semi-active suspensions. The motorcycle 

was equipped with a top case to install all the AB control and data recording instrumentation 

and a lowered seat (825 mm), in order to give to all the participants a comfortable seat and 

control of the motorcycle.  

 

 

Figure 20 – Ducati Multistrada 1260 S 
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3.2.3.1 AB remote control unit 

The AB control unit (Figure 21) was composed of a remote-control unit which received the 

AB operating parameters via remote control and then wrote them to the AB ECU via CAN-

bus line. The control unit was based on a microprocessor Arduino Mega 2560 coupled to a 

CAN-BUS shield, which adopts an MCP2515 controller for the CAN and a MCP2551 

transceiver. This module allowed the microcontroller to communicate with the CAN-bus of 

the motorcycle through an RS232 port. The microcontroller was remotely controlled using 

a Futaba T6L Sport radio control, which works at 2.4 GHz and has a range of several 

hundreds of meters. The remote control sent to the microcontroller, through the receiver, 

three signals for the activation of the AB system. The control algorithm implemented into 

the microcontroller and able to transmit the operating parameters of the AB was developed 

in Matlab-Simulink environment and it was “deployed” on the microcontroller, to operate 

independently from any external computer. The microcontroller also took care of the 

additional features of the control box, such as the switching on/off the information lights, 

and the communication of instructions to the participant through dedicated lights. 

 

 

Figure 21 – DL1 Club and AB remote control unit 

 

3.2.3.2  Data acquisition 

A DL1 CLUB device by Race Technology was used to record data of the tests. This 

datalogger was used to record data from the motorcycle CAN-bus (including the AB system 

and its remote-control unit), from the analogue sensors and from the IMU, for monitoring 

the participant's body movement, on a single support and with a sampling rate of 100 Hz. 

The device was placed in the rear case above the AB control box (Figure 21). The datalogger, 

powered directly by the motorcycle battery, had also an integrated 20 Hz GPS receiver 

without interpolation and a triaxial accelerometer with 0.005 g resolution. 
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3.2.3.3  Outriggers 

The device used to prevent the motorcycle from falling sideways was composed of a pair of 

extension arms installed on special plates, secured to the motorcycle frame. The system was 

built and installed on special plates linked to the motorcycle frame by a specialized company. 

The arms consisted of three tubular steel bars, at the end of which there was an idle wheel 

mounted on a joint. The latter had the function of absorbing a possible impact with a small 

obstacle or with a discontinuity of the asphalt, while the tyre allowed continuing the 

manoeuvre also in case of contact of the wheel with the ground. The device allowed the 

adjustment of the maximum roll angle of the vehicle, corresponding to the condition in which 

the wheel of one of the supports was touching the ground. During tests with participants, the 

maximum roll angle was set at 25° (Figure 22). A validation of the usage of the outriggers 

for MAEB field testing was presented at the AIAS conference in September 2020 [57], but 

was not included in this thesis because it was not within the core activities of this research. 

 

 

Figure 22 – Ducati Multistrada 1260 S with outriggers 

 

3.2.3.4  Kill-switch 

An additional device, called kill-switch, was installed on the vehicle and fixed to the 

handlebar near the throttle. The device consisted of a button connected upstream of the 

vehicle's electrical system, so that the power supply of all components could be cut off and 

thus stop the motorcycle. The button was kept closed by a removable element, which was 

connected to the driver's right arm by means of a flexible cable (Figure 23). If the rider had 

been thrown off the vehicle due to a fall, the element, pulled by the cable, would have been 
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removed in order to stop the engine and avoid possible dangerous behaviour of the 

motorcycle. During the tests with participants, no event involved the intervention of this 

safety device. 

 

 

Figure 23 – Kill-Switch with elastic cord secured around the rider’s wrist 

 

3.2.3.5  Information lights 

In order to properly monitor the AB system, the motorcycle was equipped with visible 

information lights during the test. These systems included lights with three different colours 

to indicate the intervention levels of the AB (green indicated deceleration level 0.3 g, yellow 

0.5 g and red 0.6 g), and two other lights, positioned on the outriggers support plates, 

indicating AB activation and the system inhibition (see Figure 24). 

 

 

Figure 24 – Information lights: Level of AB intervention (SX), Status of the AB system (DX) 
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3.2.3.6  Rider movement  

An Xsens MTi-G Inertial Measurement Unit (IMU) was attached on the back of the 

participants to record the body movement during the tests (Figure 25). The IMU registered 

the movement of the riders’ body (Acceleration, Gyro and Orientation) relative to the 

vehicle, with a sampling frequency of 100 Hz. To compare the data obtained from the IMU 

with the video footage taken, 5 markers (2 on the lateral side and three on the back) were 

attached to the airbag vest (Figure 25).  

 

 

Figure 25 – Xsens MTi-G IMU position (orange in the back) and markers on the back of the rider 
 

3.2.3.7  Action cameras 

The motorcycle was equipped with two "GoPro Hero 4 black" action cameras, set to record 

at 720p and 50 fps and continuously powered by the vehicle. The first action camera was 

placed on the top cover of the top case, to record the driver's body and at the same time 

provide an environmental overview of the ride. The second action camera was placed in a 

lateral position, using a tubular support fixed to the right-side extension arm. This camera 

allowed to record the rider from the right side and monitor his/her behaviour during the AB 

intervention (Figure 26). 

 

 

Figure 26 – Action camera view: Back position (SX), Right side position (DX) 
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3.3 Test protocol  

Based on the test design criteria presented in section 3.1, a detailed test protocol was 

designed to field test AB with common riders as participants. In this section the test protocol 

is presented, including the details of the AB levels and manoeuvres to be tested. This test 

protocol obtained the approval of the University of Florence Ethics Committee (Decision N. 

46, 20/03/2019 – see in the appendix section 8.1).  

The events of AB intervention were carried out via remote control by one of the 

investigators. The activation took place only when the motorcycle was in specific areas of 

the track and while the participant performed one of the required manoeuvres. As such, the 

investigator could ensure that the following safety criteria for activation were met: 

1) the participant at the time of intervention was neither too close to any obstacles nor 

too close to the limits of the test track; 

2) the participant’s riding behaviour fully complied with the instructions provided 

during the introductory phase. These included for example keeping the speed and 

lean angle within the indicated limits or keeping both hands on the handlebar. 

Each test session consisted of a series of AB activations with decelerations between 20% 

and 60% of the maximum manually achievable with the motorcycle braking system. The AB 

system was designed to decelerate the motorcycle automatically, i.e. via remote control input 

and without rider intervention, with nominal decelerations ranging from 0.2 g to 0.6 g. 

The tests took place in a flat area closed to traffic. The tests were conducted only during 

daytime hours. AB activations took place at different velocities ranging from 30 km/h to 60 

km/h (depending on the requested manoeuvres) in conditions that included the following: 

straight driving, lane change, slalom, cornering. The AB system for Ducati Multistrada was 

designed to achieve decelerations that can be easily managed by riders in all the above 

conditions. The definition of the operating parameters of the system was validated through 

specific experimental activities carried out by the investigators for the development of the 

system and the test protocol.  

In case the road surface was not completely dry, a reasonable subset of the planned 

activations was performed in order to guarantee the execution of the tests in safe conditions 

for the participants. The road conditions were checked with braking tests performed at the 

adherence limit (with ABS intervention) carried out by a member of the research team before 

starting each test session. Once the road conditions were assessed, the set of AB 

interventions to be tested was defined by the principal investigator or a delegate, taking into 

account the riding skills exhibited by the participant during the familiarization with the test 

vehicle and the warm-up phase. Before starting each test session, the set of interventions 

(type of manoeuvres with AB intervention, level of AB intervention) were disclosed to the 

participant, with higher emphasis when the asphalt was not dry. Each participant was given 

the opportunity to choose whether and under which of these conditions to test the system.  

In case of heavily wet road, tests could only include straight riding activation of AB in the 

presence of the outriggers. Decelerations were obtained via remote activation of a combined 

front and rear brake action.  
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The test track was divided into two parts: one part was dedicated to manual braking during 

the familiarization phase and the other to the AB activations during pre-established 

manoeuvres. The participant was not aware of the exact sequence of activations nor the exact 

timing. However, due to the characteristics of the track and an inevitable learning effect, the 

more the test session went on, the more the participants may become (consciously or 

unconsciously) aware of the probability of AB activation in certain spots of the track and at 

a certain time. For this reason, the activations cannot be considered completely unexpected. 

These events of AB activation are addressed as 'pseudo unexpected' events. In order to obtain 

at least one activation at higher level of unexpectedness per participant (a reference genuine 

unexpected activation), a wide and straight stretch of the track was identified to execute one 

single, final AB intervention. For this AB activation, named as ‘Out of the Blue’ (OB) event, 

AB parameters were the same of those previously tested and it did take place with the test 

vehicle in upright position (small lean angle), thus with equal or higher safety level compared 

to those applied in the pseudo unexpected events. The out of the blue event was consistently 

performed at the end of the experiment, when the ability of each participant to manage AB 

interventions was well confirmed. 

The test protocol for this study included seven different phases, as described in the following 

paragraphs. 

 

3.3.1 Description of the test phases 

 

Figure 27 – Test phases  
 

 
           of the participant

2
       and familiarization with the test track and the test  vehicle

 

Identification of the                      trough manual braking   
                                                 

 
   undeclared                                       

 
  undeclared                                  

 Final questionnaire and brief interview
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In this section a detailed description of the six phases which composed the field test 

procedure with participants is presented. The flow diagram of the test procedure is reported 

in Figure 27. 

 

Participant preparation 

Informed consent and documents: before starting with any activity, one investigator verified 

that the participant had read and understood the study information sheet. The participant was 

required to show his/her valid driving licence. The investigator then summarized the key 

elements of the test activity and reminded the participant that there was no obligation to 

continue: the participant was free to ask for a pause or to stop the experiment at any time. 

The participant and the investigator would sign two copies of the informed consent form. 

During this phase, one research team member performed some laps with the test vehicle in 

order to let the participant see how the test takes place, including all required the manoeuvres 

in the test track.  

Protective equipment: the participant was required to wear a complete set of motorcycle 

protective equipment, which included full-face helmet, motorcycle jacket and trousers with 

internal protections, back protector, gloves, boots and airbag jacket. The research team 

provided the cord-type airbag jacket followed by brief description on the operating principles 

and safety-related aspects. The participant was provided also with any missing piece of the 

required protective equipment. 

Inertial sensor: the back of the airbag jacket was equipped with a non-invasive sensor 

(approx. 30x24x10mm, and a weight of 100g) for measuring rider body movements. 

Motorcycle outriggers: the vehicle used to test the AB system during manoeuvres requiring 

outriggers was equipped with a special engine-shutdown system (the so-called kill switch). 

This was composed of a wrist bracelet to be worn by the rider, connected by a rubber cord 

to an engine turn off switch that activates in case of a fall followed by separation of the rider 

from the vehicle.  

 

Warm-up and familiarisation with track and vehicle 

A warm-up phase allowed the participant to get familiar with the test vehicle in a progressive 

and safe way. The warm-up included the following steps: 

a. One investigator provided an introduction to the use of the motorcycle, the outriggers, 

and the special controls (e.g. kill switch). 

b. The participant first sat on the test motorcycle and from standstill, he/she weighed the 

vehicle for inertia and steering operation. At this stage, the participant was asked to sit 

and hold firmly while the investigators gently capsized the vehicle in order to let the 

rider experience the contact of the outriggers with the ground (both in terms of lean angle 

and system stiffness).  

c. The participant started the engine, tested all the controls and then started the vehicle for 

a first ride consisting of a single lap of the track at very low speed (target speed 15 km/h). 

Then stopped at the starting point for a quick general check with the investigators. 
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d. The participant rode the test vehicle for two more laps along the track at low speed 

(target speed 30 km/h) and then stopped at the starting point. During this phase, the 

investigators checked whether the participant was able to adequately balance and control 

the vehicle. 

e. The participant rode the test vehicle at higher speeds (within the given speed limit of 50 

km/h), performing several laps of the track including the execution of the predefined set 

of manoeuvres for about 10 minutes. Additional time (up to extra 15 minutes) was given 

to participants until they reached an adequate level of familiarization with the track and 

the manoeuvres. 

At the end of this phase, the participant was asked if he/she wanted to proceed with the next 

test phase. 

In case the participant did not observe the indications and speed limits imposed, the 

investigator could interrupt the test and ask the participant to comply with the instructions. 

The participant could be warned that in case of improper or dangerous behaviour the test 

would have been interrupted. 

 

Manual braking and familiarisation with AB system 

This phase was designed to let the participant familiarize with the intervention of the AB 

system and included the following steps. 

a. The participant performed three straight line, manual braking manoeuvres, respectively 

at 30, 60, and 90% of his/her maximum performance. These trials provided qualitative 

indications and quantitative data for an initial assessment of the level of riding ability of 

the participant. 

b. The participant was asked to ride along a straight path and get prepared to declared 

activations of the AB at a predefined location. One investigator was in charge of 

remotely activating the AB system. A total of up to three declared activations were 

performed, with increasing decelerations ranging from 0.3 g up to 0.6 g. After each 

activation the participant returned to the starting position, where he/she were asked 

whether the control of the vehicle during AB intervention was operated with ease. Then, 

the participant was asked whether he/she felt comfortable in moving on to the higher 

level of deceleration.  

c. Before starting with the proper test, the participant was offered the opportunity to 

experience one or more declared interventions of the AB system in one or more 

manoeuvres, in the case he/she felt the need to increase the confidence with the system 

and with the test protocol. If the participant requested any declared activations, such 

activity was performed at the beginning of the next phase. 

 

AB test session: low level of activation 

This phase involved the deployment of the AB system with the low deceleration level, with 

pseudo-random activation sequence and pseudo unexpected interventions. This part was 

divided into the following steps: 
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a. Facultative: the participant was informed about the AB interventions included in the test 

session and he/she had the chance to execute this facultative and preliminary 

familiarization with one or more specific AB activations  – In such cases, the participant 

rode the test vehicle along single laps and experienced declared AB activations at low 

level of deceleration, while executing the manoeuvres requested at the end of the 

previous phase (if any). The participant was then asked whether to confirm or not the 

inclusion of such manoeuvres in the following test sessions.  

b. A maximum of 10 low-level AB activations per session were remotely deployed by one 

investigator, following a predefined pseudo-random sequence. The first AB intervention 

was always activated during the simplest manoeuvre, namely the straight-line activation. 

Then, more demanding activations would follow. These may have included the lane 

change activation, the slalom activation, and the cornering activation. Such progression 

was specifically designed to have a progression in the required task in order to minimise 

the risks of a loss of control during the AB intervention. The participant was not 

informed about the predefined sequence of activations. 

 

Short break 

The participant was asked his/her consent to proceed with the following sessions, with 

increased jerk/deceleration levels for the AB interventions. The steps for this phase were the 

following: 

a. The participant got off the bike for a break of about 5 minutes. 

b. The participant filled in a short questionnaire including a controllability rating for each 

manoeuvre tested (employing the adjusted Cooper-Harper rating scale displayed in  8.2).  

c. The next test session was introduced to the participant: pseudo unexpected interventions 

would take place at the higher level of intervention, while executing the same 

manoeuvres of the previous session. Again, the participant was offered the opportunity 

to test the intervention of the AB system in one or more manoeuvres, to increase the 

confidence with the system and with the test protocol. At the end of this phase, the 

participant may have asked to remove some of the manoeuvres from the next part. 

Alternatively, he or she may have asked to move on to the next part, with pseudo 

unexpected activations at high level of intervention in the proposed manoeuvres, or 

either skip the next session and move to the final questionnaire. 

 

AB test session: high level of activation 

This phase involved the deployment of the AB system with the higher deceleration level, 

with pseudo-causal activation sequence and pseudo unexpected interventions. In addition, 

an attempt to obtain a genuinely unexpected activation was carried out. This phase was 

divided in the following steps: 

a. Facultative: the participant was informed about the AB interventions included in the test 

session and he/she had the chance to execute this facultative and preliminary 

familiarization with one or more specific AB activations  – In such cases, the participant 
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rode the test vehicle along single laps and experienced declared AB activations at high 

level of deceleration, while executing the manoeuvres requested at the end of the 

previous phase (if any). The participant was then asked whether to confirm or not the 

inclusion of such manoeuvres in the following test sessions.  

b. A maximum of 10 high-level AB activations per session were remotely deployed by one 

investigator, following a predefined pseudo-random sequence. The first AB intervention 

was always activated during the simplest manoeuvre, namely the straight-line activation. 

Then, more demanding activations would follow. These may have included the lane 

change activation and the slalom activation. Such progression was specifically designed 

to have a progression in the required task in order to minimise the risks of a loss of 

control during the AB intervention. The participant was not informed about the 

predefined sequence of activations. 

c. At the end of the last session, once the set of pseudo-random activations was carried out, 

an additional activation (‘out of the blue’ activation) was performed in correspondence 

of the dedicated straight segment of the track. This activation was applied only if the 

participant had shown high confidence with the AB intervention, if the speed limit was 

respected and if the participant was in full control of the vehicle. 

 

Final questionnaire 

In this final phase, the participant got off the bike and took off the protective equipment. 

Then, the participant was asked to fill in a short questionnaire to gather information about 

his/her personal experience during the test, in particular during the activation of the AB, and 

his/her general opinion about the AB system after experiencing the AB interventions. The 

questionnaire included also the controllability rating for each manoeuvre tested with the 

highest level of AB intervention. 

 

3.3.2 Test track and manoeuvres 

The presence of outriggers required a large test area, flat and free from obstacles (including 

impediments such as traffic islands). An aerial view of the test area is provided in Figure 28. 

 

The activations of the AB were performed along a straight path, while performing a lane 

change, during a slalom and during steady-state cornering. Each activation took place four 

times per each level of intervention. In consideration of the number of manoeuvres involved 

and the number of repetitions, and in consideration also of the time needed to ride a complete 

lap of the large test track, two levels of intervention were tested during a total of two 

sessions: a) low deceleration; b) high deceleration. The single out-of-the-blue AB 

intervention was executed along a straight, with high deceleration level of 0.5 g. In case of 

wet asphalt during a test, AB intervention during cornering and during slalom may have 

been excluded, for safety reasons. In Figure 29 is shown the test track designed for the tests. 
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Figure 28 – Test area 

 

 

 

Figure 29 – Test track 

 

The test protocol included a total of 17 (nominal number) activations per participant during 

35 (nominal number) laps. The test protocol and AB activations are summarised in Table 4. 
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Table 4 – Test protocol in brief 

Manoeuvre 
Nominal 

deceleration [g] 

Nominal 

Jerk [g/s] 

N° of AB 

activations 
Direction 

Straight-line 

0.3 1.5 

2 
Both sense of 

rotation:  

clockwise & counter 

clockwise 

Lane change 2 

Slalom 2 

Curve 4 

Straight-line 

0.5 1.5 

2 

Single sense of 

rotation 

Lane change 2 

Slalom 2 

Straight-line – OB 1 

 

Figure 30 shows an example (participant n° 28) of the chronological order of the activations 

performed to the participants. The first ten activations belong to the first test session where 

the AB target deceleration was 0.3g, whereas the last seven activations are made in the 

second session and the final one is the so-called “out of the blue”.  

 

 

Figure 30 – Order of tested AB activations  
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3.4 Participants recruitment and selection  

The experimental activity performed for this study was based on common riders as volunteer 

participants. In order to guarantee the rights of the participants and adequate procedures, the 

study was conducted in accordance with the Declaration of Helsinki, and the whole test 

protocol and procedures were submitted to the approval of the University of Florence Ethics 

Committee. The research project was approved (Decision N. 46, 20/03/2019) two months 

before the beginning of the experimental activities, and before they participated, all subjects 

gave their informed consent for inclusion in the study. The approval communication by the 

Ethics Committee is available in the appendix (section 8.1). 

 

3.4.1 Recruitment 

Being the goal of the recruitment phase to collect the highest number of volunteer riders as 

potential participants, a web page (see Figure 31) and short video advertising the field test 

activity (without details regarding MAEB) was arranged. The invitation to participate to the 

tests was then advertised through the following media: 

• Web pages of the University of Florence and the Moving research group  

• Social media 

• Flyers in motorcycle accessory store and pubs frequently visited by motorcyclists 

• Biker groups 

 

The rules and inclusion criteria were stated in the application page. Only adults over 18 years 

of age and able to express their consent were considered eligible for this study. The consent 

to participate was given freely, as stated in the informed consent. The participants involved 

did not include any of the members of the research team of the University of Florence. 

Furthermore, participants had the option to stop the test at any time. There was no form of 

economic incentive to take part in the study. PTW riders were expected to join for the sake 

of supporting the development of innovative safety functionalities for the benefit of future 

generations of riders. 

Inclusion Criteria 

• To own a full motorcycle licence (unrestricted) for more than 2 years, or with at 

least 10,000 km travelled.  

• To use a motorcycle of the same type to the test vehicle (e.g., similar engine size or 

sport-touring type), with at least weekly frequency of use. 

• Suitability for driving a standard motorcycle without special controls. 

Exclusion criteria 

• Height less than 160 cm (limit imposed by the seat of the test vehicles). 

• Disabilities that preclude from riding a motorcycle. 

• Neurological problems. 
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Figure 31 – Recruitment webpage (in Italian, as participants were mainly recruited in the area of 

the test track located approx. 40 km from Florence, Italy) 

 

The potential participants who meet the inclusion criteria were required to register 

themselves on the database specifically created for this study. After that, they filled in a 

questionnaire on the following topics: demographic information, riding habits and general 

opinion on motorcycle safety systems. Thanks to this procedure approximately 110 

candidate participants applied to join the test; 35 participants were then selected to be 

included in the test presented in this study, whereas other 20 participants were selected for 

testing MAEB with another test vehicle (scooter style), which was part of task 5.2 of the 

PIONEERS project. 

  

3.4.2 Selection for the test 

The selection of participants was performed using the information given by the potential 

participants through the questionnaire filled after the registration, based on the following 

characteristics: age, gender, level of education, type of user and opinion on MAEB. All this 

information were asked in the questionnaire before the potential participants knew about the 
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test focused on MAEB. Since the goal of the study was to test the AB with a number of 

participants representing the potential users of MAEB system, the selection of riders to be 

included in the study was carried out to obtain a sample as much as possible heterogeneous 

of PTW users. However, the first participants within the sample of those included in the 

study were those characterized by a higher level of experience and estimated riding skills, 

and possibly owners of the same PTW or a PTW of the same category (sport-touring) of that 

used in the test. After that, less experienced riders participated in the study once the positive 

feedback of experienced riders confirmed the safety of the test. This allowed having a 

gradual approach for testing the AB in new working conditions with common riders. 

All participants were contacted via e-mail and then called to give additional information 

about the test (i.e., information on the test vehicle and test procedure, time required, location 

of the test track). If the participants agreed to join the test, a date was scheduled, and contact 

data of the test supervisor was provided to the participant. The participants were also asked 

to bring their motorcycle garments if equipped, otherwise the equipment was provided by 

the research team.  
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4 Field tests results  

In this section, the results of field tests performed with participants and the data analysis 

carried out in the third year of PhD will be presented. The results presented in this section 

have the goal of answering the two first research questions of this project: the riding 

conditions and the MAEB working parameters which can be feasible in real-world condition 

will be identified, and the riders’ acceptance of the autonomous emergency braking for 

motorcycles will be evaluated. These results will be presented through four different 

publications, with the inclusion of further results which are still unpublished. First, an 

overview of the whole field test campaign carried out within the task 5.2 of the PIONEERS 

project will be presented through a conference paper. A first journal paper will then focus 

on the applicability of MAEB when the rider is performing a lane-change manoeuvre. A 

second journal paper will evaluate the applicability with new higher levels of intervention 

(0.5g of deceleration and 2g/s fade-in jerk). The fourth subsection will focus on the 

acceptance of MAEB by end-users through a conference publication. Finally, the last 

subsection will present some further results focusing on MAEB applicability which are still 

unpublished. 

 

4.1 Field test overview 

III) CONFERENCE PAPER: Autonomous Emergency Braking 

system for Powered-Two-Wheelers: testing end-user acceptability of 

unexpected, automated braking events deployed in typical pre-crash 

trajectories [58] 

This publication, which was presented by the candidate at the 13th International Motorcycle 

Conference (IFZ) in September 20201, presents the field test campaign carried out in 2019 

with the two test vehicles developed within the PIONEERS project. The paper focuses on the 

description of the field test campaign in which the Automatic Braking (AB) was tested 900 

times in different riding conditions and with a total of 51 participants on the two vehicles. 

The results section reports a description of the test executed with the two vehicles in terms 

of MAEB working parameters and riding conditions. In addition, it reports the first results 

concerning participants’ assessment of the tested AB interventions. 

This paper includes also the description of the field test campaign carried out with a Piaggio 

MP3 vehicle for which the candidate was not in charge and had a role of supporting the 

 
1 The video presentation is available at the following link (Session 3): https://www.ifz.de/imc-2020-sessions/  
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field tests activities. However, this publication gives a comprehensive overview of the field 

tests carried with participants which allowed the analysis on MAEB feasibility presented in 

the following sections.  A further description of the field test campaign including also the 

test carried out with the pilot test vehicle (the Ducati Monster 821) was presented at the 

AIAS conference in September 2020 [59], but was not included in this thesis because the 

candidate was not the first author of the publication. 
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4.2 MAEB applicability in lane-change manoeuvre 

IV) JOURNAL PAPER: Field testing the applicability of motorcycle 

autonomous emergency braking (MAEB) during pre-crash avoidance 

manoeuvre [60] 

This manuscript was submitted for publication in September 2020 to Traffic Injury 

Prevention journal and it was accepted for publication in January 2021. Traffic Injury 

Prevention is a multidisciplinary journal which publishes short-format papers (max 3500 

words-length and six figures or tables) to support the scientific research concerning traffic 

injury prevention. The manuscript presents the results of field-testing Automatic Braking 

events in lane-change manoeuvres designed to reproduce pre-crash avoidance manoeuvres. 

The results of this paper highlight that participants were consistently able to control the 

vehicle during the automatic braking and to complete the avoidance action of the virtual 

obstacle. In addition, the speed reduction obtained with the AB interventions during lane 

change resulted to be very similar to that obtained in straight-line. The results of this paper 

allow extending the feasibility and safe applicability of MAEB not only in straight line 

condition as shown in previous studies, but also in a lateral manoeuvre and particularly in 

a typical pre-crash avoidance action like lane-change. This represents an important 

achievement for this project and a relevant contribution to the state of the art concerning 

MAEB in the process of being introduced on standard vehicles. 
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4.3 MAEB applicability with 0.5g deceleration 

V) JOURNAL PAPER: Does Motorcycle Autonomous Emergency Braking 

(MAEB) mitigate rider injuries and fatalities? Design of effective working 

parameters and field test validation of their acceptability [61] 

This manuscript was prepared for publication to Transportation Research Part C journal 

and at the time of the submission of this thesis is still under review. Transportation Research 

Part C is a multidisciplinary journal which focuses on the different aspects of transportation 

research, with a special focus on the impact of emerging technologies on transportation 

system performance. The topics within the scope of the journal include studies concerning 

the development of intelligent transportation systems for increasing traffic safety and 

preventing crashes. The paper was prepared to be published in the journal as a research 

article: no specific layout limitations are required by the Journal. 

The manuscript aims to identify MAEB working parameters for effective mitigation of 

injuries and, presenting the results of field tests carried out within the PhD project, validate 

their real-world applicability. These working parameters include 0.5g of MAEB target 

deceleration and 2g/s of fade-in jerk. The results of this paper highlight that 0.5g as MAEB 

target deceleration is capable to produce impact speed reductions up to 15 km/h, which are 

estimated to be able to reduce serious injuries by 15%. Field tests showed that participants 

were always able to control the vehicle and were consistently capable to manoeuvre and 

execute avoidance actions. The acceptance among participants of such levels of 

interventions was high indicating the possible applicability of the system with such working 

parameters in real-world conditions. The results of this paper represent one of the most 

relevant achievements within this research project and in the development of Motorcycle 

Autonomous Emergency Braking system, defining and validating a new set of working 

parameters capable of significantly reduce impact speed in pre-crash conditions and 

expected to be able to mitigate PTW users’ injuries.  
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4.4 Acceptance of MAEB 

VI) CONFERENCE PAPER: The acceptance of Autonomous 

Emergency Braking System for Motorcycle: results before and after 

testing 

This publication was accepted for presentation at the 2020 Australasian Road Safety 

Conference (ARSC), which was supposed to be in September 2020 in Melbourne, Australia, 

but was postponed to September 2021. This brief paper, which has the format of an extended 

abstract as required for the conference, focuses on a very relevant issue for MAEB: the 

acceptance among end-users. The result section shows that before testing AB, PTW users 

overall consider MAEB as the less useful riding assistance systems compared with other 

safety systems for PTWs, but that after testing AB events their consideration of MAEB 

increase and nobody consider it damaging. The findings provided through this publication 

constitute a relevant achievement of this project, clarifying the potential acceptability among 

end-users of MAEB and their possible willingness to have it on their own vehicles.  
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4.5 Further results 

This section contains further results coming from the field tests data analysis which, due to 

time constraints, are still unpublished. The analysis and the results presented in this section 

are therefore not as refined as those presented in the previous papers but were included in 

this thesis because they represent a relevant outcome of this work and, if published in the 

near future, an important contribution for the development of MAEB. 

 

4.5.1 AB interventions 

As reported in section 4.1, the field test performed within this study included also testing 

AB interventions in riding conditions other than straight-line and lane-change. Participants 

experienced the intervention of AB during slalom manoeuvre, which was intended to 

reproduce a condition in which the rider is required to manoeuvre the vehicle with a complex 

dynamic, and in the curve, with lean angles up to 25°. The AB tested in slalom and curve 

are summarized in Table 5 (the AB interventions in straight-line were added as reference), 

classified according to the manoeuvre and nominal AB deceleration. 

At least two AB interventions were tested in slalom in each test session (respectively, 0.3g 

and 0.5g AB nominal deceleration) except for participants who rode in wet conditions (2 out 

of 31). Instead, only four activations in the 0.3g test session for each participant (except for 

those who rode in wet conditions) were performed in curve (see Table 5).  

 

Table 5 – Slalom and Curve AB interventions  

  

 

In curve and slalom AB interventions, the PTW travel speed at AB trigger was on average 

around 30km/h, a lower value compared with AB activations tested in straight and lane-

change (on average 48km/h and 41km/h). These velocities, which were constrained by the 

size of the test area and by the maximum roll angle permitted by the outriggers, are however 
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coherent with the urban riding scenario (20-50 km/h). The duration of AB interventions, on 

average, was shorter than in straight-line due to the inhibition of the system. However, the 

duration of the AB interventions in slalom and curve were higher or similar to the Time To 

Collision (TTC) at which MAEB is expected to be triggered in real-world crashes (which 

was estimated around 0.60s [38]). Even if the time of intervention was shorter than in 

straight-line, in both curve and slalom manoeuvre the AB system performed fade-in jerk and 

AB decelerations consistent with the set nominal values, and slightly higher than those 

performed in straight-line.  

 

Regarding the roll angle in cornering activations, lean angles at the time of AB trigger have 

been identified for all activations, according to the direction of rotation in the test track 

(CW=clockwise, CCW=counter clockwise). The mean roll in CW was 18.0° (SD 2.5°), 

while in the CCW mean value was 22.2° (SD 2.3°). This difference was due to a slight 

inclination of the track in that section.  

The cornering manoeuvre was divided into the following phases according to the roll angle 

and the roll rate (see Figure 32):  

• Phase 1 - Cornering approach: roll angle < 5°  

• Phase 2 - Increasing roll: roll angle > 5° and roll rate > 5°/s  

• Phase 3 - Constant roll: roll angle > 5° and roll rate < 5°/s 

• Phase 4 - Decreasing roll: roll angle > 5° and roll rate > 5°/s 

 

 

Figure 32 – Curve manoeuvre phases definition 

 

In both directions, the AB tested interventions were deployed mainly (around 90%) in the 

constant roll phase, while a small proportion (less than 5%) is in the increasing or decreasing 

roll phases. Any AB activation was deployed during the cornering approach (straight-line 

riding). 
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4.5.2 Participants assessment 

The AB intervention deployed during slalom and curve riding were managed by participants 

with a slightly higher effort compared to the other manoeuvres at the same level of AB target 

deceleration. The cumulative distribution of adjusted Cooper-Harper ratings (see as 

reference the scale displayed in  8.2) is displayed in Figure 33.   

 

 

Figure 33 – Cumulative distribution of adjusted Cooper-Harper rating 

 

A difference can be observed between the compensation required to the participants in 

straight line conditions and that required in curve and slalom. The two curves associated 

with straight-line manoeuvre, reach the 100% of participants with the rating of three. All the 

other curves associated with the intervention of AB in the other manoeuvres reach the 100% 

of participants’ ratings with the rating of 4 or higher, and the curve associated to the slalom 

manoeuvre with 0.5g AB deceleration reaches the 100% level at the rating of six, which 

indicated a high compensation required to the rider to execute the manoeuvre. 

 

As indicated in Table 6, with 0.3g AB deceleration, the controllability rating indicated a 

similar effort required to the participants to manoeuvre in curve and slalom compared to 

lane-change. Interestingly, the controllability rating given by participants in constant leaning 

conditions, which was previously considered one of the most demanding riding conditions 

for AB intervention, did not indicate higher effort required to participants to control the 

vehicle compared to the other manoeuvres (lane-change and slalom).  

In the 0.5g deceleration session, the lane-change and slalom obtained comparable mean 

controllability ratings. However, the higher ratings given by a few participants in slalom, 
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indicated that for some participants the AB intervention can be more demanding to be 

controlled when deployed in such vehicle dynamic conditions.  

 

 

Table 6 – Adjusted Cooper-Harper rating comparison 

 

 

 

The results provided in this section are intended to integrate the understanding of MAEB 

feasibility and acceptability among end-users offered by the publications presented in the 

previous sections. These results, which hopefully will be presented in a publication after a 

further data analysis, contribute to the understanding of the limits of MAEB applicability. 

Even if the riding conditions which the slalom and curve manoeuvre were intended to 

reproduce are not those more relevant for PTW crashes and MAEB application, assessing 

the safe applicability of MAEB in such condition ensure its safety and vehicle controllability 

in case of unnecessary activation, which for such system, especially in the early stages of 

development, can be a real risk. The results provided by this preliminary analysis indicated 

that AB intervention with declarations up to 0.3g can be easily managed by end-users also 

in conditions of constant leaning (up to 20°) and with complex vehicle dynamics. With 

higher decelerations (0.5g), AB intervention required higher compensation to be managed 

by riders with complex vehicle dynamics, but the results of the tests indicated that it still can 

be manageable with reasonable effort.  

The specific subjective assessment of AB intervention in such conditions and the overall 

assessment of tested AB interventions and MAEB system by participants (presented in the 

sections 4.3 and 4.4), indicated that the tested AB interventions in curve and slalom are 

acceptable by end-users and can be managed with limited effort.  

These results can be employed to define a set of vehicle state parameters (e.g., in terms of 

roll and roll-rate) which can define the conditions in which MAEB deployment can be 

considered safely applicable and therefore inhibit MAEB trigger if these conditions are not 

matched.  
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5 MAEB benefits assessment 

In this section, an additional study addressing the third research question of this project will 

be presented through a journal publication. This study was carried out in collaboration with 

the Monash University Accident and Research Centre of Melbourne, Australia, where the 

candidate spent three months (between February and May 2020) during his PhD . Based on 

the results of the field tests presented in the previous sections, the goal of this additional 

study was to assess the potential benefits of MAEB and its effectiveness for injury mitigation 

in PTWs crashes. The potential benefits of MAEB were estimated assessing both, the Impact 

Speed Reduction (ISR) produced by MAEB (as previously done in literature), and the injury 

risk reduction using injury risk functions recently published in the literature [62]. The MAEB 

benefits were evaluated using retrospective data from real-world crash investigation of 

PTWs crashes that occurred on public roads in Australia, based on MICIMS database [63], 

[64]. This allowed answering the third research question of this project regarding the 

effectiveness and injury mitigation potential of MAEB. In addition, further exploratory tests 

aiming at improving MAEB effectiveness when the rider is already manually braking before 

the crash were carried out within this study and presented in the paper. This allowed 

proposing new strategies to improve MAEB effectiveness working as enhanced braking 

system which pave the way for future studies and developments on MAEB after this PhD 

project. 

 

VII) JOURNAL PAPER: Motorcycle Autonomous Emergency 

Braking (MAEB) employed as enhanced braking: estimating the 

potential for injury reduction using real-world crash modelling [65] 

The abstract (plus two figures) of this manuscript was accepted for presenting full-length 

papers at the 65th AAAM Annual Conference (Association for the Advancement of 

Automotive Medicine), which will be held October 2021 in Indianapolis, USA. In addition, 

the paper was submitted and accepted for publication on a Special Issue of Traffic Injury 

Prevention journal, which was the final goal for this paper. The paper was therefore 

structured following the journal template (max 3500 words-length and six figures or tables).  

The paper presented in this section represents the final stage of this PhD, which allowed to 

estimate the benefits of the new working parameters and riding conditions field-tested and 

considered feasible for MAEB. In addition, further estimations to test MAEB as an enhanced 

braking system applied in circumstances where the rider is braking before a crash were 

carried out. The results of this paper highlight that MAEB could lead to relevant impact 

speed and injury risk reductions in cases without manual braking before the crash, whereas, 

in cases in which the rider is already manually braking, the benefits of MAEB are limited. 
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However, thanks to the new modes of intervention proposed in this paper for the MAEB 

working as enhanced braking, MAEB can reach such effectiveness in reducing pre-crash 

speed and injury risk comparable to that obtained in cases without manual braking. The 

results of this paper represent the completion of this PhD estimating MAEB benefits based 

on the outcomes of the first part of the research project. In addition, the new strategies to 

improve MAEB effectiveness proposed in this paper will be a reference for future 

developments of MAEB. 

 

 



 

- 125 - 

 



 

- 126 - 

 



 

- 127 - 

 



 

- 128 - 

 



 

- 129 - 

 



 

- 130 - 

 



 

- 131 - 

 

 

  



 

- 132 - 

 



 

- 133 - 

 



 

- 134 - 

 



 

- 135 - 

 

 



 

- 136 - 

 

6 Conclusions 

The present work investigated the feasibility of MAEB and its acceptability among end-

users through a field test campaign involving 35 participants. Two test vehicles provided 

with automatic braking devices were employed to reproduce unexpected MAEB intervention 

in realistic riding scenarios. The ultimate goal was the identification of the pre-crash riding 

conditions and system intervention parameters potentially effective in mitigating injuries 

which can make MAEB applicable and acceptable in real-world crashes. The results of this 

study highlighted that MAEB can be applicable in pre-crash conditions and it can be 

effective in reducing impact speed. The set of working parameters identified in this study 

resulted to guarantee the controllability of the PTW and were positively accepted by end-

users. In addition, the estimations based on real-world crash simulations highlighted that 

MAEB has a promising potential in reducing injuries and fatalities among PTW users. 

 

This dissertation was based mainly on four journal papers, integrated by three conference 

papers. Each paper represents a contribution to the development of MAEB towards its 

introduction on standard vehicles.   

The first journal paper [55] provided the guidelines for the definition of the procedure to 

field test the intervention of MAEB. This paper, which was used as a reference to define the 

test protocol employed in the field test with participants, gather all the relevant information 

required to define the test protocol derived from literature review and pilot testing activities. 

A comprehensive description of the field test requirements in terms of testing conditions, 

manoeuvres, participants requirements, vehicles and instrumentation requirements is 

provided. An example of a test protocol and an outline of data analysis is also included. The 

contribution of this paper is twofold: first, it provides complete support to design a test 

protocol to further investigate the MAEB, and second, it set a reference for the design of 

field tests for other active safety systems for PTWs. 

The second paper [60] discussed the manoeuvrability of the PTW during the intervention of 

MAEB. In the publication, the applicability of MAEB during a lane change manoeuvre 

representing a realistic pre-crash avoidance action was discussed, employing a deceleration 

of 0.3g at typical urban velocities. The deceleration of 0.3g, which is approximately the 

double of the typical coast-down deceleration of the motorcycle used in the field tests, 

represented a first step towards higher decelerations effective in reducing PTWs speed. The 

results highlighted that with such level of intervention, the automatic braking does not 

produce instability of the vehicle nor the rider, and the latter is constantly able to perform 

the avoidance action. Before this study, MAEB was considered for straight-riding 

application only and its intervention was supposed to prevent riders to manoeuvre. This 

paper showed that MAEB intervention do not prevent riders to execute avoidance actions, 

paving the way to further investigations focusing on higher values of deceleration. 

The main contribution of this work is represented by the third journal paper included in this 

dissertation [61]. This paper, based on the results of previous studies and motorcyclist injury 
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risk functions, proposed a methodology to define the working parameters (0.5g of target 

deceleration and 2g/s as fade-in jerk) required to make MAEB effective to mitigate injuries. 

The proposed parameters were validated through field test involving common riders as 

participants to analyse MAEB feasibility and the end-users’ acceptability in realistic riding 

conditions. Similarly with the results of the previous study, the proposed parameters resulted 

to be suitable for MAEB interventions and allowed the rider manoeuvring the vehicle to 

execute an avoidance action. However, the application of MAEB intervention with such 

working parameters must be limited by checking that the rider has his/her hands positioned 

on the handlebar, in order to avoid potential loss of control. This paper contributes to MAEB 

development validating its application with common riders of the highest working 

parameters tested so far, expected to be capable to mitigate PTW user injuries.   

The final contribution of this work is represented by the last paper presented, focusing on 

MAEB benefits estimation [65]. In this work, carried out in collaboration with the Monash 

University Accident Research Centre (MUARC) where the candidate spent three months of 

his PhD, MAEB intervention was simulated in real-world reconstructed crashes to assess its 

quantitative kinematics effects. The potential benefits of MAEB in terms of injury risk 

reduction were estimated employing the highest levels of intervention that underwent field-

testing (refer to journal paper n.3), thus highlighting how much promising this technology 

actually is in mitigating rider injuries in PTW crashes. This paper provided a robust 

estimation of the benefits of MAEB, showing the impact in terms of injury risk reduction 

achievable through its introduction on standard vehicles. The paper focused also on the 

application of MAEB as an enhanced braking system, proposing and testing two new 

strategies of intervention. This provides a recommendation for the future research and 

development of MAEB function to be applied in the cases in which the rider does apply a 

manual braking action prior to collision. 

  

The contribution to the current body of knowledge of this research project (in the form of 

four journal papers integrated by three the conference papers), constitutes a relevant 

enhancement on the development of MAEB towards its application on standard vehicles. As 

showed in previous studies, the technology to implement such system on standard PTWs is 

substantially ready: obstacle detection systems and electronic control units are already 

installed on PTW, as confirmed by the recent introduction of the Adaptive Cruise Control 

on production high-end motorcycles [66]. What is restraining MAEB implementation is 

mainly the incomplete understanding of its interaction with the rider when deployed in real-

world riding conditions. Despite the relevant contribution provided by this study, further 

research is recommended to evaluate the applicability of MAEB on standard vehicles. 

In fact, even if the tested riding scenarios are those most relevant for MAEB applications, 

further validation in other riding conditions, such as leaning, must be tested to ensure its 

safety and vehicle controllability in case of unnecessary activation. In addition, further 

studies focusing on the combination of MAEB intervention with manual braking are 

required: this would allow developing MAEB to be applied concurrently to manual braking, 

validating on real-world PTW the strategies to enhance its effectiveness proposed in this 

dissertation and tested via numerical simulation. Further validations of MAEB application 
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should include emergency conditions with obstacles: even if the test presented in this study 

attempted to reproduce the unexpected activation (since it is considered one of the worst 

working conditions of such system), the reaction of the rider in relation to a hazard might 

modify its response to MAEB intervention. Further validation should include higher 

velocities, which highly influence the dynamics of the vehicle, and different Powered-Two-

Wheeler style vehicles, in order to assess the possible influence of the riding position.  

This study demonstrated that the application of Autonomous Emergency Braking 

technologies to motorcycles is feasible under certain conditions, and it may provide relevant 

benefits in terms of reduction of fatalities and injuries for motorcyclists: a final research and 

development effort to make it ready for standard vehicle application is now required to make 

the motorcyclists of all the world safer.   
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