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a b s t r a c t

Powered two-wheelers (PTWs) are considered as one of the risky means of transport as it is

vulnerable to road crashes, which may lead to fatal injuries. Crash data revealed that the

number of deaths caused by PTWs is significantly higher than any other road users.

Literature reports that one of the major causes of high PTW crashes is the riding behavior

of the users. Therefore, the present paper reviews existing literature related to factors

affecting riding behavior. Several factors with different levels of influence on PTW riding

behavior are explored in the paper. Further, safety strategies to improve PTW safety have

been reported in the study by categorizing it based on risk factors, i.e., riding behavior,

vehicle technology, and road infrastructure. The paper concludes with some of the major

findings, i) riding behavior plays an essential role in improving PTW safety, ii) numerous

research stated that riding behavior can be improved by enforcement and providing

feedback about their riding behavior by profiling them into different categories, and iii)

segregation of PTW traffic from other road users is reported to be an effective solution for

increasing PTW safety in some developing countries. While a considerable amount of

research related to riding behavior and PTW safety has been done, studies related to the

impact of riding feedback on PTW riding behavior are scant. Further, it is suggested that

future research should focus on the feasibility of advanced traffic management strategies,

such as the segregation of PTWs from main traffic to reduce the conflict between vehicles.
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1. Introduction

1.1. Overview

Road crashes are the 8th leading cause of death, and more

than 50% of people killed in road crashes worldwide are

vulnerable road users, which include pedestrians, cyclists,

and powered two-wheeler (PTW) riders. PTW crashes are a

widespread issue globally and present a substantial risk of

injury and death. Across the world, PTW users are involved in

21% of road crashes. By region, the prevalence varies: in the

Americas, it's 28%; in Europe, it's 16%; in the Eastern Medi-

terranean, it's 9%; in Africa, it's 18%; in the South-East Asia

region, it's 48%; and in the Western Pacific, it's 16% (WHO,

2023). In developing countries, the share of PTW in total

road traffic is high compared to developed countries. For

example, the United States has the lowest percentage share

of PTW, i.e., 3.34%, whereas Indonesia has the highest PTW

share, i.e., 81.33% (MoRT&H, 2017). In developing countries,

the share of PTW in total registered vehicles ranges from

47% (in Malaysia) to 79.90% (in India) (MoRT&H, 2017). This

high proportion of PTW traffic also means that the

probability of it being involved as one of the users in a road

crash is high in these countries. In India, 45.1% of road crash

deaths were reported having PTW as one of the road users

involved in road crashes (MoRT&H, 2021), which is very high

as compared to other road users, as presented in Fig. 1.

PTW is a popular means of transport in developing coun-

tries as it provides flexibility in maneuvering and parking and

is a cheap mode of transportation. The riding style and crash

characteristics of PTWs are different from the other road

users. PTW riders have a higher risk of injury due to their lack

of protection compared to passenger cars, which can lead to a

severe crash in the event of crashes above a certain speed

(Elliott et al., 2003; Rifactt et al., 2012; Yannis et al., 2005).

Recent studies show that the execution of road safety

regulations, improvement in the quality of enforcement, and

advancement in technology may affect PTW safety and help

reduce PTW crashes (Law et al., 2009; Pallacci et al., 2019;

Paulozzi et al., 2007).

1.2. Review objectives

It is apparent from the statistics mentioned above that PTW

safety has become a major problem for both developed and

developing countries. However, existing literature related to

PTW safety and riding behavior is still not vast compared to

other road users (passenger cars, etc.) and lacks a combined

contemplation of the various related factors. Therefore, there

is a distinct need for further research with respect to PTWs.

Considering that existing studies reviewing PTW riding

behavior and safety strategies are very few, the present study

aims to provide an extensive overview of riding behavior and

safety. This paper delves into the existing literature to assess

the prevalence of common risky driving behaviours like

speeding, use of safety equipment, stunt performance, dis-

tractions, and drink driving. A great variety of identified risk

factors were examined in the review to present a complete

overview of influential factors.

Moreover, in comparison to existing related reviews (Farid

and Ksaibati, 2021; Lin and Kraus, 2009; Theofilatos and

Yannis, 2015; Vlahogianni et al., 2012), which mainly review

the factors affecting PTW riding behavior, this paper also

provides an overview of PTW safety strategies in order to

outline the research gaps and propose future research

directions regarding PTW safety. The paper discusses

potential safety strategies focusing on improving riding

behavior, enhancing vehicle technology, and upgrading road

infrastructure. Riding behavior improvement strategies

encompass education, enforcement, rider behavior feedback,

rider profiling, and eco-riding training, as well as usage-

based insurance schemes like pay as you drive (PAYD) and

pay how you drive (PHYD). Vehicle technology improvement

strategies entail adopting advanced braking systems,

daytime running light (DRL) installations, and audible

warning systems to enhance driving behavior. Road

infrastructure improvement strategies include the

implementation of self-explaining roads, forgiving roads,

and traffic segregation measures. Therefore, the present

study reviews literature related to PTW riding behavior, its

safety, and strategies to improve the same. The following

objectives will be covered in this paper.

� Provide insight into data collection methods for collecting

riding behavior data.

� Exploring existing methodologies adopted by researchers

to analyze riding behavior data.

� Provide an in-depth understanding of different factors

affecting riding behavior by reviewing related studies.

� Report strategies to improve PTW safety based on critical

risk factors, i.e., rider, vehicle, and road infrastructure.

The paper has been divided into five different sections. The

subsequent section (Section 2) provides an overview of

different methods present in the literature for analyzing

riding behavior. In Section 3, various factors affecting riding

behavior have been discussed, along with their influence on

riding performance. Further, Section 4 presents different

strategies to improve PTW safety, which means either crash

prevention or increased protection from injuries for PTW

Fig. 1 e Road crashes, fatalities, and injuries by type of

impacting vehicle in India (MoRT&H, 2021).
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riders. Finally, a conclusion of significant findings from the

literature review is presented, along with future research

directions.

1.3. Review methodology

Our literature review focused on the most recent and

authenticated studies that have been published in the last

three decades (year 1990e2020) related to PTW riding behavior

and safety. A comprehensive search was carried out through

online search engines: Google Scholar, sciencedirect, and

tandfonline. Keywords for the search included rider behavior,

PTW safety, motorcycle, naturalistic riding studies, motor-

cycle rider behavior questionnaire, and so on (Table 1).

Further, backward referencing was done to find additional

literature on PTW riding behavior and safety, which was

missed in initial searches. In this evaluation, studies have to

confirm the following selection benchmarks (I) focus on the

PTW rider behavior only, (II) related to PTW safety strategies,

and (III) peer-review by journal articles, books, conference

proceedings, or reports. After reading the abstract, 138

documents, which consisted of 119 research articles, 5

reports, and 14 conference proceedings, are finalized for the

present review paper. From our literature review, it has been

observed that the number of research papers published

related to PTW riding behavior and PTW safety has been

increasing decade by decade (Fig. 2). Most of the documents

are published in Accident Analysis & Prevention followed by

Transportation Research Part F (Table 2).

2. Data collection and analysis methods for
riding behavior

From the literature review, it has been found that three main

methods are reported to collect the riding behavior data, i.e.,

self-reported data, simulator-based studies, and naturalistic

driving studies. The reported methods are fundamentally

different in their approach, and each method has its merits

and demerits. In this section, all three of these methods are

discussed.

2.1. Rider self-reported data-based studies

The self-reported survey has become a supportive tool for

examining riding behavior worldwide (Bui et al., 2020) because

of the infeasibility of other data collection methods, such as

direct observation and police records. Self-reporting is a

method in which riders are asked about their feeling,

attitudes, and beliefs to understand the rider's behavior

while riding. These data are collected through

questionnaires, interviews, or polls without any interference

from the respondent. The self-reporting of riding behavior

acts as a useful tool in such cases when collecting riding

data by direct observations and official records is not

possible (Sakashita et al., 2014). In past studies, the self-

reported method has been used commonly to understand

riding behavior (Dandona et al., 2006; Elliott et al., 2007;

Rathinam et al., 2007). Mannering and Grodsky (1995)

conducted a survey to understand the PTW rider's self-

assessment of risk by floating a questionnaire. Lin et al.

(2004) conducted a study using a self-reported questionnaire

survey to investigate the effect of crash experience on the

risk-taking behavior of riders. The survey questionnaire

consisted of three sections: rider's characteristics, crashes

experienced by participants over the study period, and risk-

taking behavior. Elliott et al. (2007) developed a motorcycle

rider behavior questionnaire (MRBQ); a 43-item

questionnaire pool was used to understand riding behavior.

The MRBQ provides a report of how a rider reacts in various

traffic situations, such as overtaking, negotiating a curve,

etc. It is applied to identify the behaviors that increase the

probability of PTW crashes. The participants were also

questioned to report their demographic and past crash

information. All the items were subjected to exploratory

factor analysis to categorize the riding behavior in different

factors, and the 5-factor solution was adopted using the

scree plot method. The factor solution represents the

correlations between the items (questions) and the factors

(i.e., a broad category of aberrant riding behavior) and

clusters the correlating items in a single factor. It was

reported in the study that riders with higher riding mileage

and young age riders are associated with higher crash risk,

and traffic error behavior was the leading cause of all

crashes (Elliott et al., 2007).

Subsequent to the MRBQ's development, researchers have

adapted and expanded it, proposing various factor structures

tailored to different geographical conditions and sample sizes.

For instance, Sakashita et al. (2014) proposed a four-factor

structure for Australian novice riders, consolidating

unintentional mistakes and handling lapses into a single

“Error” factor, whereas the original MRBQ by Elliott et al.

(2007) had separate “Traffic Error” and “Control Error” factors

for these elements. Numerous studies have explored

relationships between demographic characteristics, riding

behaviors, and past accident involvement using regression

techniques. Riding exposure, measured in riding hours per

week, and age emerged as significant demographic factors

affecting PTW riders' crash risk. Past research indicates that

crash risk rises with increased riding exposure but decreases

with age (Elliott et al., 2007; €Ozkan et al., 2012). Using the

MRBQ, several studies found high associations between

errors, speed violations, and crash risk (Elliott et al., 2007;

Sakashita et al., 2014; Vlahogianni et al., 2012). €Ozkan et al.

(2012) identified stunt performance as a primary predictor of

active accidents and traffic offenses among Turkish riders.

Similarly, Stephens et al. (2017) reported stunts as a unique

factor linked to crash involvement among Australian riders.

Most MRBQ studies have been conducted in developed

countries like Australia (Sakashita et al., 2014; Stephens et al.,

2017), Slovenia, and the United Kingdom (Elliott et al., 2007), or

in regions where PTWs are used primarily for leisure, such as

Iran, and Turkey (€Ozkan et al., 2012). Consequently, there's a

necessity to validate and adapt the MRBQ for developing

countries with a high dependency on PTWs. Recent studies

have begun addressing this gap by investigating PTW rider

behavior in developing countries like Thailand and Vietnam

(Bui et al., 2020). However, inconsistencies in results across

these studies underscore the need for revising and

validating the MRBQ to ensure its applicability across diverse
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cultural and geographical contexts. The available literature

related to MRBQ is summarized in Table 3.

MRBQ is used to explore the different types of behavior

performed by riders. Further, to investigate the psychological

factors affecting riding behavior, several behavioral decision

theories, such as the health

Belief model (HBM), the theory of reasoned action (TRA),

the theory of planned behavior (TPB), and an extended theory

of planned behavior have been reported in the literature

(Chen and Chen, 2011; Chorlton et al., 2012; Nguyen et al.,

2020; €Ozkan et al., 2012; Susilo et al., 2015; Tunnicliff et al.,

2012; Watson et al., 2007). The HBM was developed in the

1950s to understand people's beliefs about preventive

disease initiatives (Janz and Becker, 1984). HBM essentially

consists of two main components, i.e., threat perception

and behavioral evaluation. Threat perception further

contains two sub-components, which are perceived

susceptibility and anticipated severity; the behavioral

evaluation model also has two sub-components, viz.,

perceived benefits and perceived barriers (Janz and Becker,

1984). Further, two more components were added to HBM,

i.e., cues to action and health motivation (€Ozkan et al.,

2012). One of the earliest studies carried out by Rutter et al.

(1995) and Rutter and Quine (1996) used the HBM to

examine the psychological factors associated with riding

behavior. €Ozkan et al. (2012) studied the factors affecting

riding behavior using HBM and reported that each

component of HBM was significantly associated with a

different type of riding behavior. The HBM was based on

health beliefs, whereas some researchers postulate that

intentions are the most proximal determinant of behavior

(Ajzen and Fishbein, 1980). Therefore, the Theory of

Reasoned Action (TRA) was developed based on intensions

to action (attitudinal and normative beliefs). Riders consider

the consequences of their action while riding through a

reasoned process, which ultimately expresses the intention

and riding behavior governed by intentions (Watson et al.,

2007). Rutter et al. (1992) studied the riding behavior based

on the TRA theory using a postal survey. The self-reported

behavior of riders was categorized into three main

categories: law-breaking, carelessness, and safety

equipment and training, and it was reported that the

attitudinal beliefs were significantly associated with these

behaviors, whereas normative beliefs were not. Further, in

another study, Rutter et al. (1995) observed that behavioral

belief (being a safe rider) was negatively associated with

law-breaking behavior, while normative belief (taking care)

was positively associated with law-breaking behavior. TRA

components are a good predictor for the actions, which

underline individual volition control (Ajzen and Fishbein,

1980; Fishbein and Ajzen, 1975; Fishbein, 1979). However,

some other factors which are outside the individual's
volition control may also affect riding behavior. Therefore,

to take into account such factors, which include perceived

control over the action, the theory of planned behavior

(TBP) was formulated (Ajzen, 1985).

The TPB incorporated a new determinant of intention, i.e.,

perceived behavioral control (PBC), which includes factors

that are perceived to be not entirely under the individual's
volition control and are produced from control beliefs.
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Studies revealed that the TPB factors successfully predict

traffic violations such as speeding (€Ozkan et al., 2012; Steg and

van Brussel, 2009; Watson et al., 2007), red-light running

(Satiennam et al., 2018), and mobile phone use (Widyanti

et al., 2020). However, many researchers argued that

subjective norms used in TBP are weak in predicting people's
intentions, and therefore, the norms were re-conceptualized

to predict other social influences effectively (Terry et al.,

1999; Terry and Hogg, 1996). Some studies nominated

specific groups (e.g., other drivers) as normative belief

representatives to strengthen the subjective norm

component (Gordon and Hunt, 1998; Haglund and Aberg,

2000; Parker et al., 1992) whereas other studies have

extended the TPB by adding social influencing components

such as group norms (Terry and Hogg, 1996). In addition to

social influences, self-identity influences (e.g., a wife, a

mother) and personal influences like sensation seeking and

aggression were also added to the TPB model to predict the

psychological factors which affect riding behavior correctly

(Chen and Chen, 2011; Elliott, 2010; Tunnicliff et al., 2012).

2.2. Simulator based studies

It is essential to capture the rider's action in actual road con-

ditions to identify the factors which affect the riding behavior.

However, it is not always possible to capture riding behavior in

real conditions, especially in a situation that could

compromise other road user's safety. As a result, simulators

have been invented and continued to be improved as research

tools. Simulators provide an artificial environment in which

riders can experience the natural environment's features

(Stedmon et al., 2009). Honda developed the first riding

simulator for riders training to obtain a motorcycle license

for the Japanese government (Yamasaki et al., 1998). Riding

simulators can be categorized into three different types

based on the configuration: reduced motion simulators,

parallel platform-based simulators, and serial platform-

based simulators (Nehaoua et al., 2011; Vu et al., 2020).

Riding simulators have been used in an extensive range of

research to understand the rider's behavior in complex

situations (Irwin et al., 2017). Studies evaluating riding

behavior using a simulator focused on hazard perception

and responses (Liu et al., 2009; Nugent et al., 2019), speed or

lane positioning (Crundall et al., 2008, 2012; Di Stasi et al.,

2011; Sager et al., 2014), drinking riding (Filtness et al., 2013;

Vu et al., 2020), visual distraction (Grahn and Kujala, 2018),

braking behavior (Grottoli et al., 2020; Lenkeit et al., 2011),

response to different warning systems (Huth et al., 2012),

rider's workload assessment (Will and Schmidt, 2015) and

sensation-seeking behavior (Gianfranchi et al., 2017). Liu

et al. (2009) compared the hazard perception abilities of

experienced and inexperienced riders using the Honda

riding simulator. In this study, three response variables

(crash, rider performance after the hazardous event, and

rider speed near hazard locations) were evaluated. Further,

it has been concluded that the experienced riders showed

more excellent responses to hazards compared to

inexperienced or novice riders.

Similarly, Di Stasi et al. (2011) conducted a study on riders'
hazard perception to examine the impact of experience and

training. The study analyzed performance data, including

crashes, speed, and steering wheel behavior, along with eye

movement data. The study revealed that the experience and

training had a positive impact on rider response to a hazard

situation. Similar findings were also reported by Crundall

et al. (2014). Nugent et al. (2019) studied the steer responses

of riders to unexpected collision hazards using a simulator.

The study stated that the results provide a worthy

representation of realistic rider inputs in response to the

unexpected appearance of a collision hazard. In line with

the previous studies, Crundall et al. (2012) also assessed the

riding behavior while negotiating bends to assess the

influence of experience. It has been reported that all riders

decreased their speed to avoid the hazard. Experienced

riders follow the racing line while negotiating a curve. As a

result, they have to make severe changes in their position in

response to hazards.

In contrast, advanced riders choose the safest road posi-

tion that results in them not needing to change their position

to avoid a collision. Novice riders behave the same as an

experienced rider in the case of left-hand bend and the same

as advance riders in the case of right-hand bend. Numerous

studies have evaluated riding performance and hazard

response while under the influence of alcohol using simula-

tors. These studies have found that as blood alcohol concen-

tration (BAC) levels increase, the mean speed of riders, brake

reaction time, acceleration at green traffic lights, deceleration

Fig. 2 e Trend of research related to PTW over the decades.

Table 2 e Number of published articles about PTW riding
behavior and safety.

Type of article Number of papers

Reports 5

Conference 14

Research paper

Accident Analysis & Prevention 43

Transportation Research Part F 17

Traffic Injury Prevention 7

Safety Science 5

Transportation Research Record 4

Journal of Safety Research 4

IATSS 4

Others 35
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at red traffic lights, and frequency of lane changes also in-

crease, while the average lateral overtaking distance de-

creases (Filtness et al., 2013; Vu et al., 2020). Studies also

observed psychological factors such as sensation-seeking

and decision-making, which alter the riding style with the

help of a riding simulator. It has been found that lousy

decision-makers with higher sensation-seeking scores are

more likely to perform risky riding behaviors (Gianfranchi

et al., 2017).

2.3. Naturalistic riding studies

Naturalistic driving studies (NDS) are commonly used as a

research method to understand driver behavior in natural

conditions, i.e., in an unobtrusive driving environment,

without any experimental control influencing driver's
behavior. The NDS allows researchers to perceive driver

behavior with high accuracy and validity (Foss and Goodwin,

2014; Neale et al., 2005) and helps in advanced

understanding of driver behavior in various situations

(Dingus et al., 2006). Several types of large-scale NDS, such

as the 100-Car Naturalistic Driving Study, SHRP2, or

Ozcandrive, have been conducted to understand the

behavior of passenger car drivers. However, fewer studies

have been performed to understand the naturalistic

behavior of PTW riders as compared to car drivers (Will

et al., 2020). The motorcycle safety foundation conducted

the first large-scale naturalistic riding study (NRS) in the

United States of America. In this study, 100 instrumented

motorcycles were used to collect video and vehicle dynamics

data to understand the crash risk and to identify factors

such as environmental, technical, and behavioral factors

that affect the motorcycle crash risk (Williams et al., 2016).

Likewise, a European naturalistic riding study was

conducted with similar objectives to recognize the risky

situations in the case of novice riders (Aupetit et al., 2016).

Espi�e et al. (2013) discussed the challenges and advantages

of NRS. They reported that the NRS requires special

preparation due to the less space available for mounting

equipment and the impact of environmental situations such

as rainfall and highly dynamic movements. In Past studies,

various devices such as the global positioning system (Yuen

et al., 2014), accelerometer (Williams et al., 2016), speed

detector devices (Kumphong et al., 2019; Vavryn and

Winkelbauer, 2004), video cameras (Barmpounakis et al.,

2014; Jensupakarn and Kanitpong, 2018; Manan et al., 2017;

Patil and Sangole, 2016), and radar/LiDAR sensors (Creaser

et al., 2009; Satiennam et al., 2020) have been used by

researchers to analyze the naturalistic riding behavior of

riders. These devices continuously collect extensive data

from the PTW user, vehicle, and surroundings to observe the

rider's behavior. However, the rider might change their

behavior in the presence of these devices on the vehicle as

they are aware that their actions are being detected. It is

also claimed that riders overlook that their actions are being

recorded after some time (Regan et al., 2013). In most

naturalistic riding studies, only GPS or video cameras are

used to study a specific riding behavior parameter. However,

to understand accurately the factors affecting rider behavior,

highly instrumented PTW has to be used.

2.3.1. Instruments used for collecting naturalistic riding data
2.3.1.1. Video camera. Video cameras are used to collect

naturalistic riding data of riders and to understand the inter-

action behavior of PTW riders with the surroundings. In most

of the NRS, video cameras were installed on-site to collect

data like the presence of companion passengers (Patil and

Sangole, 2016), traffic violations (Chen et al., 2015;

Jensupakarn and Kanitpong, 2018), speed data (Manan et al.,

2017), helmet usage, headlight usage, and turning movement

at the access point (Manan and Varhelyi, 2015). Some studies

used the PTW equipped with video cameras to collect

surrounding information like road characteristics, riding

maneuvers, interaction with other vehicles, and special

events (Will et al., 2020). In the large-scale naturalistic riding

study “2-wheeler behavior and safety (2-BE-SAFE)", two

video cameras were installed to capture the frontal

environment (requiring a minimum 90� field of view) and

the rider's face (Vlahogianni et al., 2011). In contrast, five-

color cameras (forward, rear, right side, left side, and rider

face) were used in the MSF 100 naturalistic riding study.

Fig. 3 presents a typical layout of the camera setup used in

the MSF100 naturalistic riding study.

2.3.1.2. Global positioning system (GPS). Global positioning

system (GPS) is a specialized satellite-based radio navigation

system used to track the vehicle location in real-time con-

cerningmapping. GPS devices have been used to get data such

as riding mileage, speed, lateral movement, and curve radius

(Creaser et al., 2009; Yuen et al., 2014, 2015). In past studies,

different types of GPS devices have been used to collect

naturalistic data, ranging from hand-held mobile devices

(Manzoni et al., 2010) to highly accurate tools like V-box

(Neale et al., 2016). Fig. 4 presents a typical GPS

communication process.

2.3.1.3. On-board diagnostic logger. On-board diagnostics

(OBD) loggers are the devices used to log data from the vehicle

which collect data regarding vehicle dynamics (e.g., speed,

acceleration, turn rates, and lean angle) and vehicle handling

(e.g., clutch lever position and usage of indicator) (Will et al.,

2020). These loggers record data from the vehicle's control

Fig. 3 e Layout of camera setup used in MSF100 naturalistic

riding study (Williams et al., 2016).
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area network (CAN) system, attached to the vehicle's engine

control unit (ECU), and recording starts automatically with

engine ignition. OBD loggers are commonly used in cars

because of the availability of the CAN bus system.

Unfortunately, the implementation level of the CAN bus

system in PTW is not that high (Toman et al., 2020).

However, some higher-class PTW manufacturers are also

providing CAN bus systems in PTW.

2.3.1.4. Sensor. OBD sensors record data via vehicle CAN bus,

but most of the PTWs do not come with the CAN bus system.

Therefore, researchers have used a variety of independent

sensors, including accelerometer, inertial measurement unit

(IMU), and radar/LiDAR sensors to collect naturalistic riding

data (Creaser et al., 2009; Espi�e et al., 2013; Satiennam et al.,

2020; Walton and Buchanan, 2012; Yuen et al., 2014, 2015). In

past studies, sensors, such as steering, throttle activation,

and brake reaction, have been used to measure the data.

Additionally, an inertial measurement unit (IMU) has also

been used by researchers to record the acceleration and

rotation of PTW in three axes (Creaser et al., 2009; Espi�e

et al., 2013; Yuen et al., 2015). IMU consists of an

accelerometer and gyroscope, which can measure

acceleration in three axes along with the angular rate,

angular altitude, and yaw rate (Boubezoul et al., 2019).

Researchers used the ultrasonic distance sensor to mea-

sure the rider's lateral position and headway between the

front vehicle and PTW during the overtaking maneuver

(Ibrahim et al., 2018). In the 2-BE-SAFE study, one IMU unit and

several sensorsweremounted on PTW tomeasure the throttle

position, 3-axis acceleration, 3-axis rotation (roll, pitch, and

yaw), handlebar rotation, and brake lever activations (Phan

et al., 2010). In this study, sensors were mounted on the

front-wheel, rear-wheel, under the saddle, and under the

panel to record the brake pressure, throttle position, and

steering angle. Apart from these sensors, which were

mounted on PTW, various researchers have used different

devices with an in-built sensor such as radar gun, light

beam, and infrared traffic beams. These devices are typically

installed at the study site rather than on a vehicle to analyze

riding behavior (Kumphong et al., 2019; Vavryn and

Winkelbauer, 2004; Walton and Buchanan, 2012).

2.3.2. Riding behavior analysis
Researchers adopted various methods for analyzing riding

behavior in the naturalistic environment, which can be cate-

gorized based on the installation of data collection devices,

i.e., vehicle-based and on-site studies. The onsite devices

capture the aggregated riding behavior, whereas the vehicle-

based devices capture individual rider's riding behavior. The

methods adopted under the above two categories of analyzing

riding behavior have been discussed in the following

subsections.

2.3.2.1. On-site studies. In an on-site study, naturalistic riding

data is collected on a particular site using devices such as

radar guns, infrared beam sensors, and static video cameras

installed near the road facility (Chen et al., 2015; Kumphong

et al., 2019; Vavryn and Winkelbauer, 2004; Walton and

Buchanan, 2012). Understanding the speeding behavior of

riders is necessary because speeding is one of the significant

factors associated with road crashes. Therefore, researchers

have used videography data to examine the speed of riders

(Manan et al., 2017; Manan and Varhelyi, 2015). In Thailand,

Jensupakarn and Kanitpong (2018) used the binary logit

regression model for data extracted from videography data

to understand the factors affecting the red-light running

behavior of riders at signalized intersections. This study

reveals that not only human factors but road infrastructure

factors also influence the rider's red-light running behavior.

Kumphong et al. (2019) performed a study in Khon Kaen

City, Thailand, to examine the change in speeding behavior

under the speed enforcement cameras using the radar gun.

This study demonstrated that the 85th percentile speed of

PTW decreases under the speed enforcement cameras.

Researchers also compared the speed of PTWs with other

vehicle types while approaching intersections and found

that PTWs travel significantly faster than cars and other

vehicle types (Walton and Buchanan, 2012). In the urban

area of Taoyuan City, Taiwan, China, Chen et al. (2015) also

Fig. 4 e GPS communication process.
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examined the rider's red-light running behavior at the

intersection with a pedestrian green signal countdown

device (PGSCD). It has been observed that riders violated the

red-light with higher speed in case of the intersection with

PGSCD as compared to a typical intersection. Patil and

Sangole (2016) studied the gap acceptance behavior of Indian

riders using videography data at an uncontrolled T-

intersection. This study found that the lognormal

distribution displays the best fit for the accepted gap

distribution curve. This study revealed that the human

factor (age, gender) and conflicting vehicle type affect the

gap acceptance behavior of riders.

2.3.2.2. Vehicle-based studies. In vehicle-based studies, an

instrumented PTW is used to collect naturalistic riding data.

Data logger devices are attached to the CAN bus system,

which collects data via the vehicle's engine control unit, and

some additional sensors and cameras are also mounted on

PTW. The instrumented PTW is a key tool as it offers a robust,

precise, and consistent way of collecting such PTW riding data

in the analysis of riding behavior (Yuen et al., 2014). Yuen et al.

(2014, 2015) analyzed the riding behavior on the speed table

and at curve entry. Their findings indicated that the speed

decreases while approaching the speed table and entering

the curve; the inference was an output of the multiple

regression models. Also, factors that influence the speed and

braking behavior on the speed table and at curve entry were

analyzed using structural equation modeling. Will et al.

(2020) used data collected from the CAN bus system and

video cameras mounted on PTW for riding profiling based on

the use of a g-g diagram (combination of lateral and longitu-

dinal acceleration). Additionally, a three-phase approach was

implemented, i.e., a pilot study to define setup and check the

g-g diagram's feasibility, a controlled main study to define

experimental techniques, and a naturalistic riding study.

Creaser et al. (2009) used an instrumented PTW equippedwith

sensors and IMU tomeasure the riding performance under the

influence of alcohol. Study’ observations indicated that the

effect of alcohol on riding performance would be more

evident while performing complex tasks.

3. Factors affecting powered two-wheeler
riding behavior

In literature, riding behavior has been recognized as a critical

factor associated with PTW crashes (Lin and Kraus, 2009).

Riding behavior attributes such as traffic violation, speeding,

lane changing behavior, stopping distance, response time,

reckless overtaking, and handling errors are dependent on

various factors like age, gender, rider experience, education,

use of mobile phones while riding, and many more. For ease

of understanding, the various factors affecting riding

behavior have been classified into different categories, i.e.,

human factor, vehicle factor, road infrastructure factor,

education, and enforcement (Creaser et al., 2009; Di Stasi

et al., 2011; Green, 2006; Rutter and Quine, 1996; Susilo et al.,

2015; Yoshida and Koyanagi, 2018). In this section, all these

factors have been discussed and summarized in Table 4.

3.1. Human factors

Human factors include rider's demographic characteristics,

psychology, riding characteristics, and education level.

Several studies have demonstrated that human factors such

as age, gender, rider experience, helmet use, education, and

emotion are associated with the risk-taking behavior of riders

(Chen, 2009; Cheng and Ng, 2010; Goldenbeld et al., 2004;

Lardelli-Claret et al., 2005). Petridou and Moustaki (2000)

stated that the contribution of human factors in road

crashes is 95%. From past studies, it has been observed that

rider's demographic factors significantly affect rider's
performance. Many studies revealed that younger riders are

more likely to be involved in traffic violations and speeding

as compared to mid-age and older riders (Jensupakarn and

Kanitpong, 2018; Tunnicliff et al., 2012; Yeh and Chang, 2009)

because of overconfidence, impatience, and sensation-

seeking behavior (Wong et al., 2010). Mannering and Grodsky

(1995) reported that riders with age 40 years or older

perceive themselves as being more likely to be in the low-

risk taking category as compared to other age group riders.

In another study, Mullin et al. (2000) found that the younger

riders are at higher crash risk and suggested that the license

policies should emphasize age rather than rider experience.

In terms of gender, it was observed that male riders have a

higher tendency to disobey traffic rules than female riders

(Chang and Yeh, 2007; Chen, 2009; Wong et al., 2010). Truong

et al. (2018) conducted an online survey in Vietnam to collect

data regarding risky riding behavior and observed that male

participant's involvement in speeding and reckless

overtaking is higher as compared to female participants.

Lardelli-Claret et al. (2005) observed in a study that younger

riders (age < 15), older riders (age > 74), and male riders are

at a higher risk of causing a collision. Mannering and

Grodsky (1995) observed that female riders are less likely to

consider themselves in the high-risk category and reported

that the likelihood of perception of crash risk increases with

riding experience. Savolainen and Mannering (2007a) studied

the rider's injury severity in single- and multi-vehicle

crashes and found that female riders and riders with older

age are more likely to be involved in injury crashes as a

result of their irregular riding behavior.

The review of the literature also shows that the rider's
emotional conditions also influence riding behavior (Mehrotra

et al., 2016; Venkatesh and Kumar, 2020). It has been

examined that risky rider intentions are influenced by

aggressive and sensation-seeking behavior (Watson et al.,

2007; Wong et al., 2010). Mehrotra et al. (2016) studied the

effect of anger on riding behavior by using the self-reported

method and found that anger is one of the causes of

speeding. In some of the studies, it has been understood

that the rider experience does not play a significant role in

altering riding behavior (Lardelli-Claret et al., 2005; Mullin

et al., 2000; Rutter and Quine, 1996). On the contrary,

Haworth and Mulvihill (2005) reported an interesting fact

that novice PTW riders should gain experience to reduce

crash risk. Yoshida and Koyanagi (2018) examined the effect

of training workshops on riding behavior and reported that

training workshops improve the ability of the riders to
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understand the hazard situation, which leads to safe riding

behavior, and similar findings were reported by Goldenbeld

et al. (2004) and Di Stasi et al. (2011).

3.2. Vehicle factors

Studies report that the types and characteristics of PTW affect

road crash severity (Teoh and Campbell, 2010; Vlahogianni

et al., 2012). In recent studies, it has been observed that

stopping distance may be reduced by improving the braking

system of PTW, such as an anti-lock braking system,

combined brake system, etc (Green, 2006; Vavryn and

Winkelbauer, 2004). Manan et al. (2017) observed the effect

of PTW characteristics (PTW type, engine capacity, color,

overloaded, etc.) on speeding behavior using MECHROM

software. The study determined that PTW with high engine

capacity and bright colors are more likely to be associated

with excessive speed. Various studies have shown that PTW

with high engine capacity has a higher crash risk than PTW

with lower engine capacity (Broughton et al., 2009; Teoh and

Campbell, 2010; Yannis et al., 2005). Thomson (1980) and

Williams and Hoffmann (1979) concluded that headlight

increases the visibility and level of conspicuity of PTW to the

other vehicles, which finally decreases the crash risk.

Vlahogianni et al. (2012) reported that in-vehicle

technologies like systems for collision avoidance, electronic

stability control, lane departure warning/lane-keeping

support, automatic stopping of the vehicle, etc., increase the

awareness of PTW riders towards traffic conditions. The red

light behavior of PTW riders is associated with a vehicle's
gear system. PTW riders with a manual gear system are

more likely to run the red light because of higher

acceleration capability as compared to riders with an

automatic gear system (Jensupakarn and Kanitpong, 2018).

3.3. Road infrastructure factors

Studies show that road infrastructure such as type of road

network (Lin et al., 2004), road geometry and roadside facilities

(Elliott et al., 2003; Preusser et al., 1995; Sexton et al., 2004),

type of intersection (Crundall et al., 2008; De Lapparent,

2006; Haworth and Mulvihill, 2005), lighting facilities (Pai and

Saleh, 2007, 2008; Savolainen and Mannering, 2007a;

Wanvik, 2009), traffic control measures, traffic condition,

and pavement surface condition (Cossalter et al., 2007;

Haque et al., 2009; Shankar and Mannering, 1996) are a few

of the major influential factors that affect the risk of PTW

crash.

The type of road network has a significant impact on the

rider's speeding behavior. The mean speed of riders on the

primary roads has been found to be higher as compared to

other roads (Manan et al., 2017). Manan and Varhelyi (2015)

observed the PTW rider behavior on access points on

primary roads and reported that PTW riders reduced their

speed while entering primary roads. The study also

highlighted risky driving behavior like the opposite indirect

right turn and low utilization of turning indicators of PTW

riders. It has been observed that the distance from the curve

entry point influences riding actions, such as a change in

speed and brake force while riding on curves (Yuen et al.,
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2015). Jensupakarn and Kanitpong (2018) reported that factors

like vehicle traveling direction, the existence of turning lane,

number of lanes, lane width, intersection sight distance,

type of traffic signal pole, type of traffic signal operation,

length of the yellow time interval, approaching speed,

distance from intersection warning sign to stop line, and

pavement roughness significantly affects the red light

running behavior of PTW riders. Wang et al. (2018a, b)

examined the factors affecting PTW crash risk while

negotiating horizontal curves and found that the availability

of proper road marking and warning systems on curves

decreases the PTW crash risk. Schneider et al. (2010)

demonstrated that the radius and length of each horizontal

curve, shoulder width, and annual average daily traffic

considerably affect the frequency of motorcycle crashes.

Evidence exists that the highest proportion of PTW crashes

occurred at intersections (Pai and Saleh, 2007, 2008; Yannis

et al., 2012). Walton and Buchanan (2012) observed that PTW

riders travel 10% faster and have smaller headways than

other vehicles while approaching intersections. Patil and

Sangole (2016) investigated the PTW rider's gap acceptance

behavior at T-intersections and found that the PTW riders

accept shorter critical gaps as compared to other drivers.

The study also revealed that the critical gap values are less

for major road right-turnings than for minor road right-

turnings. The researcher investigated PTW rider's red-light

violation (RLV) behavior at pedestrian green signal

countdown device (PGSCD) intersections and indicated that

riders frequently violate the red light with higher speeds at

PGSCD intersections than at typical intersections (Chen

et al., 2015). Yuen et al. (2014) examined PTW riding

behavior on the speed table and concluded that riders

reduce their speed before reaching the speed table and

achieve minimum speed at a point 10 m after the speed

table. This study also revealed that the riders are more likely

to apply the rear brake than the front brake while

approaching the speed table.

3.4. Distraction

Several studies have reported distraction to have an impact on

driver safety worldwide. According to the literature, distrac-

tion can be defined as the diversion of attention away from

activities critical for safe driving/riding toward a competing

action (Regan et al., 2008). Several activities such as mobile

phone use (De Gruyter et al., 2017; Grahn and Kujala, 2018;

Nguyen et al., 2020; Truong et al., 2018; Widyanti et al.,

2020), intoxication (Filtness et al., 2013; Papadimitriou et al.,

2014), and presence of pillion riders (Quddus et al., 2002),

etc., are reported in the literature which distracts the PTW

rider. These activities distract the attention of the rider from

riding the vehicle. Strayer et al. (2014) categorized rider

distraction into three categories: visual distraction (looking

at a co-passenger or mobile phone), visual-manual

distraction (texting, using an infotainment system), and

cognitive distraction (talking on a mobile phone/co-

passenger).

Numerous studies have shown that frequent use of mobile

phones while riding is related to higher crash risk (Truong

et al., 2019). Nguyen et al. (2020) reported the use of mobile

phones as one of the common risky riding behaviors in

Vietnam. Texting and searching for information on the

mobile phone are more tedious tasks as compared to talking

on the mobile phone, which leads to higher chances of

involvement in a crash (De Gruyter et al., 2017). In a study,

Grahn and Kujala (2018) compared the visual distraction

effect of in-vehicle activities performed on a mobile phone

and a head-up display mounted on the helmet, it was

reported that the use of a mobile phone distracts the rider

more as compared to a head-up display.

Drinking riding is a common factor associated with PTW

crashes (Preusser et al., 1995); it also increases the crash risk of

PTW riders (Lin et al., 2003). Existing studies reported that

alcohol consumption decreases the rider's skill (Kasantikul

et al., 2005; Soderstrom et al., 1993), and drunk riders take

more time to respond, which leads to task performance

error, which may lead to a crash (Creaser et al., 2009).

Further, it was revealed that PTW riders are more fragile to

the effects of alcohol than car drivers while riding (Lin and

Kraus, 2009). These results are also supported by the fact

that PTW riders are associated with crashes at lower alcohol

consumption than car drivers (Voas et al., 2007). Lardelli-

Claret et al. (2005) found that drinking riding is significantly

associated with the risk of causing a collision. Filtness et al.

(2013) studied the effect of alcohol on the PTW rider's
performance in the simulated environment. They reported

that alcohol consumption decreases the rider's skill,

increases the response time, and does not affect the visual

scanning (proportion of total glance time focused on the

speedometer). In another simulator-based study, Vu et al.

(2020) observed the rider's performance under the influence

of alcohol and found that the average speed increases,

average lateral overtaking distance decreases, lane change

become more frequent, and brake reaction time lengthened

considerably with the increase in the blood-alcohol-

concentration level.

Few studies reported that pillion riders also cause a

distraction to PTW riders. A survey by Quddus et al. (2002)

highlighted that carrying a pillion rider increases the risk of

a crash. However, another study by Lardelli-Claret et al.

(2005) reported results that were contrary. Moskal et al.

(2012) found that the effect of pillion rider presence on PTW

riders depends on PTW type. Some studies show the positive

impact of the company of pillion riders on PTW riding

behavior. Jensupakarn and Kanitpong (2018) observed that

PTW riders are less likely to violate the red light in the

presence of a pillion rider.

3.5. Enforcement

Enforcement modifies the behavior of riders as a result of the

process of investigation, action, and discipline. Studies sug-

gested that enforcement is required to moderate risky riding

behavior likemobile phone use, drinking riding, speeding, and

traffic violations of PTW riders (Steg and van Brussel, 2009;

Susilo et al., 2015; Truong et al., 2018; Venkatesh and Kumar,

2020). Kumphong et al. (2019) analyzed the speed behavior of

PTW riders under the surveillance of cameras and found a

significant reduction in the 85th percentile speed of PTW

after the fixing of speed enforcement cameras. However, no
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change was observed in the mean speed. An increment was

observed in the percentage of helmet use with the

installation of CCTV enforcement cameras (Guzman et al.,

2020; Satiennam et al., 2020). French and Gumus (2018)

concluded that the ban on texting and calling while riding

reduces distraction and increases PTW riders' safety.

4. Strategies for improvement of powered
two-wheeler safety

There are various factors that can cause road crashes. These

factors can be broadly classified into three categories: i)

human error, ii) vehicle condition, and iii) road environment.

These factors are the leading cause of crashes, so the strate-

gies for improving PTW safety are based on these factors. The

strategies have been discussed in the following subsections.

4.1. Strategies based on riding behavior improvement

According to MoRT&H (2021), human errors are a cause of 78%

of total road crashes; these errors include violation of traffic

rules, riding without a license, and non-uses of safety

devices like helmets, etc. It is essential to develop strategies

that can improve riding behavior to ultimately contribute to

reducing the number of road crashes caused by human

error. Conventionally, enforcement and education strategies

were used to improve riding behavior. In the literature,

researchers suggested that enforcement strategies can be

useful in improving riding behavior in terms of the use of

safety devices, traffic violations, speeding behavior, etc

(Clabaux et al., 2012; Satiennam et al., 2018; Uy and Regidor,

2011). Many studies revealed that the helmet-use behavior of

riders improved significantly after the installation of

enforcement cameras (Guzman et al., 2020; Satiennam et al.,

2020). A similar effect of enforcement cameras was also

observed in speeding behavior (Kumphong et al., 2019;

Novoa et al., 2010). Traffic violation behavior can be

prohibited to some extent by police enforcement and

installing surveillance cameras (Chin and Haque, 2012;

Wong et al., 2010).

Rider education has also been found to be significantly

associated with riding safety. Rider education points toward

safety awareness programs and providing knowledge about

road signage, signals, and traffic operationswhich only affects

the riding behavior, whereas rider training teaches the rider

that how should they ride in an actual road environment

which improves the rider's skills. Several studies observed the

impact of education on riding behavior. Wang et al. (2018a, b)

studied the effect of rider education on riding behavior and

found that rider education was negatively associated with

risky riding behavior. Swaddiwudhipong et al. (1998) also

studied the effect of rider education by conducting an

interview survey after two years of the education program

and found that the percentage of license-holder riders and

helmet users increased. Rider training is also reported by

many researchers as an effective strategy that helps to

reduce crashes by improving rider skills. Savolainen and

Mannering (2007b) questioned the effectiveness of riding

training programs and reported that trained riders are more

likely to be involved in crashes than non-trained riders as a

result of increased risk-taking behavior. The research

findings suggest that individuals who enroll in the

Motorcycle Safety Foundation's basic rider course

demonstrate a higher likelihood of being involved in PTW

crashes compared to those who do not. The reason behind

the negative impact of training was stated as such courses

attracting riders who may inherently possess lower riding

capabilities. Furthermore, it was observed that riders who

take the course multiple times have significantly higher

crash rates. Balusu et al. (2020) suggested that the training

program should be modified to eliminate the initial high-risk

period for trained riders after taking a training course, which

is a result of overconfidence and experimentation seeking.

The research employed Weibull hazard-based duration

models to analyse the change in hazard concerning time

after course completion. It observed that initially, crash risk

increases but later decreases. The reason behind the initial

increment was attributed to increasing exposure, initial

overconfidence, and experimentation with the performance

capabilities of the PTW.

Some innovative strategies like riding behavior profiling and

eco-riding training are also documented in the literature,which

improve riding behavior. Vlahogianni et al. (2011) studied the

riding behavior using naturalistic riding data to identify the

riding profile parameter and used the outlier detection

method to distinguish the regular and irregular riding

behavior. This study revealed that such types of parameters

that are directly related to mechanical characteristics of PTW

are suitable to characterize the irregular behavior from the

typical behavior. Gianfranchi et al. (2018) classified the riding

profiles into three main categories, i.e., imprudent rider,

insecure rider, and prudent rider, using cluster analysis on a

mean Z-score of 18 indices assessed through the Honda

Riding Trainer (HRT) simulator. These study indices indicate

that imprudent riders show less safety performance and

higher chances of being involved in near-miss and crash

incidents than prudent and insecure riders. Researchers also

observed that driving behavior is the primary cause of erratic

driving, which causes an increase in fuel consumption and

vehicle emissions (Bokare and Maurya, 2013; LeBlanc et al.,

2010). In the literature, many studies have reported the

excellent potential of eco-driving training programs and eco-

driving feedback systems in improving driver behavior.

Seedam et al. (2017) studied the effect of eco-riding and the

proportion of idle time on fuel consumption and greenhouse

gas emission at urban signalized corridors and observed that

idle time is more strongly associated with fuel consumption

and greenhouse gas emission as compared to eco-riding

behavior. Apart from rider profiling and eco-riding training,

usage-based insurance schemes like PAYD and PHYD have

also been reported to be a useful strategy for improving driver

behavior (Ayuso et al., 2016; Lahrmann et al., 2012; Toledo

et al., 2008). In the PAYD scheme, the insurance premium

amount for the particular driver is fixed based on the total

distance traveled by that drive, and in the PHYD scheme, the

insurance premium amount is fixed based on driving

behavior (speeding, aggressive acceleration, or deceleration,

etc.). However, these types of insurance schemes will only be

effective if the maximum of PTWs are insured.
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4.2. Strategies based on vehicle technology improvement

The advancement of vehicle technology has complemented

improving the safety of riders. Developments in the safety

systems in PTWhave led to a noteworthy enhancement in the

survivability of PTW riders. Vehicle technologies can be

categorized based on their function, such as technology (lon-

gitudinal and lateral dynamic control), conspicuity of PTW,

warning systems, and protection of riders. In case of inade-

quate braking operation, an advanced braking system,

including various breaking technologies such as an anti-lock

braking system (ABS), combined braking system (CBS), and

amplified braking system, increases the braking power of

PTW. In the literature, a significant reduction in PTW road

crashes has been noted after the implementation of ABS in

PTW (Rizzi et al., 2009, 2013; Teoh, 2011; Trafikverket, 2010).

Green (2006) observed the effect of ABS, CBS, and the

conventional braking system on stopping sight distance

performance of PTW and found that PTW equipped with

ABS resulted in less stopping sight distance as compared to

other braking systems. Similarly, as the braking system

improves the longitudinal stability of PTW, the lateral

stability is enhanced with the introduction of traction

control systems (TCS). TCS acts as an anti-skidding system

and potentially reduces the PTW crash (Seiniger et al., 2012).

Recently, a new technology named motorcycle stability

control (MSC) was introduced, which works based on a

combination of ABS, CBS, TCS control, and inertial sensors.

Bosch crash researchers show that the MSC system

increases PTW stability and control by improving

acceleration and braking power (Lich et al., 2016).

The lack of conspicuity of PTW to other vehicles is a crucial

factor in crashes involving PTW. Various technologies, like

headlamps on, DRL, alternative front light patterns, etc., have

been used to make PTWs more conspicuous. Many re-

searchers have proven that headlamp-on is a useful technol-

ogy to enhance the conspicuity of PTWs (Elvik, 2004; Radin

et al., 1996; Wells et al., 2004). Zador (1985) and Yuan (2000)

studied the effect of headlamp-on on daytime crashes and

reported a reduction in daytime crashes by 13% and 14%,

respectively. DRLs are used as an alternative to headlamp-

on and offer to reduce energy consumption. According to

researchers, it is easier to detect a PTW with DRLs as

compared to a PTW without DRLs (Smither and Torrez,

2010). In addition to these technologies, an alternative front

light pattern (e.g., T-light configuration, triangular

configuration, long-light system) is also a helpful technique

that improves the conspicuity of PTWs by helping other road

users to differentiate the PTW. In an experiment, Pinto et al.

(2014) compared three conspicuity enhancement techniques,

i.e., a triangle configuration, a helmet configuration, and a

single central yellow headlight. This study observed that

both the yellow headlight and the helmet configuration give

better detection performance as compared to the triangular

headlight configuration.

Various warning systems such as intelligent speed adap-

tation (ISA) systems, curve warning systems, intersection

support systems, frontal collision warning systems, lane

change support and blind-spot monitoring systems, and tire

pressure monitoring systems are used to alert the rider in

critical events. ISA is a system inwhich a rider is warnedwhen

the rider travels over the posted speed limit of that location or

predefined threshold value of speed. In the literature, two

types of ISA systems are reported, i.e., an informative ISA

system and an active ISA system. In an informative system,

the rider is only warned to reduce speed, whereas the vehicle

speed is automatically reduced in an active system. Young

et al. (2010) compared both the ISA systems on the basis of

riding simulator performances and observed that riders who

are using an informative ISA system spend less time

exceeding the threshold values of speed as compared to a

rider who is using an active ISA system. In another study,

Carsten and Tate (2005) analyzed the crash reduction after

mandatory use of the ISA system and reported a decrease in

injury and fatal crashes by 20% and 37%, respectively. The

Motorcycle Accidents In-Depth Study (MAIDS) report shows

that 15%e17% of all PTW crashes occur while negotiating a

curve (ACEM, 2009). Therefore, the curve warning system

was designed to warn the rider by detecting their incorrect

and insufficient action without any obstruction. Huth et al.

(2012) evaluated the effect of two types of curve warning

systems, one that gives warning by force feedback throttle

(CW-th) and the other by haptic gloves (CW-hg) based on

simulated riding performance and rider's feedback. It was

also observed that riding with CW-hg leads to a significant

reduction in the critical event frequency, while CW-th does

not give consistent results. Berndt and Dietmayer (2008)

reported that intersection warning systems are more

reasonably contribute when the speed of PTW is around

50 km/h in comparison to speed lesser or greater than

50 km/h and that involuntary interventions on the brake

system could be advantageous, especially at T-junctions

when violations of right-of-way could occur. Other warning

systems, viz., frontal collision and lane departure warning

systems, also decrease the rider's reaction time in response

to a critical situation, thereby increasing the safety of riders

(Chang et al., 2009; Sato et al., 1998). On the contrary, some

researchers stated that the risk-taking behavior of riders

would also increase with the improvement of vehicle

technology, which may mitigate the safety effects (Peltzman,

1975; Winston et al., 2006).

PTW riders not only have more risk of being involved in a

crash, but they are also vulnerable because of their lack of

protection. Professional riders use personal protective gear

(PPG) such as helmets, jackets, boots, body armor, gloves, and

elbow/knee guards, but this percentage of riders is small. Re-

searchers have shown that the use of PPG can directly avoid

injuries up to 60% for the trunk and 40% for leg protection (De

Rome et al., 2011). Many studies reported that PPG only

protects against light injuries like burns on the skin but does

not significantly protect against severe injuries like

fractures. Therefore, some new technologies like airbags and

belted safety jackets have been introduced to protect the

rider against severe injuries (Hell and Lob, 1993). Grassi et al.

(2018) introduced belted safety jackets as a new concept and

reported that it has the potential to significantly reduce the

severe injuries which occur when PTW collide with a car.

Airbags are commonly used in cars, whereas their
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penetration for PTWs is minimal. Airbags minimize the

severity of injury by absorbing the kinetic energy of riders

during the collision with other vehicles or stationary objects.

However, some researchers stated that airbags provide

limited protection to PTW riders in severe crashes (Pallacci

et al., 2019; Serre et al., 2019).

4.3. Strategies based on road infrastructure and traffic
management

Road infrastructure and adequate trafficmanagement play an

essential role in road safety by preventing loss of control and

guiding interaction with other road users. The design of roads

and traffic management is mainly based on four-wheeler ve-

hicles, which may not be adapted by PTW in some cases. A

system of self-explaining and forgiving roads is a general

principle for safe infrastructure, which increases PTW safety.

The self-explaining road approach uses roads that increased

the visual characteristics of roads, which influences driver

behavior (Theeuwes and Godthelp, 1995). The forgiving road

concept was introduced to reduce or avoid the harm and

severity of traffic crashes. Many researchers showed that the

collision with fixed objects like trees, poles, and signs, is one

of the primary causes of PTW fatalities (Bambach et al.,

2012; Broughton, 2005; NHTSA, 2013). Therefore, to protect

the vehicle, a series of requirements must be met under

forgiving road design: remove unnecessary objects like trees

or move them aside from the road, and modify the structure

to make them safer for riders. Bambach et al. (2013) reported

that roadside barriers have the potential to reduce the risk

of severe crashes of PTWs compared to other roadside

hazards, and it may be further reduced by improving barrier

design.

Road assessment programs have also been developed to

assess road risk systematically and to establish benchmarks

that would help to reduce death and severe crashes. Themain

objective of such programs is to identify significant safety

shortcomings on the road responsible for practical remedies.

The European Road Assessment Program (EuroRAP) rated the

safety of roads based on different practices, i.e., risk mapping,

star rating, and performance tracking. The risk-mapping

protocol tells about the color-coding of roads based on the risk

of severe crashes. EuroRAP used a four-star rating system to

rate the safety of roads based on road design, and the third

protocol was based on the changes in road fatalities and

crashes over the period (Lynam et al., 2003). Similar road

assessment programs have been applied in Australia and

the United States (Metcalfe and Smith, 2005). All these

systems were based on safety ratings for all road users.

Therefore, Daniello et al. (2010) developed a methodology to

rate the safety of roads in the U.S. based on PTW crashes.

The rider star rating score is calculated by adding the score

for a different type of crash, which is the function of

likelihood, severity, operating speed, and external flows. The

roads were classified into five different categories, from low-

risk roads to severe-risk roads, based on the PTW crash rate

(Daniello et al., 2010). The international road assessment

program (iRAP) is an umbrella program for rating the safety

of roads worldwide. iRAP rates the road-based road review

data to measure the level of safety which is being provided

by roads for all road users.

Segregation of PTW traffic from other traffic is also a safety

implication that may reduce PTW crashes by avoiding inter-

action with other road users. In some cities of developed

countries like London (UK), Oslo (Norway), andMadrid (Spain),

PTWs are allowed to use the bus lanes. It has been observed in

research conducted in Paris that riding in bus lanes improves

the peripheral vision of PTW riders for surrounding traffic and

offers the feeling of being more protected (Maestracci et al.,

2012). However, some researchers concluded that the risk of

riders using bus lanes being involved in a crash is higher

than the risk of riders riding in general traffic (Clabaux et al.,

2014). Some Asian countries and regions like Malaysia,

Taiwan, China, and Indonesia used exclusive PTW lanes to

reduce the percentage of crashes involving PTW as one of

the parties. In brief, exclusive PTW lane is a separate lane

dedicated to riders, which isolates them from all other traffic

mixes and reduces the conflict between a PTW and other

road users under heterogeneous traffic complexities. The

exclusive lanes provide safe and fast movement to the riders

and reduce the chances of PTW crashes with other road

users. In a study, it has been reported that the

implementation of an exclusive lane would reduce PTW

crashes by 39% (Radin et al., 2000). As a practical

implemented example, the first exclusive PTW lane was

constructed in Malaysia along the federal highway 2 (F02),

connecting the city of Kuala Lumpur and the Subang

International Airport. The overall track length measured

16 km, with the track width varying between 2.5 and 3.5 m

(Radin et al., 1995). Although the implementation of

exclusive PTW lanes started in the early 1970s, still, it is not

very popular in developed countries; one of the primary

reasons for this to happen is the low share of the PTWs in

road traffic when compared to the Asian countries.

5. Conclusions and future research direction

PTW safety is plagued by issues such as a lower tendency to

use safety equipment, speeding, traffic violations, use of mo-

bile phones, low level of police enforcement, and non-

consideration of PTW safety in road designs. Our literature

review focuses on identifying factors related to rider behavior

and existing methods for analyzing rider behavior. Some of

the critical findings of this paper that may help in improving

PTW safety are given as follows.

� Naturalistic riding studies (NDS) have emerged as an ac-

curate method for evaluating riding behavior. However, it

has some limitations also, such as research related to

drinking driving cannot be performed in a naturalistic

environment, whereas simulators are helpful in these

types of studies.

� Rider's response time and ability to control the PTW de-

creases with an increase in age. However, old-age riders

drive safely by riding at a lower speed and maintaining

longer headways than younger riders, who have higher

crash risks due to higher sensation-seeking behavior.
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� Strict enforcement policies discourage traffic violation

behavior and encourage riders to drive safely by following

traffic rules. Riding behavior can also be improved by giving

the riding feedback to the riders about their riding

behavior. However, more research is needed to analyze

riding behavior under naturalistic conditions to make the

feedback system more effective.

� An advanced rider assistance system that is a combination

of sensors, brake systems, and warning systems has the

potential to prevent the collision of PTWs with other road

users and roadside objects by alerting the rider under

inadequate conditions.

� In such countries where the percentage share of PTWs is

very high, segregation of PTWs from main traffic proved to

be an effective strategy in reducing the PTW's crashes.

Despite the enormous literature available on riding

behavior and PTW safety, some areas regarding PTW safety

are still unexplored. While the majority of NDS have been

conducted under homogeneous traffic conditions, there is a

scarcity of research depicting the impact of driver behavior on

a vehicle's lateral and longitudinal parameters in heteroge-

neous traffic conditions. Furthermore, the existing studies

primarily concentrate on analyzing the driving behavior of

heavy commercial vehicles and cars. Limited literature is

available where the riding behavior of PTW riders is exam-

ined. Thus, it is recommended that future research should

emphasize exploring the riding behavior of PTW riders,

particularly in Asian countries. In these regions, the signifi-

cant prevalence of two-wheelers in traffic renders them sus-

ceptible to road accidents.

The impact of heightened workload on drivers and the

strategies they employ to manage increased workload have

been thoroughly investigated in the context of car and truck

drivers. However, there is a notable absence of a compre-

hensive study specifically targeting these techniques for PTW

riders. Consequently, simulator studies can play a crucial role

in comprehending alterations in driver performance metrics

and the coping mechanisms employed when faced with

heightened workloads due to distractions. With the intro-

duction of advanced technologies in PTWs, riders are exposed

to numerous distractions, amplifying their workload during

riding. Therefore, these innovations should undergo thorough

research to safeguard driver safety when utilizing such

technologies.

Majority of research related to driving behavior feedback

systems has predominantly concentrated on feedback sys-

tems for passenger car drivers, neglecting the specific context

of PTW riders. Therefore, more research is required to address

this gap by conducting studies focusing on PTW riding

behavior. The aim is to understand how feedback systems,

which are designed to provide information and guidance on

driving behaviors, impact the safety of PTW riders. The need

for more research in this direction suggests a recognition that

PTW riders may have distinct behaviors and challenges

compared to car drivers, and their safety considerations may

require a tailored approach.

Despite a considerable amount of research being con-

ducted on rider training programs for PTW, there is a lack of

definitive evidence supporting the notion that these programs

effectively enhance PTW safety. In essence, the existing body

of research has not conclusively proven the efficacy of current

training initiatives in significantly reducing risks or improving

safety outcomes for PTW riders. Therefore, there is a need for

further investigation and research in this specific direction.

The aim is to gain a more comprehensive understanding of

how rider training programs impact PTW safety. This call for

more research suggests a recognition of the existing gaps in

knowledge and a proactive approach to address those gaps.

The ultimate goal is to refine and improve training programs,

ensuring they are more effective in enhancing the safety of

PTW riders.

While the initial findings suggest that segregating PTWs

from the main traffic can be beneficial in terms of safety, it's
important to delve deeper into the practical aspects. Re-

searchers need to explore not only how effective these stra-

tegies are in enhancing safety but also whether they are

logistically viable and economically justifiable. This involves

evaluating the real-world performance of these safety mea-

sures, considering factors such as implementation costs,

maintenance, and how well they align with the actual pat-

terns of PTW usage. In summary, the statement emphasizes

the need for comprehensive research to ensure that safety

strategies involving the segregation of PTWs are not only

effective in reducing crashes but also practical and economi-

cally reasonable in the context of their real-world usage.
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